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Applications of Theoretical Methods
to Atmospheric Science

Matthew S. Johnson" and Michael E. Goodsite """

Theoretical chemistry involves explaining chemical phenomenon using natural
laws. The primary tool of theoretical chemistry is quantum chemistry, and the
field may be divided into electronic structure calculations, reaction dynamics and
statistical mechanics. These three play a role in addressing an issue of primary con-
cern: understanding photochemical reaction rates at the various conditions found
in the atmosphere. Atmospheric science includes both atmospheric chemistry and
atmospheric physics, meteorology, climatology and the study of extraterrestrial
atmospheres.

The chemical side of atmospheric science has grown considerably in the past
generation because it is now recognized that chemistry is at the heart of a wide
range of atmospheric phenomenon including acid rain, ozone depletion, air pol-
lution, the atmospheric transport, conversion and deposition of pollutants such
as mercury and perfluorinated species, greenhouse gas budgets, determining the
impact of biofuels and biogenic emissions, and cloud formation. This list is in-
complete, but the point is that atmospheric chemistry provides insight into issues
that are of central importance to modern society. At the same time theoretical
techniques have revolutionized the study of chemistry. Due to the parallel de-
velopment of theoretical methods and computing power, quantum chemistry has
become fast and flexible, often yielding detailed insight into chemical processes
that cannot be obtained in the laboratory.

One may debate the relative importance of theory and experiment. The late
Gert Due Billing [1] said that if the theory and the experiment disagree, check

" Copenhagen Center for Atmospheric Research, Department of Chemistry, University of Copenhagen, Univer-
sitetsparken 5, DK-2100 Copenhagen &, Denmark
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the experiment, and if they agree, check the theory. Atmospheric science offers a
third alternative: check the atmosphere. The atmosphere is rich hunting ground
for theorists looking for interesting systems to study. The atmosphere is an en-
gine for generating problems that matter, examples including ozone depletion,
air pollution and the nucleation of new particles. In addition the proliferation of
ground-based monitoring stations, balloons and satellites has provided a large
database of measurements that can be used to inspire and anchor theoretical re-
sults.

The earliest report we know of combining quantum chemistry with the at-
mosphere deals with the excitation of nitrogen and oxygen molecules as the
primary event in the photo-excitation of the atmosphere. Krauss et al. reported
theoretical calculations of the electronic properties of the molecules required for
the prediction of optical emissions from normal and disturbed atmospheres, in-
cluding the analysis of the electronic structure of excited states of nitrogen [2].

In 1984 Krauss and Stevens described tests and applications of the effective po-
tential method used to gain knowledge of the electronic structure of the molecules
in order to analyze the accuracy of the experimentally deduced dissociation ener-
gies of refractory metal salts [3]. They used the development of ab initio theoretical
methods for the calculation of potential energy surfaces, which further allowed
the direct computation of certain rate constants. Transition state theory was also
utilized for this computation of some rate constants. However, as discussed by
Krauss and Stevens, as of the mid 1980’s computational techniques were not yet
readily applied to atmospheric science. Computing power and theoretical meth-
ods since these seminal reports have been greatly advanced.

The anomalous enrichment of 17O and 30 in stratospheric ozone provides a
good example of the interplay of laboratory experiments, field studies and the-
ory. The effect was first observed in the Thiemens laboratory in 1983 [4] and then
in the stratosphere by Mauersberger [5]. The first truly successful explanation of
the underlying mechanism did not appear for nearly two decades in a series of
articles by Rudy Marcus and coworkers [6-9], a discussion which is extended in
this issue. The unique distribution of oxygen isotopes in ozone has proved to be a
useful tracer for diverse atmospheric phenomena, including the exposure of CO,
to excited oxygen atoms in the stratosphere [10], the productivity of the biosphere
[11] and the origin of nitrate found in polar ice [12].

Models of atmospheric chemistry have grown with the abilities of computers
and the demands of simulating climate change. One example is the simulation
of isotopic fractionation in the photolysis of nitrous oxide isotopologues using
time-dependent wavepacket propagation [13]. The isotope-dependent absorption
cross sections were used in a three dimensional global circulation model to calcu-
late the isotopic fractionation occurring in stratospheric photolysis. The back flux
of isotopically enriched N>O from the stratosphere to the troposphere could ex-
plain the observed distribution of N>O in the troposphere, reducing uncertainties
in the budget of this key greenhouse gas [14]. The study was unique in proceeding
directly from wavepacket propagation simulations to atmospheric modeling, the
results of which could be directly and favorably compared with data from field
studies of the distributions of the isotopomers and isotopologues of N>O. The
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theory and the atmosphere agreed, necessitating laboratory experiments which
largely confirmed the theoretical studies [15]. Time-independent models have also
been applied to the problem [16].

As writing was completed for this Special Issue in 2007, the articles testify to
the growth and vitality of the field due to refinements of modeling and theories,
advancements in computational science, and collaboration across scientific disci-
plines.

The roles and opportunities for the theoretical chemist as part of an at-
mospheric science investigative team have become both more defined and diverse.
Since Krauss and Stevens [3], many of the topics they raised have been used, and
continue to need to be used to advance our understanding of the chemistry of
the atmosphere. For example, theoretical methods are used to predict and verify
theories of the mechanistic pathways for the photooxidation of mercury (Ariya et
al., this edition). The paper shows how heats of reaction are calculated by various
methods, results which are then used to rule out reaction schemes.

Quantum chemistry provides data that improves understanding of chemical
kinetics. The data is further used as input for parameterizing transport and deposi-
tion models or chemical reaction schemes in models of various other atmospheric
processes. As documented in many of the articles in this special edition, theoret-
ical techniques are tested through comparison to laboratory measurements and
atmospheric observations, and then further applied towards predicting mecha-
nisms and reaction rates which are currently unknown.

One of the key uncertainties in climate models is determining the radiative
impact of clouds, and there is particular interest in understanding the chemistry
of clouds: particle nucleation, particle growth and heterogeneous reactivity. We
have organized the issue, roughly, according to the size of the systems considered,
starting with three-atom systems such as ozone and O (!D) + Hy and proceeding
to particle nucleation and the consideration of molecules within droplets.

It is our intention that this special edition serve as a useful catalyst and inspira-
tion, to give the readers an idea of the state of the art and its utility in applications
of theoretical methods to atmospheric science and we encourage further work in
the areas specified by the authors in their contributions. All promise to have a
global impact on science and the environment, and perhaps peace [17].
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(MIF) are summarized, focusing on the MIF in ozone formation in the lab-
oratory, a similar effect being found in the atmosphere. (As used here the
MIF for O isotopomers means that the usual three-isotope plot has a slope
of about unity instead of the conventional 0.52.) The marked difference of
results obtained with systems when there is extensive isotopic exchange
(“scrambled”) and experimental conditions where isotopic exchange is min-
imized (“unscrambled”) is also discussed. Ratios of rate constants can be
measured only in the latter and show large isotope effects. These large
isotope effects were shown to cancel exactly when there is extensive iso-
topic exchange, and one then obtains instead an MIF for ozone. We also
consider a possible role of the chaperon versus energy transfer mech-
anisms for ozone formation in influencing the temperature dependence
of the MIF. MIF in other systems are noted. Separately we consider the
CO 4+ OH — CO; + H reaction, an isotopically anomalous reaction. It
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has sometimes been called “mass-independent” but has no O atom sym-
metry for the HOCO* intermediate and so no MIF in the above sense (ca.
unit slope) would be expected on theoretical grounds.

1. INTRODUCTION

The principal focus of the present article is on the “mass-independent isotope frac-
tional effect” (MIF) found in atmospheric and laboratory produced ozone. When
this MIF occurs, a plot of the positive or negative “enrichment” §70 in samples
versus that of §'80 in those same samples has a slope of approximately unity,
rather than its typical value of about 0.52. The 0.52 is the value expected using
conventional transition state theory when nuclear tunneling effects are absent. For
an isotope Q, §Q is defined in per mil as 1000 [(Q/O)/(Q/O)stq — 1], where Q/O
is the ratio of Q to °O in the sample and std refers to its value in some standard
sample, standard mean ocean water. An example of a three-isotope plot showing
a slope of 0.52 is given in Figure 2.1.

The MIF phenomenon was first observed by Clayton in 1973 for the isotopic
oxygen content in the earliest solids in the solar system, the so-called calcium-—
aluminum-rich inclusions (CAls) in carbonaceous chondritic meteorites [1]. The
slope of 8170 versus 8180 plot for the CAls was close to unity, the CAls being
equally deficient in the heavy O isotopes, deficient in the § notation sense, while
the ozone is equally enriched in those isotopes in that sense, as in Figure 2.2.
Both are examples of an MIF. Interest in this striking phenomenon for the CAls
is motivated by what it may reveal about the formation of the early solar system.
Standard reaction rate transition state theory [3], and behavior of oxygen an other
isotope fractionation in many other systems, would have led, instead, to the slope
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FIGURE 21 Three-isotope plot with a conventional slope [59].
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FIGURE 2.2 Three-isotope plot for ozone [5].

being about 0.52 [4]. This present chapter draws, in part, upon previous work in
my group and on a recent contribution to a multi-authored chapter written for a
quite different audience, one focused on the CAls [2].

The MIF oxygen isotope effect in the gas phase was first discovered by
Thiemens and Heidenreich in 1983 for ozone formation in the laboratory, the
ozone being equally enriched in 17O and 80 relative to some standard [5], as in
Figure 2.2. In these experiments the O3 was produced by an electric discharge
of O, followed by a reaction O + O, — Oz, which proceeds via a vibrationally
excited intermediate O3, as in Eq. (1) below. Later, this MIF was also found by
Yang and Epstein [6]. Anomalous oxygen isotope fractionation was found in the
stratosphere by Mauersberger [7] and the anomaly has proven to be an important
tracer in Earth’s atmosphere (e.g., [8]). By studying both 7O and '80 the MIF was
later found for Os in the stratosphere in 1990 by Morton ef al. [9]. Studies have
shown MIF effects in reactions involving CO and CO; [10,11].

Understanding the mass-independent isotope fractionation effect for ozone in
the laboratory [5] and stratosphere [9] poses interesting challenges. These chal-
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FIGURE 2.4 Ratios of rate constants (kS(+ZZ—>XYZ/kg+66—>666) vs. zero-point energy
difference of exit channels [45]. The clustering of points for the symmetric isotopomers at

AZPE = 0 is due to the points having been slightly displaced horizontally for clarity [45].

lenges are both in the stratospheric/atmospheric interest in the phenomenon itself
and in understanding the new chemical physics responsible for the phenomenon.
Much is now understood about the MIF in ozone formation in the gas phase
[12-16], but there remain interesting questions, posed below, to be addressed. The
experimental data themselves involve the effect of pressure [9,17] and tempera-
ture [9] on the MIF, and the observation of the MIF for all possible isotopomers
in systems enriched in the heavy isotopes 7O and 80, the latter depicted in
Figure 2.3. There are also data that are interesting in their own right but are not
relevant to the MIF, namely a large mass-dependent but anomalous isotope effect
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FIGURE 2.6 Theory for forming CAls on dust surfaces at 1500-2000 K and separating oxygen
isotopes in a mass-independent way [27].

for ozone formation observed under very special experimental conditions [18], as
in Figures 2.4 and 2.5. We discuss it later. Recent review articles on MIF and related
behavior in the atmosphere include [19-26].

While the main focus of the present article is on ozone, we note briefly in
passing that several mechanisms have been postulated for the MIF in the CAls,
in particular an on-dust chemical mechanism [27] that is a surface reaction ana-
log of the ozone formation mechanism discussed here, depicted schematically in
Figure 2.6, and spectral self-shielding mechanisms [28-30]. In the latter, CO is dis-
sociated photochemically in the early solar system, so producing a '°O domain
that is largely physically separated from that of the less abundant isotopes 17O
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and 80, because of spectral shielding (saturation). Subsequent mixing of the two
domains in different proportions would yield gases that have a slope near unity
for a plot of §170 versus §'80. The details of how the separated O atom isotopes
in the domains are transformed chemically into the MIF in CAls remain to be de-
scribed. We also note that unusual isotope effects have been reported for ionic
systems [31-33].

2. THE MIF IN OZONE FORMATION

We first summarize a theory applied to the MIF effect in ozone formation [12-15].
The theory of the MIF in ozone formation involves several concepts, some of which
are well established in the literature by many studies on the rates of unimolecular
dissociation and bimolecular recombination reactions [34-39]. The main features
of this analysis of the MIF in ozone formation are summarized below.

Oxygen atoms are typically formed in the stratosphere or laboratory by pho-
todissociation of O and in the laboratory also by electric discharge in O,. The O
and O, in the gas phase recombine on collision to form a vibrationally excited
ozone molecule O3:

0+ 0, = 03 (1)

The O} subsequently redissociates, as in the reverse of reaction (1), or is stabilized
by collisions involving loss of vibrational energy to any molecule M:

O;+M— O3 + M. ()

After formation of O3 an energy redistribution (“intramolecular energy ran-
domization”) occurs among the vibrations and rotations of the O molecule. This
redistribution is typically assumed to provide on the average an equipartitioning
of the excess energy among all the coordinates of this vibrationally hot O3, subject
to the constraint of the fixed total energy E and total angular momentum | of the
Oj that exists prior to the next collision. The energy redistribution among the co-
ordinates is due to anharmonic couplings of the molecular vibrations of O3 and to
coriolis, centrifugal distortion, and other couplings of the vibrations and rotations.
Similar remarks apply to other dissociating molecules.

The most common theory used to treat bimolecular recombination and uni-
molecular dissociation reactions in the literature is a statistical theory, “RRKM”
theory (Rice, Ramsperger, Kassel, Marcus) [34-39]. However, symmetrical iso-
topomers such as 120060, 160700 and 1°0'80'°0 have fewer intramolecu-
lar dynamical couplings for an intramolecular energy redistribution (fewer “quan-
tum mechanical coupling matrix elements”), because of symmetry restrictions, as
compared with asymmetric O3 isotopomers, such as 1°000O and 0080
[15]. Because of the reduced number of coupling elements in the symmetric iso-
topomers, we have assumed that the symmetric isotopomers have less energy
redistribution of the energy of the newly formed chemical bond among the other
coordinates than do the asymmetric isotopomers (“less statistical”) [15]. Thereby,
this O3 occupies less “phase space” (as depicted schematically in Figure 2.7) and,
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FIGURE 2.7 Schematic diagram illustrating the reduced effective phase space for a symmetric
ozone isotopomer, so leading to an enhanced dissociation rate [12].

consequently, in terms of unimolecular reaction theory it has a shorter lifetime
for redissociation. The shorter lifetime of an O} isotopomer means that there is
less chance of its being stabilized by loss of energy in a collision in reaction (2)
and so the rate of formation of the stabilized O3 molecule is less. For symmetric
molecules the conventional expression for the density of states of the vibrationally
excited molecule is divided by a factor n for symmetric isotopomers and by unity
for asymmetric ones. In the calculations, to fit the experimental result on the MIF,
n was chosen to be about 1.18 [13,14].

This assumption of less energy redistribution in the symmetric isotopomers,
compared with asymmetric isotopomers, remains to be tested by ab initio quantum
mechanical calculations, and as well as by a more direct experiment, as discussed
later. Such fundamental quantum mechanical calculations would yield an a pri-
ori value of n. In principle,  can also be inferred from the more direct but more
difficult experiment.

This property of a reduced number of coupling elements for symmetric sys-
tems is the same for all symmetrical isotopomers regardless of isotopic masses,
since all have the same common symmetry property. The formation of symmetric
heavy atom isotopomers, 120700 and *O800 in the isotopically scrambled
system dilutes the magnitude of the MIF by about 1/3 but doesn’t eliminate it.

In summary, because of a dynamical consequence of symmetry in this model,
the vibrationally excited asymmetric isotopomers, such as QOO*, have approx-
imately equal lifetimes that are longer than that of the symmetric isotopomers,
such as OOO0* and OQO*, Q being 170 or 80. At low pressures they have thereby
an improved chance of being deactivated by a collision and so of forming a stable
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ozone molecule, so leading to an equal (mass-independent) fractionation of the
heavy isotopes in the ozone, relative to some standard.

This symmetry/asymmetry behavior is not restricted to Oz but would apply
to all triatomic or larger molecules that have the possibility of forming symmet-
ric and asymmetric isotopomers, although its extent will depend on the molecule
and the temperature, e.g., it can differ in magnitude for O}, CO3, SiO3, and OZ*. Of
course, when a highly vibrationally excited molecule such as O} undergoes large
amplitude vibrations, it will for short instants deviate from its simple symmetry
(Cav in the case of the symmetric isotopomer O3 or OQO). Such effects could re-
duce the magnitude of the MIF, though not eliminate it.

Experimental studies permit some tests of these ideas. For example, the univer-
sality of the effect among all types of ozone isotopomers is seen in oxygen mixtures
heavily enriched in 7O and 80O [18] and compared with theory in Figure 2.3
[12,13]. It is also seen in Figure 2.4, the points at AZPE = 0 being about 18% lower
than those for the asymmetric cases. The effect of pressure on the MIF from 102
to 107 bar [16,17] has been measured and the theory tested by comparison with the
data [12,13]. We note that at higher pressures all of the O} formed is collisionally
deactivated to form O3 and so the anomaly reflected in the differences in lifetimes
of the symmetric and asymmetric isotopomers of O disappears and so the MIF
disappears, experimentally and theoretically.

The effect of temperature on the MIF is found in experiments [16] to increase
with increasing temperature. Thus, the observed MIF is not a “threshold energy
effect”. The origin of this temperature effect poses an interesting question: is it
because the higher the temperature the higher the energy of the typical O3, the
shorter its lifetime, the less time there is for energy redistribution in the excited
ozone, and so the greater the non-statistical effect and thereby a larger MIF? Or
does it indicate another phenomenon? We return to this point in a discussion of a
‘chaperon’ versus energy transfer mechanism for ozone formation.

Missing is a very direct experiment on energy redistribution in ozone forma-
tion: The dissociative lifetime behavior of the vibrationally excited O3 has not been
studied under well-defined collision-free conditions. Under suitable conditions O}
could be prepared with a known vibrational energy and its time-evolution could
be studied using a two laser “pump-dump” method in a molecular beam. A single-
exponential decay of the O3 would indicate full statistical intramolecular mixing
of the energy, while a more complex time decay would indicate incomplete mixing
(“non-RRKM” behavior), e.g., [40]. Different isotopomers of O3 could be similarly
studied, together with the effect of increased energy on the distribution of life-
times. An increased energy is expected to increase the difference in the lifetimes of
the symmetric and asymmetric isotopomers, based on one interpretation of the ob-
served effect of temperature one the MIF noted above. An alternative possible ex-
planation is considered in Section 4 in terms of a competition of two mechanisms.

3. QUANTUM DYNAMICAL COMPUTATIONS

There have been several preliminary quantum mechanical computations of some
elementary steps in ozone formation [41—43]. In some studies the zero-point en-
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ergy exit channel aspect has been addressed, and there has also been some study
of Feshbach resonances for the collision, O+O; & Oj3. The fully quantum mechan-
ical calculations are typically at | = 0. The complete scheme involves, in addition
to these scattering resonances of O + O, & O3 at all ], the role of collisions with
a third-body M in reaction (2) in forming the collisionally stabilized O3 molecules.
At present quantum mechanical calculations of these processes are still in a very

early stage.

4. INDIVIDUALLY STUDIED RATIOS OF ISOTOPOMERIC REACTION
RATE CONSTANTS

In the standard experiments on the MIF there is extensive isotopic exchange (“iso-
topic scrambling”), such as Q + OO0 = QOO* = QO + O. However, there is also a
body of experimental data on ozone formation obtained under very special exper-
imental conditions [18] in which isotopic exchange is minor. In these experiments
ratios of recombination rate constants, such as the [1°O + 180180]/[1¢0O + 16016Q]
ratio of ks are measured directly. (The unmeasured °O atom concentration cancels
in this ratio of rates.) The results show very large isotope-specific effects, very dif-
ferent from the MIF. The new data are now well understood in terms of differences
of zero-point energies of the transition states for the two competing modes of dis-
sociation of an asymmetric ozone molecule, e.g., OOQ — O+0Q and — OO0+Q,
e.g., [12-14]. Earlier, excellent correlations of these rates with a variety of molec-
ular properties had been noted [44,45] but the argument showing that of these
properties it was the zero-point energy difference of the two exit channels of the
dissociating asymmetric isotopomers that was the origin was given in a detailed
theoretical analysis [14].

As interesting as these special “exit-channel” effects are in their own right,
it has been shown that because of a cancellation, they have no bearing on the
MIF phenomenon [15]. We stress this point, since occasionally it is assumed in
the literature that the special exit channel effect in the ratios is a key to un-
derstanding the MIF. Instead, the mass-independent effect of “scrambled” sys-
tems and the anomalously large mass-dependent effect for reactions of the type
Q + 00 = QOO0* — QOO and QO + O, have very different origins and are
unrelated. Perhaps these remarks may seem paradoxical. The various rate con-
stants for these “isotopically unscrambled” reactions can be used to compute the
observables for the isotopically scrambled system, and so compute §'7O and §'80.
However, the detailed analysis [15] showed that there is much cancellation, sum-
marized below, and that the theoretical expression for the MIF conditions is now
simpler than would appear from the expression for the MIF in terms of the indi-
vidual rate constants [15]. In particular, the zero-point energy effect, important for
the individual isotope rate constants, disappears when the combination of them
that determines the MIF is calculated.

Some physical insight into how this cancellation arises is considered next.
In particular, we comment on why the dramatic and large exit channel mass-
dependent isotope effect observed [18] under “unscrambled” experimental condi-
tions is not relevant when the experimental conditions are, instead, the usual ones
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typical for MIF observations, “scrambled”. We first note that under scrambled con-
ditions an intermediate such as OQQ* formed at low enough energies from O + QQ
can only dissociate back into O + QQ and not into the other channel, OQ + Q, be-
cause OQ has a higher zero-point energy than QQ. In contrast, in the comparison
reaction in the ratio, O + OO — Oj, there are always two energetically accessi-
ble dissociation channels at all energies. So this OQQ* has a longer lifetime on the
average than the O} aside from any conventional isotope effects, and is therefore
more likely to be stabilized by a deactivating collision. Thereby, the ratio of rates
of formation of the stabilized OQQ compared with that of O3 is larger than unity.
The opposite is true for a reaction such as Q + OO — QOQ, in which the reactant,
O, has a higher zero-point energy than does the product of the dissociation into
QO + O. In this case the dissociation via QOO* is faster than if it didn’t have this
energy excess, and so the ratio of the product QOO to that of the product of the
comparison reaction, Q + QQ — QQQ can be lower than unity.

The cancellation noted above occurs via the partitioning factors in the expres-
sion for each rate constant: These factors describe the relative numbers of quantum
states in the transition states of the two dissociating channels of the vibrationally
hot dissociating asymmetric isotopomer [15]. The difference is magnified by dif-
ference in the zero-point energy of the two competing dissociating channels and
leads to the large differences in specific rate constants. For systems where isotopic
exchange is extensive, these two partitioning factors sum to unity in the theoretical
expression for the enrichment [15], and so the AZPE effect is now absent.

The situation when the gas is isotopically scrambled, however, is very different
and indeed the experimentally observed measured quantity is also very different.
When the gas is isotopically scrambled, one does not measure these specific ratios
of rate constants. Instead, a statistical steady-state, such as Q + OO = QOO* =
QO + O and in the above example O + QQ = OQQ* = OQ + Q, exists at all en-
ergies, and now the energy distribution of the vibrationally excited intermediates
is that which is dictated by the steady-state equations for the above reactions, and
not by that of a vibrationally hot intermediate formed solely via one channel. Un-
der such conditions all energies of the intermediate are statistically accessible, if
not from one side of the reaction intermediate then from the other. Phrased differ-
ently, the isotopic composition of the collisionally stabilized product Oz or QO or
will typically differ from that of the vibrationally excited species O} or QO3, since
the intrinsic lifetime of the latter is isotope-dependent, as discussed in [15]. The
usual RRKM-type pressure-dependent rate expression and conventional isotope
effect results, modified by the nonstatistical effect discussed earlier [15].

Another interesting result obtained in experiments on these ratios of rate con-
stants is the lack of the dependence of the ratio on the nature of the gas colli-
sionally deactivating the vibrationally excited ozone isotopomer [46]. Different
mechanisms have been postulated for the collisional deactivation, including the
energy transfer mechanism used here and most commonly used elsewhere, and
a ‘chaperon’ mechanism in which the third-body collision partner forms collision
complex with the O or with the O; prior to the recombination step. Recently the
chaperon mechanism was revisited for ozone formation, analyzing pressure and
temperature dependent data on the recombination rate [47]. Since the ratios of rate
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constants of formation of the different isotopomers are independent of the nature
of the third body [46] for the ratios studied, any chaperon mechanism and indeed
any mechanism needs to be consistent with that observation. These different gases
do affect the rate of ozone formation [48].

In an interpretation of the data [46] and in a calculation [49] it has been pro-
posed that the energy transfer mechanism (Egs. (1) and (2)) is dominant at higher
temperatures and the chaperon mechanism at lower temperatures. In that case we
can explore the consequences for MIF: From a theoretical point of view the chap-
eron mechanism does not have the long-lived O3 and so does not have the isotopic
symmetry effect present in the energy transfer mechanism of Egs. (1) and (2), and
so would not be expected to have an MIF. In this case, therefore, we have an al-
ternative explanation of why the MIF is larger at higher temperatures. At higher
temperatures the energy transfer mechanism dominates and so there would be an
MIF for ozone formation. At lower temperatures the chaperon mechanism domi-
nates and so the MIF for ozone would tend to disappear. If the relative importance
of the two mechanisms depends on the nature of the colliding gas, then the MIF
would also, a result that can be tested experimentally. The test would be least
ambiguous at lower pressures, before the decrease of the MIF with increasing pres-
sure becomes important.

5. RATE CONSTANT RATIOS AND ENRICHMENTS FOR OTHER
REACTIONS

The ratio of rate constants and the pressure dependence of the MIF for other re-
actions have also been treated theoretically, reactions such as CO + O — COg,
SO + O — SO, O + NO — NO; [49]. In a calculation of the ratios of rates and
of the MIF for these other reactions, some of which may be “spin-forbidden” we
should consider whether the odd spin of 7O would affect the reaction rate and
hence affect other properties such as an MIE. At first glance a potential objection to
observing an MIF in a reaction such as CO + O — COj3, an objection that is easily
removed however, is that the desired reaction is electronically spin-forbidden (sin-
glet CO+triplet O — singlet CO,). The presence of an odd numbered nucleus 17O
in a reactant reduces the spin-forbidden impediment for this reaction, due to elec-
tron spin-nuclear spin coupling, and so catalyzes the recombination and destroys
any mass-independence. However, this effect would occur both in the formation,
CO + O — CO;3, and in the redissociation, CO; — CO + O, of the COj3. Since
the redissociation of the CO; dominates over collisional stabilization of the CO}
at low pressures this spin-spin effect favoring formation of CO} containing 17O
also favors this reverse process and so the effect cancels at low pressures. At suffi-
ciently high pressures, however, pressures not relevant here, there would be little
redissociation of the COJ because of collisional deactivation, and then the spin—
spin coupling would indeed favor 17O enrichment in the CO; or in any of the
other reactions. An approximate formula for the ratios of rate constants and for
the pressure dependence for such systems is given elsewhere [50].
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There are also well known isotope effects associated with odd nuclear spin,
spin-electron spin coupling, e.g., [10]. Such an effect that would favor 17O for-
mation over even spin nuclei absent in ozone formation, presumably because the
ozone formation occurs on a singlet electronic state surface: While there are some
27 electronic states of an O/O; pair that in principle could be involved in ozone
formation, only the lowest singlet state of Oz is deep enough to be sufficiently
long-lived to be collisionally stabilized to lead to O3 formation at atmospheric
pressure. Only it was assumed [12-15] to play a significant route to O3 formation
under those conditions. The “no reaction” posed by the other entrance channels
reduced the calculated rate of O3 formation accordingly [15].

6. OXYGEN ISOTOPIC FRACTIONATION FOR CO + OH — CO; + H

The CO 4+ OH — CO; + H reaction has been reported as showing mass inde-
pendent fractionation [11]. This term, in the strict sense of “mass-independence”
used earlier means that the slope of a 170 /10 fractionation plotted versus the cor-
responding 80/1°0 fractionation would be about unity, rather than having the
conventional mass-dependent value of 0.52. However, what is frequently meant
by MIF of oxygen instead is that the quantity A0 = §70 — 0.525'80 is different
from zero. The number of experiments needed to determine A”O is only one, in-
stead of the number needed to determine the slope of a 3-isotope and is commonly
used in the literature. Indeed, sometimes the data are such that a three-isotope plot
cannot be obtained from the available data. To avoid possible confusion one might
term reactions that have a non zero value for A0 but for which the §170 vs. §180
slope has not been measured, as being mass-anomalous fractionated, MAF. How-
ever, the term MIF is in widespread usage, and includes both the strictly MIF and
any mass anomalous fractionation (MAF) reactions.

The reaction CO + OH — CO; + H is important for controlling the CO and OH
concentration in the atmosphere and has an anomalous AY0 [11,51] and an 180
isotope effect has also been measured in [52]. In theoretical studies on this reaction
results have been obtained for C [53], H [53] and O [54] isotope effects. Inasmuch
as the intermediate in this reaction, HOCO*, has no symmetry with respect to iso-
topes, the symmetry effect that appears in the ozone and the CAI problems is now
absent. Any anomalies that appear in A7O are then due to other reasons. Avail-
able three-isotope plots for this reaction are too sparse to define its slope reliably.
The theory [53] provides an understanding of the H/D and >C/13C data, and its
pressure dependence, even though the C isotope effect is very small (—5 or so mil
[11,55] at the lowest pressures). In calculations both nuclear tunneling of the H and
complexity of mechanism can cause some deviation from the slope of a 3-isotope
plot of 0.52 [54]. So they too can be a source of non-zero A0 effect. Thus far,
both the calculated [54] and the experimental O isotope effect are small, but unlike
the C isotope data they do not agree. The problem in understanding the O-isotope
behavior lies either in a sensitivity of the theoretical calculations of a small effect,
though the calculation of the equally small *C effect agreed with the data, or it
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lies in the experimental complexity of the reactions. In any case the effect is con-
siderably smaller by more than an order of magnitude than the isotopic anomaly
in ozone.

In one study of the HO + CO reaction there were many reaction steps, in-
cluding the presence of ozone among the reactants [51]. In others the presence
of vibrationally excited OH reactants is possible when the source of the OH is
photochemical [11,51,56,57]. Isotopic exchange would also be one source of dis-
crepancy between theory and experiment for the 80 isotope effect [54], if it oc-
curred: It was estimated [54] that an isotopic exchange rate constant of about 2 to
3 x 10715 cm® molecule ™ s~! could explain the difference between the calculated
and experimentally observed O isotope effect. In one case an O isotopic exchange
was reported [56] that disappeared at higher pressure. In another experiment, con-
sistently no O isotopic exchange was reported at that higher pressure [57]. In an-
other experiment showing no isotopic exchange the upper limit set for O isotopic
exchange [58] was improved, being a factor of two or three smaller than the rough
value given above needed to explain the observed discrepancy in the 130 isotope
effect. There are also results on A7O for this reaction [11], and a nonzero A7O
was obtained in the theory [54].

An experiment that may be simpler in its reactions, more sensitive than the
detection limit of O isotope exchange need to explain the discrepancy, and as free
as possible from OH vibrational excitation, would be helpful to explore the issue
further. On the other hand the isotope effect is very small and the system suffi-
ciently complicated that the theoretical calculations themselves may be the source
of the discrepancy. In either case we infer that the reaction itself is mass anomalous
rather than mass-independent in the strict sense of the term, both experimentally
and in terms of current theoretical insight. In concluding this section we comment
in physical terms on the small isotope effects, about —5 to —10 per mil, observed
for 13C and 80 in this system at low pressures.

Atlow pressures the collisional deactivation of the HOCO* can be neglected, so
simplifying considerably the analysis since the reaction rate will no longer depend
on the density of states of the intermediate HOCO*. There are two transition states
for the reaction, one for the formation of HOCO* from HO + CO and the other for
the formation of H + OCO from HOCO*. Judging from the significant H isotope
effect, the second transition state dominates (is rate controlling) at low pressures.
In any case we will assume it for simplicity in the present discussion. Increasing
the mass of the C or O has two effects: from its small contribution to the reaction
tunneling coordinate (dominantly an H coordinate) the effective mass of the H is
also increased, resulting in a reduced tunneling rate, so making the reaction rate
smaller for the heavier isotope. On the other hand the extra mass increases the
number of states in the transition state for the dissociation of HOCO* to OCO +
H, relative to increasing the statistically average number for the reactants [54], so
increasing the reaction rate. Thus an increase of the C or O mass has two conflicting
consequences for the reaction rate.

The C in HOCO* is coupled to several vibrations in the HOCO* and so this
“number of states effect” can be dominant for C and cause %k < '3k, in agree-
ment with experiment. For the O in CO leading to HOCO* it is coupled to fewer
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vibrations in the HOCO*, compared with the number coupled to the C and, in the
theoretical calculation, did not dominate the tunneling contribution and so in the
theoretical calculations we had 1%k > 18k, in disagreement with experiment. In this
way one can understand the 13C isotope effect, but not the current discrepancy for
the 180 effect. Nevertheless the effect is small, the result of opposing tendencies,
and further experiments and theory may be helpful.
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Abstract Among the chemical reactions in atmosphere, the reaction of an excited

oxygen atom, O (1D), with ground state molecular hydrogen, Hy (Xll‘g'),
has been one of the most studied both experimentally and theoretically.
To describe this reaction, various potential energy surfaces have been cali-
brated and their dynamics has been studied using quantum mechanical and
quasiclassical trajectory methods. The theoretical results have shown to be
in good agreement with experiment. The main uncertainties arise in the low
temperature rate constants and in the isotopic branching ratio when react-
ing with HD.
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1. INTRODUCTION

The absorption of radiation of wave lengths between 200 and 300 nm in the ozone
stratospheric layer is a process of key importance in the reduction of ultra-violet
radiation, which is known to cause biological mutations, solar burnings and other
physiological effects [1]. The resultant oxygen atom in its lowest electronically ex-
cited state, O (D), see Eq. (1), is a highly reactive species that plays a significant
role in initiating much stratospheric chemistry [2,3].

O3 + hv (< 300 nm) — O (D) + O. 1)

In particular, the excited oxygen atom quickly attacks methane, water vapor or
molecular hydrogen present in stratosphere, see Figure 3.1, producing hydroxyl
radicals according to reactions [4]

O (\D) + H,0O — OH + OH, )
O (‘D) + CH; — CHj3 + OH, (3)
O (D) +H, — H+ OH. 4)

These reactions constitute a source of OH in upper stratosphere, which ul-
timately controls the upper boundary of the ozone layer through the OH/HO,
catalytic destruction cycles [5] getting rid of about 10% of the existing ozone [6].
The decrease of the ozone layer is a well known problem, see ¢e.g. [3,7-9].

Due to its important role in atmospheric chemistry, the reaction

O(D)+H, » H+OH,  AH{=—-181.4kJmol™}, (5)
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FIGURE 3.1 Gases present in stratosphere, adapted from reference [4].
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and its isotopic variants

O(D)+D; - D+0D,  AHS=-179.7kImol~}, (6)
O(D)+HD - D+O0OH, AHj=-1779kmol}, )
O(D)+HD - H+0OD,  AHj=—183.8k mol’, ®)

have been the subject of several experimental studies such as those observed in
references [10-17]. Numerous theoretical studies of its dynamics have also been
carried out, for example see [11,13,16-31], using several potential energy surfaces
(PESs) published for this system [29,32-43]. These works have been the subject of
partial reviews by Liu [44], Althorpe and Clary [45], Balucani ef al. [46] and Aoiz
et al. [47].

The title reaction is also of considerable interest to combustion [48] and laser
chemistries [49]. Theoretically it is one of the best known complex-forming reac-
tions from a fundamental point of view [50].

2. CHARACTERIZATION OF THE O ('D) + H, REACTION

A general overview of the different potential energy surfaces relevant to the reac-
tions involving an oxygen atom and the hydrogen molecule has been sketched in
the work of Durand and Chapuisat [51].

As it can be seen in Figure 3.2, five potential energy surfaces are accessible
to reactants but the mainly contribution comes from the lowest X 'A’ PES, which
correlates with the X14; ground state of the HyO molecule. In this PES the title
reaction proceeds without energy barrier from reactants to products through a
highly excited water molecule.

The first excited state, A'A”, correlates with the ground state products
OH (X 2T) + H and must also be considered for energies higher than 8.4 kJ mol !
[22], or temperatures above 500 K. The second excited state, BlA/, adiabatically
correlates with excited state products, OH (A2X*) + H. At collinear geometries
these two surfaces correspond to a double degenerate IT state.

The other two upper PESs (B'A” and C'A’ states) are repulsive and corres-
pond to a double degenerate A state at collinear geometries and correlate with
excited state products. Their contribution to the title reaction is negligible [22].

As it can be seen in Figure 3.2, at collinear geometries the ground X 'A’ state
has ¥ symmetry and adiabatically correlates with an excited A% X7 state of the hy-
droxyl radical. As a result there is a crossing between the X' and 7 states. Schatz
and co-workers [12,22,23,52] estimated a constant contribution at collinear geome-
tries from the 11T state of approximately 10%, due to the non adiabatic electrostatic
coupling between the ! £+ (X1A") and ' 1T (B'A’ and A'A”) states.

As a conclusion, in addition to the role of the lowest (X 'A’) PES the contribu-
tion of the two first excited states should be considered.

The reactions of ground state oxygen atom, O (*P), with molecular hydrogen
proceed in PESs with a high energy barrier, being the room-temperature rate con-
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FIGURE3.2 Correlation diagram of the potential energy surfaces involved in the O ('D) + H,
reaction, adapted from reference [51].

stant 10~ times lower than that of O (!D) + Hj [53]. Most recently, Maiti and
Schatz [54] and Chu et al. [55] have studied the intersystem crossing effects be-
tween the triplet and singlet states. Mainly focused on the O (*P) + H, reaction,
they found a negligible contribution to this reaction. In respect to the O (!D) + Hp
reaction, Maiti and Schatz, using quasiclassical variant of the Trajectory Surface
Hopping (TSH) approach [56], found that the intersystem cross effects on the
O (!D) 4+ Hy may decrease the adiabatic reactivity up to 10% through non reac-
tive transitions to the triplet PESs. Chu et al. found a small reactivity on these PESs
from a wave packet initiated on the X 1A’ PES. The net effect of the intersystem
cross between triplet and singlet PESs is still an open question.

Although not shown in Figure 3.2, the HO (X ' A") PES also correlates with the
ground state triplet oxygen atom, O (°P), and the triplet state hydrogen molecule,
Hy (a3 %;). This is the lowest channel at large H-H distances [57] and should be
also considered on a global PES for this system. Due to the very high energy of
this region, the effects of this crossing on the dynamics of the title reaction should
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be negligible. Nevertheless, this channel should be taken into account on a global
PES.

3. POTENTIAL ENERGY SURFACES

To our knowledge, the first PES suitable for dynamical studies of the title reac-
tion was proposed in 1976 by Murrell and Sorbie [58] from spectroscopic data, but
the first dynamical studies have been carried out in 1980 by Schinke and Lester
in a PES fitted from ab initio data [32]. To better reproduce the experimental rate
constant, those authors propose two different potential energy surfaces named
SL1 and SL3. Subsequently, Murrell, Carter, Mills and Guest have published a
double-valued PES [57] to correctly account for the different crossings between
the diabatic surfaces and Murrell and Carter proposed a simpler single-valued
PES that approximates it [59]; this last one is known as MC PES.

The SL3 and MC PESs have shown to give quite different dynamical results
for the O (!D) + H, reaction. In a comparative study, Fitzgerald and Schatz [19]
have shown that the MC PES favours a collinear approach of the O atom to the
H; molecule, while the SL3 PES favours an insertion mechanism preceded by a
perpendicular approach.

Kuntz et al. [60] using the diatomics-in-molecule (DIM) method constructed
three slightly dfferent DIM PESs for the two lowest states. All these DIM PESs
exhibit no barrier to reaction (insertion or abstraction) on the lowest surface.

Ten years ago Schatz and co-workers [61] proposed a new potential energy
surface for the ground state X ' A’ H,O PES fitted from ab initio MR-CI calculations
using a triple zeta basis set and another for the first excited state A1A” H,O PES
[52]. Those PESs are known as K PESs. Lin and Guo [62] have observed that the
X 1A’ H,0 K PES has an unphysical minimum of 50 cm~! in the collinear H + OH
asymptote, which caused convergence problems in calculating vibrational levels
near the dissociation threshold [63].

One year later Dobbyn and Knowles presented three potential energy surfaces
[64] that reproduce both X'A’, A1A” and B'A’ PESs and the non-adiabatic cou-
pling between the X 'A’ and B A’ states [40]. Although extensively used in many
calculations, as far as we know, there is not any publication describing in detail
these DK PESs, only a brief presentation can be found in the work of Aoiz et al. [15].

In addition to the studies of the title reaction, the potential energy surface for
the ground state water molecule is of great importance for roto-vibrational spec-
troscopic studies of this system. Therefore some PESs that accurately describe the
bottom well have been published [35,37,65-67]. On the other hand those PES do
not dissociate correctly and are not suitable for dynamical studies. In order to
correct this behaviour, Varandas used an energy switching approach, joining the
spectroscopic description of the bottom well with a semiempirical description of
the van der Waals interactions between reactants or products, to build a global
single-valued PES for the ground state water molecule [39], ES PES. This approach
has been complemented with double and triple-valued potential energy surfaces
(ES-2v and ES-3v PESs) for this system [41,42].
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Recently, mainly based on the very accurate ab initio results of Partridge and
Schwenke [66] complemented with other data [68,69] and on a careful descrip-
tion of the long range interactions between the different dissociation channels [70],
Branddo and Rio presented another double-valued PES for this system [43]. This
BR PES displays a small van der Waals minimum and a small saddle point under
the dissociation limit for the Cay approach of the O (!D) atom to the Hy molecule
and a very small barrier (< 0.4 kJ mol_l) to collinear addition (! X+ surface) in
agreement with the findings of Walch and Harding [68].

4. DYNAMICAL STUDIES

The different potential energy surfaces have been used in several calculations
of the dynamics of the title reaction using quasiclassical trajectory methods and
quantum calculations, see references [71,72] for a general description of these
methods. Some capture and statistical calculations have also been reported for this
reaction.

4.1 Quantum calculations

Accurate quantum dynamical calculations for reactions with deep wells have been
a major challenge to theoreticians. In this regard, due to the potential well depth
of 7 eV corresponding to the stable water molecule, the reaction O (\D) + Hy —
OH + H poses a formidable obstacle to exact quantum dynamical treatment. As a
result, the earliest quantum calculation on this reaction was carried out by Baden-
hoop et al. [73] using a 2D model where the bending motion was treated by a
sudden approximation.

With the increase of modern computer capacity and the development of quan-
tum reactive scattering theories, such as the increasing implementation of Time
Dependent Quantum Mechanical (TDQM) wave packet methods, full dimensional
quantum calculations on the title reaction have been reported since 1996, first by
Peng et al. [74] followed by Dai [75], by Balint-Kurti et al. [76] and by Gray et al. [77].
All these earlier quantum dynamical studies employed TDQM wave packet meth-
ods on the adiabatic ground electronic X'A’ state having in mind the reaction
mechanism (or the role of direct abstraction vs. insertion in the reaction mecha-
nism). Among these works, Peng [74] and Dai [75] used the SL1 PES, while the
works of Balint-Kurti [76] and Gray [77] were based on the K surface. Subsequent
TDQM wave packet calculations [23,24,78-80] have been carried out mainly on the
ground DK PES. The most recent wave packet calculations by Lin and Guo [62]
used the BR PES to compute total cross sections and thermal rate constants.

Among those TDQM studies, exact quantum dynamical calculations were usu-
ally limited to the total angular momentum | = 0. For | > 0, most of the authors
used a capture model (or L-shift model) [77] to estimate the reaction probabil-
ity from the | = 0 results. Even the direct calculations of reaction probabilities for
J > 0 were performed using the centrifugal sudden (CS) approximation. Carroll
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and Goldfield [79] have reported wave packet calculations for | > 0 with inclu-
sion of the Coriolis coupling terms. In comparison with the CS approximation
results, these authors concluded that the CS approximation should yield accurate
estimates of the reaction cross sections and rate constants for the title reaction.

The first exact quantum calculations of integral and differential cross sections
on the adiabatic X ' A’ state were reported in 2001 by Honvault and Launay [15,81].
They have carried out quantum reactive scattering calculations of the title reaction
on the DK PES within the Time Independent Quantum Mechanical (TIQM) frame-
work using the hyperspherical close-coupling method.

The presence of five PESs correlating with the O (D) + H, reactants consti-
tutes a further difficulty for the theoretical studies of the title reaction. Drukker
and Schatz [22] have studied the effect of electronic Coriolis coupling in the en-
trance region for O (D) + Hy using all five potential surfaces. In this work, the
DK surfaces were used to describe the lowest three states while two DIM sur-
faces were employed for the upper two states. Using the vibrationally adiabatic
coupled-channel approximation, they found that the upper two PESs (B'A” and
C1A’) are important only when considering the electronic fine structure of the
reagents and the overall reactivity is dominated by the ground XA’ state with
some influence of the first two excited A'A” and B A’ states. The participation of
the A1A” and B'A’ states in the title reaction has then been further investigated
by a series of nonadiabatic quantum reactive scattering calculations using TDQM
[23,24] or TIQM [26] as well as by some adiabatic TDQM or TIQM calculations on
the AA” surface [15,16,24,27,80,82].

Recently, Alexander et al. [29] carried out an ab initio study of the four states
(X1A’, A1A",53A" and 33 A’) that correlate to OH-H in the product region and the
electronic and spin-orbit couplings between them. These PESs were used to study
the nonadiabatic effects on the branching between the product OH (2I7) multiplet
levels, using a statistical model of atom—diatom insertion reactions combined with
coupled-states capture theory.

More recently and related to the title reaction and to the nonadiabatic effects,
Chu et al. [55] reported an exact quantum wave-packet study of intersystem cross-
ing effects for the O (3P2,1,0, 1D,) +Hj reaction, in which three triplets, a 3A7 p3A”
and @3A’, and one singlet, X 'A’, electronic states were employed.

4.2 Quasiclassical calculations

Almost all the published PESs have been used to perform quasiclassical trajectory
(QCT) [71,83] studies of the title reaction. Those calculations have been mainly fo-
cused in adiabatic studies in each PES. In addition, the trajectory surface hopping
method [56], has been used to study the nonadiabatic effects between the XA
and B1A’ PESs.

Excluding some details on the rotational energy distribution of the products,
a general agreement has been found between the classical and quantum results
when performed on the same PES. It’s important to notice that the final attribution
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of vibrational and rotational quantum levels obtained from quasiclassical calcula-
tions is a crude estimation. We also note that, due to the orbital and spin angular
moments of the product OH 2/T state, the classical angular moment of the OH
diatomic, as computed in classical trajectories, differs from the nuclear rotational
quantum number, N'.

At low temperatures, where quantum effects such as resonances can play an
important role, the classical and quantum results for the thermal rate constant also
diverge, as shown in Figure 3.11 of Section 5.5.

5. RESULTS AND COMPARISON WITH EXPERIMENT

Due to its importance, the reaction of O (D) +H, (x! Eg ) has been the subject of
many experimental studies that can be compared with the theoretical predictions.
For a recent review of the molecular beam experiments on the title reaction see the
work of Balucani et al. [46].

5.1 Differential cross sections

The differential cross section is one of the most important results from molecular
beam experiments. There we can see the differences between the insertion mech-

* QCT, BR PES [31]
—— QM, DK PES [81]
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FIGURE 3.3 Angular distribution of the products for the reaction O (D) + Hj, at the collision
energy of 5.4 k) mol™".
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FIGURE 3.4 Angular distribution of the products for the reaction O ('D) + HD — OD + H, at
the collision energy of 19.0 ki mol™'. (—, - -, - - - ) represent the total, abstraction and
insertion components obtained from the work of Hsu, Pederson and Schatz [12]. (- - -) displays
the QCT results on the ground state BR PES [30].

anism of the reaction on the ground state PES that leads to forward-backward
symmetry and the abstraction mechanism when the title reaction proceeds on the
first excited state.

For this reason this property has been extensively computed using both quan-
tum and classical methods, being the agreement between the experimental and the
theoretical results using the most recent PESs generally good.

Figure 3.3 displays a comparison of the experimental differential cross sec-
tion results at the collision energy of 5.4 kJmol~! with quantum and classical
results on the XA’ DK and BR PESs. It is expected that only the ground state
PES should contribute to reaction at this collision energy. Peculiarly, the DK PES
gives a small anisotropy in opposite directions when comparing quantum and
quasiclassical results. This discrepancy has been explained by Balucani et al. [17]
as a result of quantum tunneling of the collisions with large angular moment
through the centrifugal barrier, which is not accounted for in classical trajectory
methods.

A different pattern is observed at 19.0 k] mol~! collision energy for the O +
HD — OD + H reaction. At this higher energy we can see an additional contribu-
tion from the first excited state as plotted in Figure 3.4.
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FIGURE 3.5 Translational energy distribution of the products of the reaction O (D) + H; at
collision energy of 8.0 k) mol™" obtained by the QCT method (—) on BR PES and using
statistical phase space calculations (- - --) [31]. The line (- - -) and the shaded area represent the
experimental results and respective error bars [10].

5.2 Product energy distributions

The comparison between phase space [84] statistical calculations [31], experimen-
tal data and dynamical studies of the title reaction have shown that the dynamics
of the OH; complex plays an important role on the energy distribution of the prod-
ucts. The higher rotational energy of the products has already been noted by Buss
et al. [18] and has been explained as a result of the excitation of the vibrational
bending mode due to the insertion mechanism. Despite the large exothermicity of
this reaction, the long-range interactions have shown to play an important role on
vibrational and rotational anisotropies of the OH product [85]. When using the DK
PES and the coupled-channel statistical theory, Rackham et al. [86] have found a
rotational distribution in close agreement with accurate quantum calculations on
the same PES.

In Figure 3.5 we compare the experimental [10] translational energy distri-
bution of the products of the reaction O (!D) + H; at the collision energy of
8.0 kfmol~! with QCT results on the BR PES and statistical phase space re-
sults [31]. The agreement between the theoretical and experimental results seems
reasonable.

The good agreement between theory and experiment is shown in Table 3.1
where we compare the experimental results of Aoiz et al. [14,15] at an average
collision energy of 11.7 kJmol~! with QM and QCT calculations on the BR and
DK PESs. In that work [14,15] the authors performed QCT and QM calculations
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TABLE3.1 Relation P(u = 4)/P(v = 3)

BR PES QCT [31] DK PES Exp. [14,15]
QCT [14,15] QM [14,15]
X 1A’ (only) 0.507 0.47 +0.01 0.53 -
X1A"+ AlA” - 0.60 +0.01 0.61 0.59 + 0.05
- I
L /) \‘?\
0.40— If\ VA
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FIGURE3.6 Experimental vs QCT rotationally integral cross section (in A2) for the O ('D) + H;
reaction, at 5.4 k) mol~! collision energy for v’ = 2. Line (- - -, A), experimental data [16]; (—, ®)
correspond to QCT results on BR PES [31].

both on the K and DK PESs and concluded that the DK surfaces present a better
description for the dynamics of the reaction O (D) + H.

The inverted distribution of the rotational energy of the products is a character-
istic property of this insertion reaction. Having in mind the above referred trouble
in assigning the nuclear rotational quantum number, N’, from classical trajectories
(see Section 4.2), we show in Figure 3.6 a comparison between experimental [16]
and QCT results on the BR PES [31] for the rotational integral cross section of the
O (D) + Hj reaction, at 5.4 kJ mol~! collision energy for v’ = 2. Here, the agree-
ment is reasonably good.

5.3 Isotopic effects

The isotopic branching ratio, I'op,on = 0:(OD+H)/0:(OH+D), of the products of
the O (1D) + HD reaction is the major divergence between theory and experiment
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TABLE3.2 Experimental isotopic branching ratio for O ('D) + HD

Ecol (k] mOlfl) FOD/OH Ref.
2.1-6.7 1.03 [50]
8.6 1.17 £0.10 [50,88]

10.0 1.5+£0.2 [89]

10.0 1.3+0.1 [89]

13.5 1.35+0.20 [90]

14.2 14+02 [89]

15.5 1.34 [50]

18.8 1.49 [50]

18.9 1.5 [91]

Room temp. 1.13 +0.08 [92]

T=298K 1.33 +0.07 [93]

TABLE 3.3 Reactive cross sections for O ('D) 4+ HD and isotopic branching ratio, T'op/oHs using
different PESs. All results but the last one refer to QCT calculations

Ecol (KJmol™')  PES oonsp) (A% oyopsm (A% Topson Ref.
2.1 SL1 - - 1.85+024  [19]
MC - - 1.08 £ 0.06 [19]

8.6 14’ DK 7.24 14.03 1.94 [87]
14’ BR 6.19 +£0.11 13.29 +£0.12 2.154+0.09 [30]

14.52 14’ BR 5.50 £0.11 13.15+0.16 2.38 £0.10 [30]
15.5 1A’ BR 5.56 +£0.10 11.76 + 0.12 2.124+0.10 [30]
19.0 1A’ DK 6.28 11.46 1.82 [87]
AT K 6.94 10.59 1.53 [87]

SL1 6.144 9.482 1.56 £+ 0.02 [94]

14’ BR 5.49 £0.10 11.27 £ 0.12 2.05+0.10 [30]

20.9 SL1 - - 14 [19]
MC - - 1.09 [19]

Room temp. WMF - - 4.5 [92]
MCMG - - 20403 [95]

21.0-51.0 DK PESs - - ~ 2 [26]

a  Average value.

in this system. We collect in Table 3.2 the experimental data found in the literature
for this branching ratio and, for comparison, we display in Table 3.3 the theoreti-
cal estimates using several potential energy surfaces for the lower adiabatic state.
Comparing those tables we can see that the experimental value range is consis-
tently lower than the theoretical ones, being these last results strongly dependent
on the PES used in the calculations. From the most recent PESs, only the theoreti-
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FIGURE3.7 Reaction channel probability, in %, for each approach angle, «, for O ('D) + HD at
2.05 keal mol ™.

cal results on the ground K PES agree with the higher experimental estimates. In
addition, the role of the excited PES is expected to be small and contribute to a
higher isotopic ratio [87].

To clarify the theoretical results, Fitzcharles and Schatz [19] discussed the an-
gle of approach in the MC and SL1 PESs. They conclude that the MC PES favours
a collinear collision where the first bond formed becomes the product diatomic,
which explains an isotopic branching ratio close to one; on the other hand the
SL1 PES leads to the formation of a tight complex, which dissociates into OD + H
predominantly. Rio and Brandao [30] performed QCT results on the BR PES and
found that, although the reaction proceeds through an insertion mechanism, those
trajectories that reach the D atom side will dissociate in OD + H; but only those
trajectories reaching the H side at a very high angle will dissociate as OH + D
predominantly, as shown in Figure 3.7. In addition they found that during the
complex lifetime there is an energy transfer process that favours the OD +H chan-
nel.

This divergence between theory and experiment is not so clear when we look
at the distribution of the energy of the different dissociation channels. In Table 3.4
we compare the energy distribution of the products at the collision energies of
8.6 kJ mol~! and 19.0 k] mol 1. We see a good agreement between the calculated
and experimental results at the lower energy but at 19.0 k] mol~! the experimental
results are too disperse to allow any conclusion. As far as we know, there is no
experimental information on the partition of the internal energy of the diatomic.
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TABLE 3.4 Distribution of translational, vibrational and rotational energy of the products of

O ('D) +HD
Ecol Source Channel Ew Evib Erot Ref.
(kJ mol~1) (%) (%) (%)
8.6 BR PES OD+H 32.44 41.50 26.06 [30]
OH+D 26.50 37.53 35.97 [30]
EXP. OD+H 32 - - [11]
OH+D 25 - - [11]
19.0 BR PES OD+H 32.42 40.46 27.12 [30]
OH+D 28.40 36.55 35.05 [30]
SL1 PES OD+H 33 40 28 [94]
OH+D 28 39 32 [94]
EXP. OD+H 4149 - - [89]
OH+D 19+4 - - [89]
OD+H 4147 - - [90]
OH+D 32+5 - - [90]
OD+H 30 - - [91]
OH+D 22 - - [91]
1.00
0.80
0.60
=
D-‘h
0.40
0.20
OZI\I\\IIIIIII|I\\\\\\\IIII
0 1.0 2.0 3.0

FIGURE 3.8 Opacity functions for the reaction O ('D) + H; on the ground state PES.

b/&

(—) corresponds to QM results on the DK PES at the collision energy of 9.6 k) mol~1 [85] and

(---) correspond to QCT results on BR PES at 8.0 k) mol™ collision energy [31].
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FIGURE 3.9 Comparison of QCT results of the total reactive cross section as a function of the
collision energy for the reaction O ('D) + H; using different published PESs. (®) BR PES [31]; (- - -)
K PES [96]; (A) DK PES [24]; (+) ES PES [21]; () ES-2v Il PES [25]; (O) ES-2v Il PES [25]; (x) SL1 PES
[32] and (OJ) SL3 PES [32].

5.4 Total reactive cross sections

Due to limitations of the experiment, the molecular beam experiments are unable
to measure the total cross section of the title reaction. As a consequence, here we
can only compare the computed total cross sections using the different published
PESs.

Closely related to the total cross section, the opacity function gives us the prob-
ability, P,(b), of a collision to be reactive at a given impact parameter, b. On the
ground state PES, the title reaction proceeds without a barrier, being the reaction
defined by the capture probability. As a consequence, the opacity function com-
puted using the QCT method on the BR PES at different collision energies presents
a similar form. As shown in Figure 3.8, the reaction probability is close to 0.9 for
all collision energies at impact parameters less than 2.2 A, vanishing quickly for
larger impact parameters [31]. Rackham et al. [85] plotted the opacity function from
accurate QM calculations [81] using the ground DK PES at the collision energy of
9.6 k] mol~!. These results, also plotted in Figure 3.8, display a similar trend with
larger probability than on the BR PES at 8.0 k] mol~!, which is coherent with the
larger reactivity found in the DK PES.

In Figure 3.9 we compare the QCT results for the total reactive cross section
as a function of the collision energy computed by using different PESs. Varandas
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FIGURE3.10 QCT thermal rate constants computed on the ground H,O (X 'A’) PES. (—) BR PES
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and (——-) K PES [52].

et al. [25] have shown that the reactivity on the ES-2v PES strongly depends on the
shape of the small bump for the Cy, insertion. Adding a Gaussian term, they have
been able to propose two modifications of this PES, namely ES-2v II and ES-2v III,
with different reactivities as shown in this figure.

We can see that the ES, ES-2v III and SL3 PES have a very different pattern
with larger reactive total cross sections. The DK and K PESs have a very similar
behaviour. Different is the ES-2v II PES which is similar to these PESs for energies
above 17 k] mol~!, but has larger reactive cross section at 8 k] mol~! becoming
smaller at very low collision energies. The BR and SL1 PESs are very similar being
the BR more reactive at low collision energies.

These reactive total cross sections can be considered as the sum of a capture
term, which decreases exponentially with energy, and a rigid sphere term, which
is constant and should dominate at high collision energies [31].

o(E) = Ucap(E) + o =AE™" +B. ©9)

The QM integral cross-section results of Lin and Guo [62] on the BR PES are not
plotted in this figure. As shown in [31] these results are in good agreement with
the QCT calculations in the same PES and somehow validates the use of classical
mechanics in these studies.
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FIGURE 311 Comparison of QM and QCT thermal rate constants for the reaction O ('D) + Hy,
at different temperatures. (-—=) QCT [28] and (- - -) QM [62] results using the BR PES; (—) QCT
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5.5 Thermal rate constants

A direct consequence of the different results for the total reactive cross section
shown in Figure 3.9 is the diversity of the thermal rate constant computed using
only the contribution of the ground H,O (X1A’) PES shown in Figure 3.10. In this
figure we can see the higher reactivity of the SL3 and ES PESs and the high acti-
vation energy of the ES-2v III PES, which is a result of an almost constant reactive
cross section. As expected the K and BR PESs display a parallel trend being the
K PES more reactive. Also predictable from the low energy total cross sections is
the behaviour of the SL1 PES, which has lower reactivity than the BR PES. The
ES-2v II PES has lower reactivity at low temperatures but approaches (and even
surpasses) the K PES as the temperature rises. So far as we know, there are not any
published QCT results for the thermal constant computed using the DK PESs.

It is important to assess the role of quantum effects on the thermal rate con-
stant. Unfortunately we only found QM thermal rate constant results for the SL1
[74] and BR PESs [62] at a large range of temperatures and two estimates for the K
and DK PESs [77] at 300 K with a large uncertainty in the last one. In Figure 3.11
we compare these QM results with the correspondent QCT estimates. In all cases
the QCT results lie above the QM predictions, being this difference larger in the
SL1 PES. At temperatures above 400 K the QM and QCT results on the BR PES
agree with each other, but at lower temperatures the differences become consid-
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erable. Although some differences could reflect the restrictions of the quantum
calculations, quantum effects should play an important role at low temperatures.
This difference may be an indication of quantum effects due to resonances near the
threshold. Another possible explanation is that, despite the agreement in the low
energy cross sections, the QCT calculations are unable to account for the quantifi-
cation of the angular moment, important at low energies. We also note that the QM
results are not averaged over the possible internal states of the reactant diatomic.

As stated above when characterizing this reaction (see Section 2), two addi-
tional contributions should be taken into account before comparison with exper-
iment. One is the abstraction reaction occurring in the first excited PES, H,O
(A1A”), for temperatures higher than 500 K [22], being this contribution for the
temperature of 1000 K approximately 0.3 x 10710 cm? molec™!s71. The other is the
constant contribution from the 17 state of approximately 10% proposed by Schatz
and co-workers [12,22,23,52], due to the non-adiabatic electrostatic coupling be-
tween the ! £+ and ! 17 states at collinear geometries.

In Figure 3.12 we plot the estimated corrections from the upper PESs and a cor-
rected estimate for the total thermal rate constant using both the BR PES [28] and
K PES [52]. For comparison we also plot in this figure the experimental estimates
for this thermal rate constant. There is a close agreement between the most recent
experimental data and the QCT +corrections estimates of the thermal rate constant
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from the BR PES. The higher reactivity found for the K PES is in accordance with
the greater cross sections exhibit by this PES, as shown in Figure 3.9.

6. FINAL REMARKS AND CONCLUSIONS

We can conclude that there are accurate potential energy surfaces to describe the
reaction O (!D) 4+ Hp, which plays an important role in the ozone depletion cy-
cle. The most recent PESs correctly reproduce the molecular beam experimental
results, namely, the differential cross sections and energy distribution of the prod-
ucts, including the contribution of the abstraction mechanism in the first excited
PES, within the present experimental resolution.

In spite of these results, some subjects still need to be clarified. One is the iso-
topic branching ration in the reaction O (! D) + HD, which shows a disagreement
between the predictions of these PESs and the experimental results. This should
be related with the details of the PES and the mechanism of energy transfer in
the HpO complex favouring one or other bond breaking. Another is the low tem-
perature, below 200 K, thermal rate constant, where we found a clear divergence
between classical and quantum results. This should clarify the role of long range
van der Waals interactions in the dynamics of this reaction. A third still open ques-
tion is the magnitude of the intersystem crossing effects between the singlet and
triplet PESs on the title reaction.

We have entitled this work, “a well studied reaction”, but the more we study
this system the more questions need to be answered.
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Abstract Understanding the kinetics and mechanisms associated with the atmosphe-
ric chemistry of mercury is of great importance to protecting the environ-
ment. This review will focus on theoretical calculations to advance under-
standing of gas phase oxidation of gaseous elemental mercury (GEM) by
halogen species. Understanding the gas phase oxidation process between
atmospheric mercury and halogen compounds is particularly important as
all studies indicate that this interaction is the primary conversion mech-
anism in the troposphere leading to deposition of mercury. Theoretically
predicting the thermochemistry of mercury containing species in the at-
mosphere is important because of the lack of experimental results. In this
article a review of theoretical calculations of rate constants and reaction
products is presented. Available laboratory data are listed and discussed as
well in order to highlight the subjects where theoretical calculations in par-
ticular can be of value in the future.

1. INTRODUCTION

This review will focus on theoretical calculations to advance understanding of
gas phase oxidation of gaseous elemental mercury (GEM) by halogen species.
Computational and experimental studies to help parameterize models have been
performed to make a more reliable description of the dynamics of mercury in
the atmosphere so that the consequences of abatement strategies can be assessed.
Quantum chemical calculations are the only way to viably investigate the mecha-
nisms and advance what is observed in field and laboratory studies.

As the atmosphere plays a significant role as a medium for chemical and phys-
ical transformation, it is imperative to understand the fundamental of the kinet-
ics and thermodynamics of the elementary and complex reactions that remove
and generate GEM in the atmosphere. In Arctic and Antarctic regions after polar
sunrise, field studies have demonstrated that GEM is rapidly oxidized to Hg(IT)
compounds, known operationally as reactive gaseous mercury (RGM), which is
quickly deposited to the surface, a phenomenon known as Arctic Mercury De-
pletion Events (AMDEs). After deposition, RGM may be reduced back to GEM
and reemitted to the atmosphere. The true constituents of RGM are not known
and the composition is estimated based on observed correlation of GEM with a
competing depletion of surface ozone concentration, in accordance with what is
known about the depletion of ozone in the Arctic atmosphere (ozone depletion
events, ODEs). Observations of AMDEs and ODEs in the polar boundary layer
have provoked several theories on reactions of elemental mercury with various
atmospheric oxidants. Atmospheric mercury has thus been theorized to be oxi-
dized by photochemically initiated catalytic reactions involving halogen species,
particularly Br and BrO, though other halogens species such as IO may play a
role in the marine boundary layer, and the Antarctic as well. The reaction of GEM
and BrO to produce HgO and Br was first thought to be the dominant reaction,
but recent theoretical studies have decisively shown that this reaction is highly
endothermic. However, this result is in conflict with experimental data on the
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energetics of the species existing in the vapour over heated HgO(s) [1]. The ox-
idized mercury can further deposit on the Earth’s surface and may bioaccumulate
in the aquatic food chain, through complex, but not well understood mechanisms.
A significant part of the deposited mercury is photo-reduced and re-emitted as
GEM [2-7]. Recent field studies indicate that despite the efficient photoreduc-
tion, a net sea ice/snow interface may constitute a site for Hg accumulation [8].
Hence there is a net deposition of mercury is occurring in the Arctic, particularly
in locations where bioaccumulation are expected [8]. Recent regional and global
modeling studies have considered the oxidation as well as photoreduction and
re-emission, and they report a net deposition of atmospheric mercury overall in
the Arctic region [9,10] in accordance with previous field studies (cf. [11]). There
have been several excellent review articles on mercury transformation in the at-
mosphere [12-16], particularly on its properties, sources, sinks, and fluxes. We
review the current state of knowledge of the kinetics, product distribution, and
thermo-chemical studies of elemental mercury with known atmospheric oxidants,
in this case with halogen compounds. We focus on a comprehensive review of
the experimental and theoretical kinetic evaluation of gaseous elemental mercury
reactions with atmospheric halogen oxidants. We do not consider the body of re-
search of mercury halogen interaction at higher than ambient temperatures, such
as those found in industrial processes. We will outline major gaps and some future
research directions.

Unlike the reactions of GEM in solution, experimental data on the gas-phase
reactions of elemental mercury with some atmospheric oxidants are limited due
to challenges including complexity of reactions, the low concentrations of species
at atmospheric conditions, the low volatility of products, sensitivity to tempera-
ture and pressure, and the strong effects of water vapour and surface on kinetics.
The possible effects and distribution of mercury isotope fractionation have not
been analysed in any of the studies. The isotopes dilute the signal and mean that
with current mass spectrometry techniques, ambient RGM compounds can not
be identified. The possibility of theoretically predicting the thermochemistry of
mercury-containing species of atmospheric interest is important and is comple-
mentary to laboratory and field studies.

Observations by Schroeder et al. [17] on concomitant rapid depletion of elemen-
tal mercury and ozone in the boundary layer indeed provoked several theoretical,
laboratory and field studies on reactions of elemental mercury with various at-
mospheric oxidants see Table 4.1 and references therein.

2. KINETIC AND PRODUCT EXPERIMENTS

The rate of the atmospheric chemical transformation of elemental mercury with
a given oxidant is dependent on two factors. The first factor is the reactivity of
mercury towards a given oxidant at environmentally relevant conditions, such as
temperature, pressure, oxygen concentration, and relative humidity. The second
factor is the concentration (or mixing ratio) of the oxidant. The existing laboratory
studies of mercury kinetic reactions have been obtained using steady state reaction
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TABLE 4.1

Available rate constants for selected atmospheric reactions from the literature at

room temperature (296 =+ 2 K) or other temperatures (modified after Steffen et al. [16])2

Reaction 1 Rate constants Reference Comments
(molecule cm—3 s_l)
Hgl + 03 (3+2)x 1020 Hall [18]
— products (75+09) x 10712 Pal and Ariya [19] Temperature dependence is evaluated
—19
(64£23) x10 Sumner et al. [20] — given reaction rate is extrapolated,
— at zero relative humidity.
Hg? + HO (87+£28) x 10714 Sommar et al. [21]
— products (1.6 +£02) x 10712 Miller et al. [22] 70°C
(93+13) x 10714 Pal and Ariya [19] Temperature dependence evaluated at 100
<10"13 Bauer et al. [23] and 400 Torr He and air
Hgl + Cl (1.0£02) x 10711 Ariya et al. [24]
— products (1.5) x 10711 Horne et al. [25] 383-443 K
2.8 x 1011 Khalizov et al. [26] Theo.—calc. at 298 K, 760 Torr
76 x 10713 Goodsite et al. [27] Theo.—calc. at 298 K, 760 Torr
Donohoue et al. [28]  Second-order rate was calculated at 260 K
and 760 Torr
Hg + Cl (27+02) x 10718 Ariya et al. [24]
— products (25+£09) x 10718 Sumner et al. [20]
Hg? + Br (32403) x 10712 Ariya et al. [24] 1 atm, 298 K
— products 10713 Grieg et al. [29] 383-443 K

See also Holmes
et al. [30] Table 1
for kp, k3 and ky
constants

Hg’ + BrO
— products

Hgo + Brp
— products

HgOBr + Br
— products

Hgo +F

— products
Hgo +NO3
— products

Hgo +H;0,
— products

Hg(CH3), + HO
— products

Hg(CH3)2 +Cl
— products

Hg(CH3), +
NO3 — products

1.0 x 1012
1.1 x 10712
3.6 x 10713
0.8

1.2

1x10715 <k <1x10713

1x 10714

<O £2)x 107V
No reaction

2.7 x 10731 and 3.4 x 1031

2.5 x 10710
1.05 +0.14 x 10710

(1.84+04) x 10715

<4 x 10715
<7x10715

<8 x 10719
(197 £0.23) x 10~11
(2.75+0.3) x 10710

(74+26) x 10714

Khalizov et al. [26]
Goodsite et al. [27]
Donohoue et al. [31]
Skov et al. [32]

Skov et al. [32]

Raofie and Ariya [33]
Sumner et al. [20]

Ariya et al. [24]
Sumner et al. [20]
Balabanov et al. [34]

Goodsite et al. [27]
Balabanov ef al. [34]

Sumner et al. [20]

Sommar et al. [35]
Sumner et al. [20]

Tokos et al. [36]
Niki et al. [37]
Niki et al. [38]

Sommar et al. [39]

Theo.—calc. at 298 K, 760 Torr
Theo.—calc. at 298 K, 760 Torr

243-298 K, 200-600 Torr

Interpretation of field study assuming?®
—40°C

Interpretation of field study assuming?
-10°C

No reaction was observed under
experimental conditions employed.
Theo.—calc.

Theo.—calc. at 298 K, 760 Torr
Theo.—calc.

a  The difference in results at —10 and —40 °C is due to the temperature dependence of the competing reaction between

ozone and Br.
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chamber or fast flow tubes. A single study has been carried out on the analysis
on field data. Both relative and absolute techniques were used in these studies
(cf. [40]).

Both absolute and relative techniques have advantages as well as disadvan-
tages. The disadvantage of the relative rate is that the calculated reaction rate
constant is only as good as the original value of the reaction rate constant for
the reference molecule used, and this is why most detailed relative rate studies
include several reference molecules to overcome this challenge. Another disadvan-
tage is the complexity of the reactants and enhanced potential for side reactions.
This challenge can be overcome with careful experimental setup and additional
targeted experiments to minimize and characterize the extent of undesired reac-
tions. An advantage of a detailed relative study is that one can readily perform the
experiments under simulated tropospheric conditions, and also that the reaction
chambers can be coupled with several state-of-the-art instruments for simultane-
ous analysis, which allows detailed product analysis as well as kinetic determina-
tions.

The advantage of the absolute method is clearly that there is no need for
incorporation of errors due to the reference molecules. However, in many ab-
solute studies, one can follow merely one or two reactants, and considering the
complexity of mercury reactions, and the extent of secondary reactions, the cal-
culated values may be affected. Another challenge is that absolute rate studies
often are performed at lower pressure than tropospheric boundary layer pressure
(~740 Torr) and at concentrations orders of magnitude higher than tropospheric
levels. Hence the data obtained under such conditions must be properly corrected
for the ambient tropospheric situation, particularly in the case of complex mercury
adduct reactions, and given the lack of detailed product analysis, and different
carrier gases, this is not trivial. However, as shown in Pal and Ariya [19], both rel-
ative and absolute studies of the same reaction can yield the same values of rate
constants within the experimental uncertainties, and thus increase the confidence
in the overall result.

There are limited temperature dependence studies of reactions of elemental
mercury with atmospheric oxidants (e.g., with Oz, HO, Br and Cl). Some reactions
are expected to have slight temperature dependence and hence the data can be
directly used for wide range of atmospheric temperature. However, some others
can exhibit stronger temperature dependence. We hence require temperature de-
pendence kinetic data that can reflect the general conditions in the troposphere.
We thus recommend strongly to have the available data over a wide range of tem-
peratures.

Mercury and halogen interaction has been experimentally studied under the
conditions as summarized below.

Methyl iodide was shown to be non-reactive toward GEM under atmospheric
conditions (k < 1 x 10~2! cm3 molecule ™ s™1) [36].

Ultraviolet bands of the HgCl, HgBr and Hgl molecules have been investi-
gated [41-43]. The authors coupled their measurements with computer analysis
to determine precise vibrational constants for the molecules. For Hgl a vibrational
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analysis was proposed for the E-X system. Approximate rotational constants were
also determined for the C state.

The first study of Hg" and chlorine atoms was published in 1968 [25] HgCl
was measured by time resolved absorption spectroscopy in the temperature range
383-443 K significantly higher than ambient temperatures:

Hg + Cl — HgCl. (1)

The rate constant, k; for the reaction of mercury with chlorine atoms was
then derived to be 5.0 x 10~ cm3 molecule ' s~ in 720 Torr CF3Cl and 1.5 x
10~ cm® molecule™! s~1 in 10 Torr CF3Cl 4 710 Torr Ar. The authors [25] men-
tioned that k1 has an uncertainty of a factor of three because of the accumulation
of experimental errors in evaluating the separate terms, and the rate constant can
be considered to be more accurate than the order of magnitude when the results
are transferred to atmospheric conditions.

Molecular chlorine was suggested to have a relatively modest reaction rate, 4 x
1071 em® molecule ™! s~ [13,44-47] though the reaction was found to be strongly
surface catalysed [45,46], and the experimental value should be considered as an
upper limit.

In 2002 extensive kinetic and product studies on the reactions of gaseous Hg"
with molecular and atomic halogens (X/X; where X = Cl, Br) were performed at
atmospheric pressure (750 & 1 Torr) and room temperature (298 & 1 K) in air and
N2 [24]. Kinetics of the reactions with X/X; were studied using both relative and
absolute techniques. Cold vapour atomic absorption spectroscopy (CVAAS) and
gas chromatography with mass spectroscopic detection (GC-MS) were the analyt-
ical methods applied. The measured rate constants for the reactions of Hg? with
Cly, Cl, Brp, and Br were (2.6 +£0.2) x 10718, (1.0£0.2) x 10~1, < (0.940.2) x 10716,
and (3.2 £ 0.3) x 10712 cm® molecule ! s~1, respectively. Thus Cl, and Br; are not
important reactants in the troposphere for the Cl, and Br, concentrations reported
in literature [24].

Chlorine and bromine atoms were generated using UV and visible photolysis
of molecular chlorine and bromine, respectively, in addition to UV (300 < A <
400 nm) photolysis of chloroacetyl chloride and dibromomethane. The reaction
products were analyzed in the gas-phase, in suspended aerosols and on the wall of
the reactor using MS, GC-MS and inductively coupled plasma mass spectrometry
(ICP-MS). The major products identified were HgCl, and HgBr, adsorbed on the
wall. Suspended aerosols, collected on the micron filters, contributed to less than
0.5% of the reaction products under the experimental conditions.

Donohoue et al. [31] has reported two other kinetic data sets for Cl and Br
reactions using a pulsed laser photolysis-pulsed laser induced fluorescence spec-
troscopy. These data sets are obtained using pseudo-first order conditions with
respect to halogens or mercury and experiments were performed at a broad range
of temperatures. The authors of these studies indicate an uncertainty estimation of
+50% in the rate coefficients due to the determination of absolute concentrations
of chlorine and bromine atoms [31]. Sumner et al. [20] reinvestigated both reac-
tions using a 17.3 m> environmental chambers equipped with fluorescent lamps
and sun lamps to mimic environmental reactions, and evaluated the rate constants
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to be in the order of 1072 cm® molecule ™ s~ and 10~ cm® molecule ' s~! for
reactions of Br and CI, respectively.

Reactions of mercury with Br-containing radicals, either Br or BrO were neces-
sary to investigate once satellite ‘BrO’ total surface column measurements showed
correlation with the geographical and temporal extension, where models predict
AMDEs [32,48-51]. Experimental studies of XO reactions are very scarce. To our
knowledge there is only one published laboratory kinetic study on the reaction
of BrO with elemental mercury [33] during which, using the relative rate meth-
ods, the room temperature bimolecular rate constant for BrO + Hg® was estimated
to lie within the range 107° < k < 10713 cm® molecule ' s~?, and in the later
product study this reaction was estimated to be <5 x 10~ cm? molecule™! s~
(Raofie and Ariya, personal communication). The faster end of this range makes
BrO a significant potential contributor to mercury depletion events in the Arctic,
however the lower range renders this radical less effective than Br radicals using
both lower and upper limit of existing experimental literature data. This is some-
how in contradiction with theoretical calculations, see next section. A report was
published on the first experimental product study of BrO-initiated oxidation of el-
emental mercury at atmospheric pressure of ~740 Torr and T = 29642 K [52]. The
authors used chemical ionization and electron impact mass spectrometry, gas chro-
matography coupled to a mass spectrometer, a MALDI-TOF mass spectrometer,
a cold vapour atomic fluorescence spectrometer, and high-resolution transmis-
sion electron microscopy coupled to energy dispersive spectrometry. BrO radicals
were formed using visible and UV photolysis of Br, and CH,Br; in the presence
of ozone. They analyzed the products in the gas phase, on suspended aerosols
and on wall deposits, and identified HgBr, HgOBr or HgBrO, and HgO as reac-
tion products. Experimentally, they were unable to distinguish between HgBrO
and HgOBr. The existence of stable Hg™ in form of HgBr, along with Hg?+ upon
BrO-initiated oxidation of Hg?, suggests that in field studies, it is fundamental
to selectively quantify various mercury species in mercury aerosols and deposits
both in oxidation state I and II. The majority of mercury containing products were
identified as deposits, however, aerosols accounted for a substantial portion of
products. Noticeably the authors pointed out that although the extent of hetero-
geneous reactions in their experiments were reduced significantly, the existence of
these reactions should have not been totally neglected under their experimental
conditions.

No definite conclusions on the potential primary or secondary reactions of BrO,
can be made at this stage. Even considering one order of magnitude uncertainties
in the existing kinetic data, Br reactions make it the likely radical to explain ele-
mental mercury depletion in the Arctic. Two independent studies [10,32] support
this conclusion. The existing kinetic results indicate that the direct BrO impact is
less important than Br, but further studies are required to examine this conclusion.
For example, A. Saiz-Lopez et al. [53] have unexpectedly, recently discovered via
long path DOAS measurements, significant amounts of iodine oxide (IO) above
the Antarctic ice, and that bromine persists there for several months, throughout
the summer, thus giving rise to a greater oxidizing effect than formerly thought
possible, given observations in the Arctic.
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Interesting models have been developed on the importance of iodine chemistry
and its potential impact on mercury depletion events [54,55]. Since there is no
existing laboratory study on kinetics and products of I, I and IO with elemental
mercury, we encourage additional studies in this domain to evaluate further the
implication of iodine chemistry in the troposphere.

Significant concentrations of halogens are observed predominantly over the
polar regions and over the marine boundary layer and not generally over the con-
tinents, with the exception of coastal regions, high halide source regions such as
salt lakes, and some industrial regions where halogens are widely used [56].

3. THEORETICAL EVALUATION OF KINETIC DATA

The possibility of theoretically predicting the thermochemistry of mercury-
containing species of atmospheric interest is of strong importance due to the
relative lack of accurate experimental information at all temperatures relevant
to ambient air, especially to temperatures different than room temperature. They
also serve fundamentally to further comprehend the complex reaction mecha-
nisms. Accurate ab initio studies for measurements such as heats of formation,
reaction enthalpies, and activation energies are particularly challenging, particu-
larly in light of the large nuclear charge (80) and large number of electrons intrinsic
to mercury. There is a detailed review on ab initio thermochemical and kinetic
studies on mercury reactions [15] and hence we discuss previous studies mainly
in relation to experimental results. The existing theoretical kinetic data are also
shown in Table 4.1. Ab initio calculations rely on careful choice of electron corre-
lation method, treatment of relativistic effects, basis set truncation errors, etc., in
order to obtain accurate kinetic data. The latter depends intimately on the under-
lying potential energy surface. A rigorous calculation of the rate coefficient for a
given reaction generally involves either quantum scattering or classical trajectory
calculations, which in turn require a global or semi-global potential energy surface
(PES). While these treatments are feasible for relatively small systems depending
on the required accuracy of the underlying PES, most studies employ more ap-
proximate treatments of the reaction dynamics, e.g., transition state theory (TST)
or RRKM theory (Rice-Ramsberger-Kassel-Marcus theory).

For bimolecular reactions involving a barrier, transition state theory is often
used. The basic tenet is that there exists a critical configuration lying between re-
actants and products where all trajectories arising from reactants are assumed to
irreversibly lead to products [57,58]. For reactions that proceed without a barrier,
e.g., unimolecular dissociation or recombination reactions, RRKM theory is often
employed. The use of RRKM involves two central approximations (cf. Steinfeld
et al. and Gilbert and Smith [57,59] and references therein): (i) as with transition
state theory, RRKM assumes the existence of a critical configuration between re-
actants and products which is not recrossed and (ii) the energy of the excited
reactant is distributed randomly throughout all the available molecular states. To
satisfy the first approximation, it is generally very important to employ the vari-
ational version, which is equivalent to a microcanonical VTST calculation. So as
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above, one needs to calculate structures and vibrational frequencies along the re-
action path. In order to satisfy the second criterion, the reactant must be a molecule
large enough to provide efficient intramolecular vibrational energy redistribution.
Hence, the use of RRKM for atom-atom recombination reactions should probably
not be used as the main approach for theoretical kinetic evaluation. In these cases,
quasiclassical trajectory calculations would seem to be the most reliable method.
For reaction rate constant calculations for barrierless reactions using RRKM and
VTST-like methods, the Variflex program [60] is a convenient choice for poly-
atomic systems, since it also allows several options for the calculation of pressure
effects on the rate constant (standard VTST yields only a high pressure limit rate
constant).

Since 2003 several studies have contributed to the understanding of the reac-
tion system of reactions (2a), (2b), (3a), (3b) and (4) [26,27,34,61,62,65]

Hg + X — HgX, (2a)
HgX — Hg + X, (2b)
HgX 4+ X — HgX,, (3a)
XHg + X — X+ HgX, (3b)
Hg + XO — HgO + X, 4)

where X is either Cl, Br or L.

The contributions will be briefly sketched here following the chronological
order of appearance in the literature. Shepler and Peterson [61] calculated the
potential energy curves of HgO using multi reference configuration interaction
(MRCI) as well as coupled cluster theory (CCSD(T)). Their result showed that the
reaction Hg + BrO — HgO + Br is strongly endothermic. Notably they also found
that HgO was stable with respect to Hg? by just 4 kcal mol~?, suggesting that the
previous experimental results from the nineteeneighties were erroneous [63,64].

Khalizov et al. [26] used DFT and ab intio calculations at BBLYP and QCISD
level of theory to determine geometry optimisations and frequencies for various
molecules, HgX and HgX,, where X = F, Cl or Br. Furthermore reaction enthalpies
were calculated for the nine possible reactions (2a), (3a) and Hg + X — HgX,.
The back reaction rate constants for the reactions (2b) were calculated in the high
pressure limit using collision theory comparing to calculations using canonical
VTST. These rate constants are tabulated in Table 4.1.

Tossell [62] calculated energetics for oxidation of GEM for various reactions in-
cluding (2a), (3a) and (4), with X = Br and Cl. The methods and levels of theory
included Hartree-Fock (HF), Moller—Plesset to the second order (MP2), quadratic
CI (QCISD) and CCSD(T). Novel results included findings of the optical transi-
tions of HgO, HgX and HgX>. These indicated that HgO as well as HgX would
be unstable towards sunlight in the troposphere, whereas HgX;, would be quite
stable for energies in the visible region.

Goodsite et al. [27] calculated optimised geometries and molecular parameters
at B3LYP level of theory for HgX and HgXY where X = Br (and I and OH) and
Y = Br, [, OH and O;. This was followed by RRKM theory to yield the reaction
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rate constants for reactions (2a) and (2b) for X = Br and I, and (3a) for X = Br. The
reaction rates for X = Br are tabulated in Table 4.1.

Balabanov et al. [34] computed the potential energy surfaces for HgBr, us-
ing internally contracted MRCI. The potential surfaces were then used for quasi
classical trajectory (QST) and VTST calculations to evaluate the rate constants for
the seven reactions including (3a) and (3b), Hg + Br, — HgBr, and HgBr, —
products. The calculations yielded some very interesting results, i.e. they found
the rates for the reactions Hg + Br, — HgBr, and Hg + Bro — HgBr + Br to be
assmall asof k = 2.7 x 1073 em3mol 's~! and k = 3.4 x 103! cm3mol~'s~!,
respectively. They discuss the likeness of these reaction paths to the ones of the re-
actions of Hg with BrO, and suggest that a more complex mechanism like the one
introduced in the modeling work of Calvert and Lindberg [54,55] is considered for
explaining the larger reaction rates found in experiments [24,33]:

HgBr + Br, — HgBr, + Br. )

As can be seen in Table 4.1 they also found the reaction rate for reaction (3a) to
be lower than Goodsite et al. [27], and explained this by the higher level of theory
used in the Balabanov et al. [34] calculations.

Additionally we want to mention two investigations by Shepler et al. [65,66].
The first [65] is of the reactions Hg + IX for X = I, Br, Cl and O with respect
to enthalpies; for the stable triatomics also heats of formation, bond lengths and
harmonic vibrational frequencies, together with dissociation energies, equilibrium
bond lengths, and harmonic vibrational frequencies for the diatomics involved.
The calculations were carried out employing the CCSD(T) method. There are a
wealth of results that are compared to experimental outcomes and that can be
used in atmospheric modeling. We repeat here our call for laboratory studies on
the reaction chemistry of mercury and the iodine compounds I, I and IO, as these
are missing in this context.

The other study [66] is a very recent one on aqueous micro solvation of mer-
cury halide species. The methods and level of theory employed were MP2 and
DFT/B3LYP. The general trend was that oxidation of mercury halide species
was seen to be favoured by the presence of water molecules. Notably the reac-
tions (2a) and (3a)-like channel HgX + Y — HgXY together with the reaction
Hg + XY — HgXY became more exothermic in the presence of water, whereas
the abstraction channel HgX 4+ Y — Hg + XY became less exothermic.

To summarise the outcome of these papers with respect to the reaction sys-
tem (2)—(4) Reaction (4) was investigated for X = Br [61,62,67] and X = I [65] to
be endothermic and most probably without any importance in the atmosphere,
in the absence of water, whereas reaction (2) is exothermic [26,27,34,62]. Khalizov
concluded that Hg + Br might be the dominant process for atmospheric mercury
depletion episodes (AMDE) occurring during Arctic Spring. This conclusion is in
line with previous laboratory kinetic studies of the same reaction system [24]. This
conclusion is further supported by Goodsite et al. [27] that studied the temperature
dependence of the reaction and showed that the HgBr intermediate is stabilised to-
wards uni-molecular degradation at low temperatures which permits the addition
of the Br reaction (3) and thus HgBr; is a possible candidate for the formation of
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the otherwise unknown RGM. Balabanov et al. [34] suggest a more complex reac-
tion path (5), also including HgBr.

4. PERSPECTIVES

Despite the novel positive acquisitions of knowledge from experimental and the-
oretical studies of gas-phase elemental mercury chemistry there are still large
gaps before a complete understanding of the fate of mercury in the atmosphere
is obtained. It is essential to provide kinetic data and information about formed
products. There are some limited studies on the kinetics of gas-phase elemental
mercury oxidation on surfaces [68-70]. However, experimental studies on uptake
or kinetics of heterogeneous reactions of mercury on various environmentally rel-
evant surfaces such as ice, snow, and aerosols and biomaterials, are needed.

The present paper describes the most important progress that has been made
within the understanding of the atmospheric chemistry of mercury within the ap-
plication of theoretical calculations and experimental studies for determination
of reaction coefficients and mechanisms with halogens and other reactants. There
are still large uncertainties to cope with before a reliable description of dynam-
ics and fate of mercury can be established. Theoretical calculations represent a
very cost effective method to get the first information about rate constants, reac-
tion products and as to what experimentalists should examine. Finally, theoretical
calculations can document that we actually have a full understanding of the fun-
damental processes of atmospheric mercury. The study of IO [53] in the Antarctic
opens the possibility that I and IO plays an important role in the oxidation of Hg’.
These reaction mechanisms should continue to be studied in the field and with
theoretical methods. As most laboratory studies of the oxidation mercury in the
atmosphere are carried out at room temperature it is very important that theoret-
ical calculations state the temperature dependence of the various reaction steps
and the thermally stability of the reaction intermediates and end products.

A particular challenge is the reaction between Hg” and ozone to form HgO and
O;. There are large discrepancies in the existing laboratory study and theoretical
studies are difficult because the spin of reactants are different from those of the
reaction intermediates, such as HgO3, and the end product.

ACKNOWLEDGEMENTS

We acknowledge National Science and Engineering Research Council of Canada
(NSERC), and Canadian Foundation for innovation for financial support. The
Danish Environmental Protection Agency financially supported this work with
means from the MIKA/DANCEA funds for Environmental Support to the Arc-
tic Region. The findings and conclusions presented here do not necessarily reflect
the views of the Agency. Michael E. Goodsite was financially supported by NERI
and the University of Southern Denmark, Faculty of Science. Mette M.-L. Grage
gratefully acknowledges The Swedish Research Council. The authors thank Karen



54 P.A. Ariya et al.

Cauthery for her editorial expertise and assistance as well as the referees and
A.]. Hynes for comments which helped us greatly improve this paper.

REFERENCES

[1] J.A. Tossell, . Phys. Chem. A 110 (2006) 2571.

[2] ].D. Lalonde, A. Poulain, M. Amyot, Environ. Sci. Technol. 36 (2002) 174.

[3] A. Dommergue, C.P. Ferrari, L. Poissant, Environ. Sci. Technol. 37 (2003) 3289.

[4] C.P. Ferrari, A. Dommergue, C.E. Boutron, Atmos. Environ. 38 (2004) 2727.

[5] S.B. Brooks, A. Saiz-Lopez, A.H. Skov, et al., Geophys. Res. Lett. 33 (2006), Art. No. L13812 JUL 13.

[6] A. Ryaboshapko Jr., O. Russell Bullock, J. Christensen, M. Cohen, A. Dastoor, I. Ilyin, G. Petersen,
D. Syrakov, R.S. Artz, D. Davignon, Sci. Total Environ. 376 (2007) 228.

[7] K. Aspmo, C. Temme, T. Berg, C. Ferrari, PA. Gauchard, X. Fain, G. Wibetoe, Environ. Sci. Tech-
nol. 40 (2006) 4083.

[8] A.J. Poulain, E. Garcia, M. Amyot, P.G.C. Campbell, P.A. Ariya, Geochim. Cosmochim. Acta 71 (2007)
3419.

[9] A.P. Dastoor, D. Davignon, N. Theys, M. Van Roozendael, A. Steffen, P.A. Ariya, Environ. Sci. Tech-
nol. (2007), in press.

[10] P.A. Ariya, A.P. Dastoor, M. Amyot, W.H. Schroeder, L. Barrie, K. Anlauf, F. Raofie, A. Ryzhkov,
D. Davignon, J. Lalonde, A. Steffen, Tellus B 56 (2004) 397.

[11] S.E. Lindberg, S.B. Brooks, C.-J. Lin, K.J. Scott, M.S. Landis, R.K. Stevens, M. Goodsite, A. Richter,
Envirn. Sci. Technol. 36 (2002) 1245.

[12] J. Sommar, X.B. Feng, K. Gardfeldt, ]. Environ. Monit. 1 (1999) 435.

[13] W.H. Schroeder, G. Yarwood, H. Niki, Water, Air, Soil Pollut. 56 (1991) 653.

[14] C.J. Lin, S.O. Pehkonen, Atmos. Environ. 33 (1999) 2067.

[15] P.A. Ariya, K. Peterson, in: N. Pirrone (Ed.), Atmospheric Chemical Transformation of Elemental Mer-
cury, Mercury in Environment, Kluwer, Dordrecht, 2005.

[16] A. Steffen, T. Douglas, M. Amyot, P. Ariya, K. Aspmo, T. Berg, J. Bottenheim, A. Dastoor, R. Ebing-
haus, C. Ferrari, K. Gardfeldt, M. Goodsite, D. Lend, A. Poulain, C. Scherz, H. Skov, J. Sommar,
C. Temme, Atmos. Chem. Phys. Discuss. 7 (4) (2007) 9283.

[17] W.H. Schroeder, K.G. Anlauf, L.A. Barrie, ].Y. Lu, A. Steffen, D.R. Schneeberger, T. Berg, Nature 394
(1998) 331.

[18] B. Hall, Water, Air, Soil Pollut. 80 (1995) 301.

[19] B. Pal, P.A. Ariya, J. Phys. Chem.-Chem. Phys. 6 (2004) 752.

[20] A.-L. Sumner, C. Spicer, in: N. Pirrone, K.R. Mahaffey (Eds.), Dynamics of Mercury Pollution on
Regional and Global Scales: Atmospheric Processes and Human Exposures Around the World, Kluwer,
Dordrecht, 2005.

[21] J. Sommar, K. Gardfeldt, D. Stromberg, X. Feng, Atmos. Environ. 35 (2001) 3049.

[22] G.C. Miller, ]. Quashnick, V. Hebert, Abstr. Pap. Am. Chem. Soc. (2001), 221st: AGRO-016.

[23] D. Bauer, L. D’Ottone, P. Campuzaon-Jos, A.J. Hynes, ]. Photochem. Photobiol. 157 (2003) 247.

[24] P.A. Ariya, A. Khalizov, A. Gidas, |. Phys. Chem. A 106 (2002) 7310.

[25] D.G. Horne, R. Gosavi, O.P. Strausz, J. Chem. Phys. 48 (1968) 4758.

[26] AF. Khalizov, B. Viswanathan, P. Larregaray, P.A. Ariya, . Phys. Chem. A 107 (2003) 6360.

[27] M.E. Goodsite, ].M.C. Plane, H. Skov, Environ. Sci. Technol. 38 (2004) 1772.

[28] D.L. Donohoue, D. Bauer, A.J. Hynes, ]. Phys. Chem. A 109 (2005) 7732.

[29] G. Grieg, H.E. Gunning, O.P. Strausz, ]. Chem. Phys. Lett. 52 (1970) 3684.

[30] C.D. Holmes, D.J. Jacob, X. Yang, Geophys. Res. Lett. 33 (2006) L20808, doi:10.1029/2006GL027176.

[31] D.L. Donohoue, D. Bauer, B. Cossairt, A.J. Hynes, . Phys. Chem. A 110 (2006) 6623.

[32] H. Skov, ]J.H. Christensen, M.E. Goodsite, N.Z. Heidam, B. Jensen, P. Wahlin, G. Geernaert, Environ.
Sci. Technol. 38 (2004) 2373.

[33] E Raofie, P.A. Ariya, J. Phys. IV 107 (2003) 1119.

[34] N.B. Balabanov, B.C. Shepler, K.A. Peterson, J. Phys. Chem. A 109 (2005) 8765.

[35] J. Sommar, M. Hallquist, E. Ljungstrom, O. Lindqvist, J. Atmos. Chem. 27 (1997) 233.


http://dx.doi.org/10.1029/2006GL027176

Gaseous Elemental Mercury in the Ambient Atmosphere 55

[36] J.J.S. Tokos, B. Hall, J.A. Calhoun, E.M. Prestbo, Atmos. Environ. 32 (1998) 823.

[37] H. Niki, P.S. Maker, C.M. Savage, L.P. Breitenbach, ]. Phys. Chem. 87 (1983) 3722.

[38] H. Niki, P.S. Maker, C.M. Savage, L.P. Breitenbach, J. Phys. Chem. 87 (1983) 4978.

[39] J. Sommar, M. Hallquist, E. Ljungstrom, Chem. Phys. Lett. 257 (1996) 434.

[40] B.J. Finlayson-Pitts, ].N. Pitts Jr., Chemistry of the Upper and Lower Atmosphere, Academic Press, San
Diego, 2000.

[41] A K. Rai, S.B. Rai, D.K. Rai, . Phys. B: At. Mol. Phys. 15 (1982) 3239.

[42] A K. Rai, S.B. Rai, D.K. Rai, ]. Phys. B: At. Mol. Phys. 16 (1983) 1907.

[43] AK.Rai, S.B. Rai, D.K. Rai, . Phys. B: At. Mol. Phys. 17 (1984) 1817.

[44] R. Menke, G. Wallis, Am. Ind. Hyg. Assoc. ]. 41 (1980) 120.

[45] A K. Medhekar, M. Rokni, D.W. Trainor, J.H. Jacob, Chem. Phys. Lett. 650 (1979) 600.

[46] 1. Skare, R. Johansson, Chemosphere 24 (1992) 1633.

[47] C. Seigneur, J. Wrobel, E. Constantinou, Environ. Sci. Technol. 28 (1994) 1589.

[48] A. Richter, F. Wittrock, M. Eisinger, ].P. Burrows, Geophys. Res. Lett. 25 (1998) 2683.

[49] A. Richter, F. Wittrock, A. Ladstatter-Weissenmayer, J.P. Burrows, Adv. Space Res. 29 (2002) 1667.

[50] R.W. Miiller, H. Bovensmann, J.W. Kaiser, A. Richter, A. Rozanov, E. Wittrock, J.P. Burrows, Adv.
Space Res. 29 (2002) 1655.

[51] M. van Roozendael, T. Wagner, A. Richter, I. Pundt, D.W. Arlander, ].P. Burrows, M. Chipperfield,
C. Fayt, PV. Johnston, J.-C. Lambert, K. Kreher, K. Pfeilsticker, U. Platt, J.-P. Pommereau, B.-M.
Sinnhuber, K.K. Toernkvist, F. Wittrock, Adv. Space Res. 29 (2002) 1661.

[52] E. Raofie, P.A. Ariya, Environ. Sci. Technol. 38 (2004) 4319.

[53] A. Saiz-Lopez, et al., Science 317 (2007), d0i:10.1126 /science.1141408 348.

[54] ].G. Calvert, S.E. Lindberg, Atmos. Environ. 38 (2004) 5087.

[55] J.G. Calvert, S.E. Lindberg, Atmos. Environ. 38 (2004) 5105.

[56] W.R. Simpson, R. von Glasow, K. Riedel, P. Anderson, P. Ariya, ]. Bottenheim, J. Burrows, L. Car-
penter, U. Friess, M.E. Goodsite, D. Heard, M. Hutterli, H.-W. Jacobi, L. Kaleschke, B. Neff, J. Plane,
U. Platt, A. Richter, H. Roscoe, R. Sander, P. Shepson, J. Sodeau, A. Steffen, T. Wagner, E. Wolff,
Atmos. Chem. Phys. Discuss. 7 (2007) 4285, www.atmos-chem-phys-discuss.net/7/4285/2007/.

[57] J.I. Steinfeld, ].S. Francisco, W.L. Hase, Chemical Kinetics and Dynamics, Prentice-Hall, Englewood
Cliffs, NJ, 1989.

[58] D.G. Truhlar, B.C. Garrett, S.]J. Klippenstein, J. Phys. Chem. 100 (1996) 12771.

[59] R.G. Gilbert, S.C. Smith, Theory Unimolecular and Recombination Reactions, Blackwell Scientific, Ox-
ford, 1990.

[60] S.J. Klippenstein, A.F. Wagner, S.H. Robertson, R.C. Dunbar, D.M. Wardlaw, http://chemistry.
anl.gov/variflex (1999).

[61] B.C. Shepler, K.A. Peterson, |. Phys. Chem. A 107 (2003) 1783.

[62] J.A. Tossell, J. Phys. Chem. A 107 (2003) 7804.

[63] M. Grade, H. Hirschwald, Ber. Bunsen-Ges. Phys. Chem. 86 (1982) 899.

[64] M.W. Chase Jr., C.A. Davies, ].R. Downey Jr., D.J. Frurip, R.A. McDonal, A.N.J. Syverud, Phys.
Chem. Ref. Data 14 (Suppl. No. 1) (1985).

[65] B.C. Shepler, N.B. Balabanov, K.A. Peterson, J. Phys. Chem. A 109 (2005) 10363.

[66] B.C. Shepler, A.D. Wright, N.B. Balabanov, K.A. Peterson, J. Phys. Chem. A 111 (2007) 11342.

[67] A.D. Isaacson, D.G.J. Truhlar, Chem. Phys. 76 (1982) 1380.

[68] T.G. Lee, P. Biswas, E. Hedrick, Ind. Eng. Chem. Res. 43 (2004) 1411.

[69] J.R.V. Flora, R.D. Vidic, W. Liu, R.C. Thurnau, J. Air Waste Manage. Ass. 48 (1998) 1051.

[70] R.D. Vidic, M.-T. Chang, R.C. Thurnau, J. Air Waste Manage. Ass. 48 (1998) 247.


http://dx.doi.org/10.1126/science.1141408
http://www.atmos-chem-phys-discuss.net/7/4285/2007/
http://chemistry.anl.gov/variflex
http://chemistry.anl.gov/variflex

5

Photolysis of Long-Lived
Predissociative Molecules

as a Source of Mass-Independent
Isotope Fractionation:

The Example of SO;

JamesR. Lyons*

Contents 1. Introduction 58
2. Absorption Spectra for SO; Isotopologues 59
3. Photolysis of SO; Isotopologues in a Low Oy Atmosphere 64
4. Photolysis of SO; in the Modern Atmosphere 68
5. Improvements to Spectra and Additional Sources of S-MIF 70
6. Conclusions and Broader Implications 73
Acknowledgements 73
References 74
Abstract Laboratory experiments have demonstrated that a mass-independent frac-

tionation (MIF) signature is present in elemental sulfur produced during SO,
photolysis, but the underlying mechanism remains unknown. | report here
the results of chemical kinetics modeling of self-shielding during photodis-
sociation of SO in the C1B, — X1 A4 bands from 190 to 220 nm. This band
system is dominated by a bending mode progression that produces shifts in
the absorption spectrum upon sulfur isotope substitution. Self-shielding in
the rotationally-resolved lines of 3250, produces MIF signatures in SO and
residual SO;. Using approximate synthetic spectra for the sulfur isotopo-
logues of SO», | show that SO, photolysis yields a sulfur MIF signature that
can account for much of the laboratory MIF measured, and is in qualitative
agreement with A335 and A36S values observed in Archean rocks.
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1. INTRODUCTION

The origin of mass-dependent fractionation (MDF) in isotope systems lies in
the mass dependence of the molecular properties (e.g., zero-point energy) and
physical processes (e.g., evaporation) affecting the compound. If a compound
comprised of atoms with 3 or more stable isotopes, such as oxygen or sulfur,
deviates from a mass-dependent relationship, the compound is said to exhibit
mass-independent fractionation (MIF). MIF signatures are not affected by mass-
dependent processes, and so are excellent tracers of the small number of mass-
independent processes that exist in nature.

MIF in oxygen isotopes (O-MIF) is well known in primitive meteorites [1] and
in atmospheric O3 [2,3], and MIF in sulfur isotopes (S-MIF) has been discovered
in Archean rocks [4] and modern ice core sulfates [5]. In terrestrial environments
O-MIF is present in many atmospheric molecules and aeolian sediments, and is
nearly always a result of interactions with atmospheric ozone [6]. It is believed
that MIF in Oj results from the non-statistical randomization of energy in vibra-
tionally excited O3 during the O3 formation reaction, O + O, — Og, in a manner
that depends on the symmetry of the O3 isotopomer [7]. The source of O-MIF in
primitive meteorites is unknown but has been attributed to self-shielding during
photodissociation of CO in the solar nebula [3,8-10], and also to ozone-like non-
statistical reactions on mineral grain surfaces [11], a hypothesis not yet verified in
the laboratory.

The formation of MIF during self-shielding photolysis reactions is the focus of
this article, and is well exemplified by CO. Self-shielding during CO photodisso-
ciation is possible because long-lived predissociative states excited by 90-110 nm
photons result in numerous rotationally resolved absorption bands. Line positions
in these bands are a function of isotope masses for O (and C), and saturation of
the lines of a given isotopologue are dependent on the abundance of the isotopo-
logue. The dependence of photolysis rates on isotopologue abundance rather than
mass means that photodissociation in a natural mixture of isotopologues yields
products that have a strong MIF signature, with the magnitude of MIF dependent
on the difference between the line peaks and the absorption continuum. Many
molecules that undergo indirect photodissociation exhibit line-type spectra (e.g.,
CO, Ny, SO, Oz, SO,), but others, especially those that undergo direct photodis-
sociation, have very little structure or only broad vibronic structure (e.g., N>O,
O3). Photolysis of molecules of the latter type do yield mass-dependent isotope
effects [12], but MIF due to self-shielding in these systems is small to negligible
because of the lack of rotational features. Other possible sources of MIF during
photolysis include cross section amplitude effects resulting from changes in the
shape of the wavefunction upon isotope substitution (e.g., [12,13]), and perhaps
dynamical effects associated with resonances.

The discovery of S-MIF in Archean and Paleoproterozoic sedimentary sulfides
and sulfates [4] promises to yield both qualitative and quantitative insights into
the composition of the paleoatmosphere. To fully realize the potential of this geo-
chemical record, the mechanism causing the S-MIF must be quantitatively under-
stood. Closed-system photolysis experiments on SO, the most abundant sulfur
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gas emitted during volcanism, have shown that SO; photolysis at a variety of
wavelengths produces MIF in elemental sulfur residue [14,15]. However, extract-
ing a mechanism from such experiments is difficult, especially for sulfur species.
Here, using approximate SO, isotopologue spectra, I show that self-shielding dur-
ing SO, photodissociation can produce a S-MIF signature in the product SO and
undissociated SO,. In a low O, atmosphere, S-MIF signatures were preserved and
eventually recorded in sedimentary rocks.

For relatively small isotopic fractionations, the magnitudes of sulfur MIF for
the four stable isotopes of sulfur are given by the linear expressions

A3 = 5§35 — 0.5158%45, (1a)
A305 = §%5 — 1.905%4S, (1b)

where and §*S = 103((x5/325)samp1e/("S/325)ref — 1) for x = 33, 34 or 36 and
for a Vienna Canyon Diablo Troilite (VCDT) reference. The values 0.515 and 1.90
are determined from the ratios of equilibrium partition functions for the appro-
priate isotope exchange reactions. The ratio A30S/A33S is useful in identifying
MIF mechanisms, and in comparing observations from the rock record to experi-
ments and theory [4,14,16]. Archean sulfides and sulfates have been found to have
A36S/ABS ~ —0.9 [4]. Sulfate produced in the plumes of recent Plinian eruptions
and collected in Antarctic ice cores [5,17] have fractionation signatures distinct
from Archean sedimentary sulfides and sulfates (e.g., A%S/A3S ~ —3.3 for the
Agung eruption), and are believed to result from either SO, photooxidation [5,17]
or SOz photolysis [18].

2. ABSORPTION SPECTRA FOR SO, ISOTOPOLOGUES

In laboratory experiments S-MIF has been observed in photolysis of SO, [14,15]
and CS; [19], but negligible to only very slight MIF is seen in H,S photolysis [20].
Elemental sulfur (S¢), or a CSy polymer in the case of CSy, is produced in all
three photolysis experiments by a complex sequence of photolysis, bimolecular
and trimolecular gas phase reactions, and wall reactions. Comparison of absorp-
tion spectra for SO,, H,S and CS; reveals vibronic structure in SO, and CS; spectra
but very little structure in the H,S spectrum (Figure 5.1), and suggests that the act
of photodissociation of the parent gas could be the source of S-MIF for SO, and
CS;.

In a low-O; atmosphere with negligible O3 absorption SO, photodissociation
occurs by

SO, (X'A7) + hv(165-220 nm) — SO»(C'By) — SOCX ) +0(P).  (R1)

Absorption by CO, and H,O in the ancient atmosphere is expected to limit the
short wavelength photons to wavelengths greater than about 190 nm. Figure 5.2a
(black curve) shows a high-resolution spectrum for 2SO, in the region 190-220 nm
at 213 K [21]. The absorption continuum is about a factor of 3 below the line peaks.
The vibronic structure is primarily due to a (1, v, 2) bending mode progression
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FIGURE 5.1 Absorption cross section spectra of SO, HS and CS;. Vibronic bands are evident
in SO and CS; but are not present in H;S. The spectra resolutions are 0.05-0.1 nm for SO,
[44,45], 0.05 nm for CS; [46], and 0.005 nm for H,S [47]. The H;S cross sections have been
reduced by a factor of 10.

with an additional weaker (3, v, 0) bending mode progression [22]. The spectrum
from 190 to 220 nm includes bands with an upper state vibrational quantum num-
ber from v/, = 4 to 22. Although the band assignments become progressively more
ambiguous because of anharmonic coupling [22], I will designate bands by v, in
the (1, v2, 2) progression down to 190 nm. The rotational line structure (Figure 5.2b)
is resolved but very congested due to perturbation from other states. Line widths
are narrow or even Doppler-limited (~0.04 cm~! at 295 K) for wavelengths less
than 220 nm [23,24], indicating predissociation lifetimes longer than 100 ps.

For a bending mode progression in a harmonic oscillator, the shifts in the band
head locations upon sulfur isotope substitution are given by [25]

vi(v2) — v(vp) = Z(a);’” — ) (v; + %) - Z(a)f” — ) <v;-’ + %), )
1 1

where w; are the three harmonic vibrational frequencies for SO, and v; are the
corresponding vibrational quantum numbers, primed (double primed) quantities
indicate the excited (ground) electronic state, and the asterisk superscript indicates
arare sulfur isotope. The second term on the right hand side of Eq. (2) is the change
in the ground state zero-point energy upon isotope substitution. The quantities
!’ — w; and of" — w!' can be computed from ab initio modeling of SO and from
previously published excited state and ground state harmonic frequencies (e.g.,
[26,27]).

Alternatively, band peak shifts can be computed from ab initio absorption spec-
tra for SO, isotopologues [28], which is the method I've used here. The ab initio
spectra were computed by time domain methods (Lanczos recursion and Cheby-
shev propagation) using a new potential energy surface for SO,. The ab initio
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FIGURE 5.2 (a) High resolution SO, absorption spectrum from 190 to 220 nm at 213 K [21].
Approximate spectrum for 3650, (blue) is also shown as a red-shifted version of the 3250,
spectrum (black). Band vibrational assignments are (v1, v3, v3) = (1, v2, 2), with v; as labeled. At
shorter wavelengths anharmonic coupling renders v; a less meaningful quantum number [22],
but it remains a convenient band label. (b) Two vibronic bands (v = 16 and v = 15) in the
model SO; absorption spectrum with SO; isotopologue spectra offset according to their
bending mode quantum number (black—3250,, green—33502, red—34503, blue—3650,).
Based on 3250, cross section data [21]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this book.)
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absorption spectra for 3250, at 213 K (black) [21]. Note that the peaks of the vibrational
progressions agree, but the ab initio spectra do not match well with the measured absorption
continuum. The agreement between the ab initio and measured vibronic band locations
deteriorates at wavelengths shortward of ~200 nm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this book.)
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FIGURE5.4 Band shifts between 3250, and 3¢50, as determined from Ran et al. [28] ab initio
results versus the bending mode quantum number. The difficulty of correlating ab initio and
measured [21] band features at wavelengths shortward of ~200 nm yields several suspect shifts
for v > 15. A harmonic (linear in v;) fit to the ab initio results from 200 to 220 nm allows an
estimate of the expected shifts at vy = 15,17, 19, 20-22. Shifts determined directly from the ab
initio data are shown as black squares, and the harmonic fit is shown as red squares.
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spectra could, in principle, be used directly as SO, synthetic spectra, and would
yield very large, and most likely unrealistic, S-MIF effects during SO, photolysis
(results not shown). However, as shown in Figure 5.3, the agreement between the
measured absorption spectrum for 3SO, at 213 K [21] and the ab initio spectrum
[28] is poor. The ab initio spectrum lacks the rotational congestion of the observed
spectrum, and is therefore a poor match to the measured absorption continuum at
213 K. On other hand, the locations of the band peaks are fairly accurate at wave-
lengths longward of 200 nm (Figure 5.3), and I used the computed band peak
positions for each SO, isotopologue to compute the shifted spectra used for sul-
fur isotope calculations below. Because band positions in the ab initio spectra [28]
become progressively less accurate at wavelengths <200 nm, and because band
features become more difficult to identify, I computed a linear fit to v* — v in v,
from 200 to 220 nm and extrapolated the fit to 190 to 200 nm (Figure 5.4). The com-
puted isotopologue shifts from the Ran et al. [28] results are shown in Table 5.1.

TABLE 5.1 Isotopologue band shifts determined from ab initio results of Ran et al. [28] and
bandhead locations measured by Freeman et al. [21] for 3250,

Bending 32 3 32 34 32 — 36 3250, band
mode (v3) (em™1) (em™1) (cm™1) locations [21] (nm)
4 14.00 27.36 51.97 218.70
5 14.85 28.85 54.06 216.85
6 17.70 34.09 64.90 215.15
7 18.85 36.14 68.52 213.40
8 21.85 42.12 80.16 211.65
9 22.63 4456 83.62 209.95
10 25.99 50.58 96.01 208.25
11 26.88 53.27 101.06 206.65
12 30.14 58.35 111.12 204.96
13 32.84 64.18 120.99 203.45
14 31.83 64.10 126.09 201.78
152 35.40 69.82 131.65 200.35
16 36.86 71.15 134.06 198.77
172 39.41 77.88 146.47 197.26
18 42.13 92.23 170.17 195.86
192 43.44 85.94 161.29 194.32
20° 45.44 89.97 168.70 193.03
212 47 46 94.00 176.11 191.84
222 49.47 98.03 183.52 190.0P
o (cm™1) 5.25 9.37 20.50

B (cm™1) 2.01 4.03 7.41

a Band shifts for these values of v; determined by harmonic fit, V32 ¥ = ax + Bxvy, to Ran et al. [28] ab initio data
from 200 to 220 nm.
b Lowest wavelength included in photochemical model, rather than bandhead location.



64 J.R. Lyons

The shifts were applied to a measured 2SO, spectrum [21], with band positions
shown in the last column of Table 5.1. The coefficients of the linear fit to v* — v are
also given in Table 5.1. The model S-MIF signatures computed during SO, pho-
tolysis (see below) exhibit little sensitivity to whether the Ran et al. shifts (black
squares in Figure 5.4) are used versus the Ran et al. shifts from 200 to 220 nm
and the linear fit from 190 to 200 nm. (All results presented below use the latter
scheme). However, the S-MIF results were different (e.g., smaller A3¢S/A3S ratio)
if only the linear fit was used from 190 to 220 nm, possible indicating that fortu-
itous line overlap was more likely with the purely linear fit, an effect not expected
with actual spectra.

Figure 5.2a shows the resulting shifted spectra for the 3250, and 3°SO, iso-
topologues from 190-220 nm. Note that the rotational features (Figure 5.2b) for
the rare isotopologues are simply shifted versions of those of 3250,. In fact, sig-
nificant variations in line positions and amplitudes and smaller variations in the
level of the absorption continuum between the various isotopologues will occur.
Amplitude variations in lines are evident in the ab initio spectra [28]. For this rea-
son the isotope results presented here, which are a result only of the shift in band
peak positions in the SO, isotopologue spectra, must be regarded as approximate.

3. PHOTOLYSIS OF SO, ISOTOPOLOGUES IN A LOW O, ATMOSPHERE

Radiative transfer calculations were performed in the context of modeling the
photochemistry of sulfur in the early Earth atmosphere. Rather than present an
in-depth discussion of the many photochemical possibilities [29], my emphasis
here is on the dissociation rates of SO, isotopologues. However, because absorp-
tion by CO,, HyO and other possible compounds will alter the dissociation rates
of SO,, particularly at short wavelengths (<200 nm), the radiative transfer and
photochemistry are necessarily linked. The photodissociation rate coefficient for
the *SO; isotopologue (x = 32, 33, 34 or 36) from 190 to 220 nm is given by

220

Ju(2) = / B2 (oW Fo()e ¢, ()
190

where ¢, is the photodissociation quantum yield (i.e., fraction of photoexcited SO,
that dissociates), oy is the absorption cross section for *SOy, and Fj is the photon
flux at the top of the model. The opacity is 7(%,z) = Y ; Ni(z)o;(1) where Nj is the
column density of absorber or scatterer 7, and the sum is over all absorbers and
scatterers, including all SO, isotopologues and CO;. In Eq. (3) oy is as shown in
Figure 5.2 for each isotopologue *SO,, and Fy and N; are determined in the at-
mospheric model. For the (1, v2, 2) progression the fluorescence quantum yield
is <0.2 in the dissociation region [22]. In Eq. (3) ¢» = 1 — ¢¢, where ¢5 is the
fluorescence quantum yield [22], which I have assumed to be identical for all iso-
topologues. I have used a polynomial fit to the fluorescence data to describe ¢y
in Eq. (3). I have also assumed that the low values of ¢¢ (~0.003) determined for
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206 to 210 nm [22] extends to 190 nm. Nearly identical results are obtained if ¢y is
assumed to be unity from 190 to 220 nm.

The photodissociation rate coefficients are included as source and sink terms
in a system of time-dependent continuity equations for the atmosphere. Modern
values for vertical (eddy) diffusion and solar photon flux are utilized. The system
of 2nd-order ordinary differential equations is solved by integration, and yields
chemical species abundances as a function of time and altitude. The isotope at-
mospheric chemistry includes only SO, isotopologue photodissociation reactions
and production of SO isotopologues. Additional isotopic reactions such as SO, ox-
idation by OH, SO photolysis, SO disproportionation during self-reaction, and SO
dimmer formation, have been neglected. My objective here is to focus only on SO,
photolysis as a S-MIF mechanism.

Figure 5.5 shows the photodissociation rate coefficients and delta values of the
rate coefficients as a function of altitude for 10 ppb initial SO, and 0.02 CO;. The
calculations are at a time corresponding to a 10% reduction in column SO;. The
photodissociation rate coefficients (Figure 5.5a) undergo a monotonic increase in
value with increase in S isotope mass, illustrating the importance of the magnitude
of the shift in vibronic bands. Delta-values (Figure 5.5b) of the photodissociation
rate coefficients are computed as §*Jso, = 103(Jx/J32 — 1), and are largest in magni-
tude for §%S. The mass-independent signatures, A33S and A3S (Figure 5.5c), are
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FIGURES5.5 The variation with altitude of SO; isotopologue photolysis rates and rate
coefficient delta values in the model atmosphere. Results are shown at a time corresponding to
a10% reduction in the initial SO, column density. (a) Photolysis rates for each isotopologue,
illustrating that the rate increases with the magnitude of the band shift. (b) Rate coefficient
8-values computed as §*Jso, = 103(/x/J32 — 1). (c) Rate coefficient isotope anomalies, A33]502
and A36]502, and their ratio.
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FIGURE 5.5 (Continued.)

positive for A%S and negative for A%°S, and have a ratio (A%0S/A%S) = —1.3 at
the surface. Figure 5.6a shows the mixing ratios of SO and *2SO; as a function
of altitude for a 10% reduction in initial SO,. The corresponding delta-value plots
(Figures 5.6b and 5.6¢) for SO is similar to the delta-values for the photodissocia-
tion rate coefficients (Figures 5.5b and 5.5¢).

Atmospheric model results are shown in Figure 5.7 for the column densities
of residual SO, and product SO for pSO, = 10 ppb and pCO, = 0.02. Large
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mass-dependent (Figure 5.7a) and mass-independent (Figure 5.7b) effects are pre-
dicted, with §%*S(SO) ~ 130%0 and A¥S(SO) ~ 7% with 90% of SO, remaining.
The model also predicts A36S5/A33S ~ —2 which lies between the Antarctic ice
core sulfates data (ratio ~—3.3) and the Archean rock data (ratio ~—0.9). The
S-MIF signature in photoproduct SO is a function of initial pSO, and a weak
function of pCO, (Figure 5.8). The model A3S/A33S ratio varies moderately
with pSO, and pCO, for pSO, < 10 ppb with most values between —1 and —3.
A much larger range in model A3¢S/A33S occurs for pSO, = 100 ppb, with val-
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FIGURE 5.6 The variation with altitude of SO and SO; abundance and delta values for the
same conditions as in Figure 5.5. (a) Volume fraction (or mixing ratio) of 3250, 3250, and the
initial 3250, versus altitude. (b) Delta-values relative to initial SO; sulfur isotope ratios.

(c) Mass-independent signatures (A33S and A365) for SO and SO;.
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ues ranging from ~—4 to +4. The positive A3°S/A33S values are a consequence
of self-shielding in 3*S. The A%3S(SO) values in Figure 5.8 correspond to a 10% re-
duction in initial pSO,. Comparing these values to the maximum A3S measured
in pyrites, which are ~8-10%o [30,36], suggests pSO, ~ 10 ppb during generation
of the largest S-MIF signatures, or about 100 times the present-day global SO, con-
centration. Deposition of the elemental S derived from SO into a large reservoir of
sulfur (e.g., ocean) may dilute the MIF signatures shown in Figure 5.8. The large
8345(SO) values computed with the model are much larger than the §3*S values
observed values in rocks, which are typically in the range of —10 to 420 %o [30,36].
This discrepancy may indicate that mixing and additional mass-dependent frac-
tionation occurred during the formation of elemental sulfur and sulfur-bearing
minerals. The MIF signatures computed here could also be derived from localized
enhancements in SO, concentration lasting for weeks following a volcanic erup-
tion, although additional UV absorbers such as volcanic ash could create a more
complex UV transmission environment than has been considered here.

4. PHOTOLYSIS OF SO, IN THE MODERN ATMOSPHERE

The model results (Figures 5.6-5.8) presented here are for a low-O, atmosphere in
which SO does not rapidly reform SO, by reaction with O,. For the ice core sulfate
data it is unlikely that reaction (R1) in the modern atmosphere is the source of the
sulfur MIFE. Instead, SO, photoexcitation [31],

SO, (X A1) + hv(260-340 nm) — SO, (B'By, A'Ay) (R2)
followed by disproportionation during self-reaction [32],

SO, (B'B1) + SO»(X'A1) — SO3(X'A1) 4+ SOt A) (R3)
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FIGURE 57 Model delta-values and S-MIF signatures for atmospheric column densities of SO;
and SO relative to initial SO;. Isotope fractionation occurs during SO; dissociation from 190 to
220 nm using a present-day solar flux. The model assumes pCO; = 0.02 and initial pSO; =

10 ppb. The arrows show the direction of the time evolution of the delta values and S-MIF
signature. As a greater fraction of SO is photolyzed the magnitude of the delta values of
residual SO; (labeled as SO;) increase and those of SO decrease. The locations at which initial
SO, has been reduced by 10% is indicated by vertical bars. (a) Model §335 and 835 values for SO
and residual SO3, and the mass-dependent curves (MD). (b) Model A33S and A365S values for SO
and residual SO;. The line labeled ‘ice core’ has a slope of —3.3 and was determined from
measurement of Antarctic ice core sulfates derived from the Agung eruption [17]. The ‘Archean’
line has a slope of —0.9 and was determined from measurement of Archean and
Paleoproterozoic sulfides and sulfates [4].
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FIGURE5.8 A5 of the column density of photolysis product SO that corresponds to a 10%
reduction in the initial column density of SO;. Results are shown for pCO, = 0.002 (solid
square), pCO; = 0.02 (solid circle), and pCO; = 0.2 (solid triangle). The magnitude of the MIF
signature due to the SO; self-shielding mechanism scales with the concentration of SO;. The
peak in model A33S values shown occurs at 10 ppb SO; and is comparable to the maximum
A33S measured in Archean pyrites [30].

is a more likely pathway for creating an additional sulfur reservoir (i.e., SO3)
with a sulfur MI signature [5]. The 280-320 nm region of the SO, spectrum (Fig-
ure 5.1) has a rotationally-resolved band structure similar to that near 200 nm.
The band structure is again due to a progression of vibrational modes [33]. By
the same arguments I have made above for SO, dissociation in the Cle state,
isotope-selective photoexcitation of SO, will occur in a manner qualitatively sim-
ilar to that for production of SO by photodissociation in Figures 5.7a and 5.7b.
That is, A35(1SO,) > 0, where SO, denotes the product in reaction (R2). If re-
action (R3) proceeds by abstraction of the oxygen atom from ground state SO,
then A35(SO3) > 0. The isotopic anomalies observed in recent Antarctic sulfates
would then first exhibit A33S > 0 because of the rapid conversion of SO; to sulfate
aerosol, followed by A3S < 0 as the remaining SO, with A33S < 0 is more slowly
converted to sulfate, in agreement with recent observations and analysis [17]. The
suggestion that SOz photodissociation [18] is the source of the MI signature in ice
core sulfates cannot be evaluated by the self-shielding mechanism proposed here
due to a lack of sufficiently high resolution cross section data for SOs3.

5. IMPROVEMENTS TO SPECTRA AND ADDITIONAL SOURCES OF S-MIF

The approximate SO, isotopologue spectra constructed here can be improved in
several ways. First, less prominent vibrational mode progressions should be in-
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cluded. For example, I have neglected the (3, v2, 0) progression, which is clearly
present in LIF spectra, and is weakly present in absorption [22]. Second, I have
used 2SO, absorption data [21] acquired at 213 K, which reduces the signifi-
cance of SO; hot bands. The temperature of the Archean atmosphere is unknown.
If it were considerably warmer than today, or even comparable to the present
day, hot bands of SO, would become more important. Third, pressure broaden-
ing has not been accounted for here, and will cause line broadening in the lower
stratosphere and troposphere. Such line broadening may reduce the magnitude
of the resulting S-MIF (Figure 5.8). Fourth, the harmonic approximation used in
extrapolating isotopologue band shifts at high v, (Figure 5.4) neglects potentially
significant anharmonicity. Improved ab initio calculations and high-resolution lab-
oratory spectra for the rare isotopologues of SO; will be essential to finally arriving
at accurate isotopologue spectra that span the full wavelength range of interest for
atmospheric chemistry (~180 to 400 nm). The work of Ran et al. [28] is a significant
step in that direction.

In addition to SO, self-shielding many other possible sources of S-MIF can be
identified. The model A36S/A33S results for the case of a low-O, atmosphere (e.g.,
Figure 5.7b) are in qualitative but not quantitative agreement with the ancient rock
record. Elemental S, derived from SO, is predicted here to have A33S > 0 and
A36S < 0, which is consistent with observations of most pyrites [4], but the magni-
tude of the A36S/A3S ratio is about a factor of 2 to 3 too high (~—2.5 vs. ~—0.9).
This is a significant discrepancy, and may indicate that MI processes in addition
to SO, photodissociation are at work. One such MI process almost certain to be
important in a low-O; atmosphere is SO photodissociation. Isotope-selective pho-
tolysis will occur in SO at wavelengths ~190-230 nm, but rotationally-resolved
spectra, either laboratory or synthetic, are needed to estimate the MI effect. In ad-
dition to S-MIF due to SO photolysis, SO, photoexcitation (~280-330 nm) and SO3
photolysis [18] must also be considered as possible contributors to S-MIF in the an-
cient atmosphere. S-MIF due to these photo-processes will be considered in future
work.

Another possible source of S-MIF is the variation in cross section amplitude of
an absorption band or the underlying absorption continuum upon sulfur isotope
substitution. The difference in zero-point energies for the different sulfur (and oxy-
gen) isotopologues of SO, implies small changes in the shape of the wavefunction.
For the case of direct photodissociation, the wavefunction becomes more peaked
at the center of the band and drops off near the edges for substitution of heav-
ier isotopes. I have utilized the method of Liang et al. [12] to compute the new
cross sections for SO, isotopologues and evaluate the expected S-MIF, assuming
that SO, undergoes direct photodissociation. Clearly, SO, does not undergo direct
dissociation, so this is only a test to see if cross section amplitude variations can
produce S-MIF in the simplest case. Figure 5.9 shows the expected direct dissoci-
ation wavefunction for each isotopologue, normalized to the 3250, wavefunction,
using computed zero-point energy shifts [37]. Isotopologue cross sections were
computed from 2SO, data [21] by scaling by the normalized wavefunctions. The
band shifts (Table 5.1) were set to zero to isolate any amplitude-related S-MIF. The
largest MIF computed was A36S(SO) ~ 0.2%q, far below the self-shielding MIF sig-
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FIGURE5.9 Hypothetical wave functions for 3505, 3450,, and 3650, normalized to 3250,
showing the effect of zero-point energy change on the shape of the wavefunction. The
wavefunctions were computed by the method of Liang et al. [12] for a molecule that undergoes
direct photodissociation. Because SO, undergoes indirect dissociation in the 190-220 nm range,
the wavefunctions are meant to be illustrative only.

natures. Indirect photodissociation and high-order excited state vibrational levels,
both of which occur for SO, may produce large MIF signatures, but the direct
dissociation case does not seem to yield significant MIF.

Some recent meteorite and geochemical measurements [38,39] show evidence
for non-zero MIF in 33S but very small or negligible MIF in %S, i.e., |[A%S| >
|A36S|. MIF signatures of this type might fortuitously arise during SO, photodis-
sociation for very high SO, abundance (~100 ppb), but more likely are the result of
hyperfine effects associated with the non-zero nuclear spin of 3S. A photochem-
ical hyperfine effect may occur, analogous to spin-forbidden CO; photolysis [40],
at near-ultraviolet wavelengths,

SO (X' A1) + hv(370-400 nm) — SO, (@°B1) (R4)
followed again by disproportionation during self-reaction
SO, (@B1) + SOx(X1 A1) — SO3(X A1) + SO(X3x 7). (R5)

The 3SO, product in reaction (R4) would be highly enriched in 33S, which would
be passed to SOz and/or SO.

Chemical, as opposed to photolytic, sources of S-MIF are also possible in the
Archean atmosphere. By analogy with oxygen MIF produced during O3 forma-
tion [2], which is attributed to a symmetry-dependent non-statistical redistribution
of internal energy in the vibrationally excited O3 [7], it is likely that reactions such

asS+ Sy M Ssand S, + Sy M S4 would also produce MIF signatures. However,
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the partial pressures of Sy, Sz and S4 in a sulfur vapor are extremely low at tem-
peratures ~30°C (1071¢, 1077 and 1017 atmospheres, respectively; So; ~ 1077
atmospheres [34]), making it unlikely that Sz and Sy (and Sej) formed in the gas
phase in the Archean atmosphere. It is known, albeit from sparse laboratory data,
that O3 formed in wall reactions does not possess an O-MIF signature [35]. Sim-
ilarly, I suggest that S3 and S4 produced in wall reactions or on the surfaces of
atmospheric/volcanic particulates will not exhibit a S-MIF signature unless the
reactants (S and S,) already have such a signature.

Another possible source of chemical MIF is self-reaction of the SO radical,
which either yields S and SO; as disproportionation products [41], or the SO dimer
as an association product [42]. Two of the four lowest energy singlet states of the
SO dimer [43] have a reduced point group symmetry upon sulfur isotope substi-
tution. If sulfur atom exchange is another possible outcome in the self reaction of
SO, then a symmetry-derived mass-independent effect analogous to O3 formation
may be possible. A similar conclusion may be drawn for the triplet states of the
SO dimer.

6. CONCLUSIONS AND BROADER IMPLICATIONS

The calculations I've presented here support the idea that SO, self-shielding is
at least in part responsible for the S-MIF observed in Archean rocks. Because of
the approximations made in the SO, isotopologue synthetic spectra, it cannot be
claimed that SO, photolysis is the only source of MIF. Experimental data needed
to improve the isotopologue spectra include measurements of vibronic band shifts
for all four sulfur isotopologues and for the 32S'°0'80 and ¥2S'°0'70 isotopo-
logues, high resolution absorption measurements showing the shifts in rotational
features, and accurate measurements of the amplitude changes of both vibronic
bands and rovibronic lines.

The qualitative agreement of the model S-MIF signatures with Archean pyrites
suggests that self-shielding is a plausible source of MIF. If indeed self-shielding
in sulfur gases is the mechanism that creates S-MIF in terrestrial rocks, it demon-
strates that large MIF signatures in terrestrial rocks and meteorites can be derived
from purely photochemical effects independent of molecular symmetry, and pro-
vides conceptual support to the idea that O-MIF in meteorites is a result of self-
shielding in CO [2,8-10].
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1. INTRODUCTION AND MOTIVATIONS

The Absorption Cross Section (Abs. XS or XS or ¢(E)) of molecules in the visible
and or UV range is due to (at least one) electronic transition. At low resolution,
each Abs.XS has a bell shape which can be described with very few (3 or 4,
see below) parameters. This bell shape can be understood as the “reflection” of
the ground state vibrational wavefunction (which can be approximated as a one-
dimensional or multidimensional Gaussian) on the potential energy surface (PES)
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of an upper electronic state. The “reflection principle” was introduced by Con-
don [1] and applied first to diatomic molecules [2—4] and then extended to poly-
atomic molecules [5,6].

When applied to diatomic molecules, the simplest form of the reflection
method requires only three parameters: — Ve, the vertical excitation energy at the
equilibrium geometry of the ground state, —g, the inverse of the width of the
initial wavefunction, and —V, the slope of the upper PES at the ground state
equilibrium geometry. Surprisingly, the low resolution Abs. XSs of a large num-
ber of polyatomic molecules also have a bell shape, which can be described by an
analytic function involving only 3 or 4 parameters. Strictly speaking, polyatomic
molecules require (3N — 6)p parameters and (3N — 6) components of the upper
PES slope but we will see that a single effective V, can still be defined. The model
described below is very useful to compare the Abs. XS of various isotopologues of
a given molecule because the isotope effect is easy to calculate with this analytic
model. The ratio of Absorption XSs for various isotopologues plays an important
role when isotope budget (or isotope ratios) are considered, because the photo-
chemistry (and then the Abs. XS) of many molecules like O3, NOz, SOz, N7O,
H,CO involves many cycles of photodissociation and formation (recombination).
In other words, differences in the formation rate and/or photodissociation rate are
able to induce “anomalies” (e.g. Mass Independent Fractionation or MIF) in iso-
tope ratios. The best known example of selectivity in the isotopologue formation
rate is that of O3: the formation rate of the 8000 asymmetric isotopologue
is larger by a factor of 1.42 than that of the symmetric isotopologues, O3 and
160180160, which have almost the same rate [7]. Analogously, the ratios of pho-
todissociation rates of N>O isotopologues have been studied both experimentally
[8,12] and theoretically [9,10]. For symmetric triatomic molecules with two iden-
tical oxygen atoms such as SO;, CO,, NO; (or the edge atoms for Os), any single
oxygen isotope substitution of 1°0 by 7O or 80 leads to a symmetry breaking
effect (from the Cyy to the Cs symmetry) which may be significant. One impor-
tant aspect of this Cp, to Cs symmetry breaking is energy splitting between the
two dissociation channels: Cs isotopologue of ¥OX'°O composition (X = S, N,
C or O) can dissociate either into 80X + O (channel A) or into °OX + 180
(channel B) and these two channels are not energetically degenerate because of the
difference between the zero point energies (ZPE) of 80X and '®OX. Consequently,
the branching ratio between these two dissociation channels is not unity because
there is a propensity in favour of channel A. This propensity should vanish at pho-
ton energies well above the threshold (e.g. for ozone) but should be significant near
the threshold if the corresponding Abs. XS is large (e.g. for NO7). When we con-
sider a mixture of isotopologues (e.g. in the atmosphere) illuminated by the actinic
flux, we must consider the overall probability of dissociation of each isotopologue
which is proportional to its Abs. XS, but we must also consider the branching ra-
tios between the two dissociation channels of the asymmetric isotopologue(s). For
most molecules, only the Abs. XS of the main isotopologue is known, the main
exceptions being those of O3 (only 1803) [11], NLO [12] OCS [13] and NO, [14].
The models presented below allow prediction of the XS dependence on isotopic
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substitution. For all the molecules, the Abs. XS of the various isotopologues are
expected to be very similar and their tiny differences are (and will remain) dif-
ficult to determine experimentally. Moreover, some of the Abs. cross sections of
polyatomic molecules display a vibronic structure superimposed on the envelope
of each Abs. XS. Each vibronic structure is specific to an isotopologue and it is
rather difficult to derive the vibronic structure from one (main) isotopologue rel-
ative to another, except near the bottom of the PES where the normal modes are
relevant. In contrast, the Abs. XS envelopes (i.e. the Abs. XS at very low resolu-
tion) of various isotopologues can be compared and related using the reflection
method [15].

The two main requirements of the reflection method are knowledge of the ini-
tial state wavefunction (usually the (0, 0, 0) state of the ground electronic surface)
and of the shape of the PES of the upper electronic state. The key feature of iso-
topic substitution is the fact that this upper PES is independent of the isotopic
composition. In contrast, the initial wavefunction is isotopically dependent but
the effect can be easily calculated for the (0,0,0) ground state. The ZPE, which is
isotope dependent, plays an important role in shifting the maximum of the Abs.
XS envelope.

Some of these ideas were recently used to calculate the isotope effect for the
photodissociation of NoO and Oz by Liang et al. [15]. They predict the isotope ef-
fect based on a numerical analysis in which they describe the Abs. XS divided by E
(where E is the photon energy, see below) as the product of a Gaussian and a nu-
merical y function assumed to be the same for all isotopologues. The isotope effect
is taken into account in the 3 parameters of the Gaussian wavefunction and then
reported on the Abs. XS of each isotopologue. From this the related fractionation
constant can be determined.

In this paper, we introduce a new analytic form of the Abs. XS which is an im-
proved version of the well-known simple Gaussian introduced by several authors
[2-6] and adapted to triatomic molecules by Schinke in his book “Photodissocia-
tion dynamics” [6].

When applied to isotope effects, the main weakness of the reflection method is
the assumption that the transition dipole moment is constant for all isotopologues.
This weakness remains in the improved model presented below. Only ab initio
calculations are able to go beyond this approximation. However, the dependence
of the transition dipole moment along the nuclear coordinates can be introduced
(numerically or analytically) in the model below, even if a less compact analytic
form is expected. This paper is organized as follows: in Section 2 the “standard”
reflection model is improved by taking into account the curvature of the upper
state potential (in addition to its slope). In Section 3, the quantum character of the
final state is taken into account by replacing the Dirac function by an Airy function.
In Section 4 the model is applied to the Cl, molecule. In Section 5 the model is
adapted and applied to the O3, SO, and CO, triatomic molecules. Conclusions
and perspectives are presented in Section 6.
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2. IMPROVED MODEL OF LOW RESOLUTION ABSORPTION CROSS
SECTION (XS) FOR DIATOMIC MOLECULES

The model is first presented for a diatomic molecule (1D PES) for the sake of sim-
plicity. An adaptation to triatomic molecules, with a special attention to Cp, <« Cpy
electronic transitions, is presented in Section 4.

We use the treatment presented by Schinke [6], pages 110 to 113, and some
hints of Heller [5] and Pack [16]. The reader may refer to Figure 1 of Ref. [15] or to
Figure 6.1 of Ref. [6] for a qualitative description of the reflection method.

In the simple version of the reflection method, the potential of the upper elec-
tronic state is linearly approximated to:

V(R) = Ve — Vé : (R - Re)/ (1)

where V. is the vertical excitation energy (below we use Vo = V. — ZPE, where
ZPE stands for zero point energy of the ground state); R is the equilibrium nuclear
distance of the ground state allowing us to define the vertical excitation energy V.
V, is the absolute value of the derivative of the upper potential at Re. In (1), we
follow the convention of previous authors by using the minus sign in front of V7,
because the first derivative of the excited potential is almost always negative.

Let’s consider the wavefunction of the initial state, before absorption, which
will be approximated using a Gaussian [17]:

Yo(R) = B2 V4exp[-1/2 - B2(R — Re)?], )

where = (uw/h)'/? is the inverse of a length. Alternatively, we could use g =
((uk)Y/2 /h)1/2 if we wish to characterize an isotopic substitution effect (i.e. change
in the reduce mass ) for which k is a constant (but not w!).

Considering |¥o(R)|*> as the initial probability density, using the reflection
method and setting Vo = V. — ZPE, the Absorption Cross Section (XS) can be
written:

o(E) = AE(1/V.) exp(—((E — Vo)/ (V./B))?), ®)

where A includes the square of the transition dipole moment and allows charac-
terizing the maximum amplitude of the cross section. This expression is obtained
using the Condon approximation which assumes that the final state of the optical
transition is a Dirac function located at R = R; such that V(R;) = E + ZPE where

E is the photon energy.
Instead of o (E), we will consider the ratio o (E)/E:
o(E)/E = A(1/ VL) exp(—((E — Vo) / (V/ B))), 3)

which is a Gaussian that depends on three parameters; the amplitude A (below we
will use A" = A/VY), the centre V and the half width at 1/e, defined by the ratio
V.. /B. At this lowest level of the theory, o(E)/E is a Gaussian and is symmetric.
The main advantage of using o (E)/E is that any asymmetry in the experimental
o(E)/E will reveal a deviation from the simplest reflection model which predicts a
symmetric o (E)/E.
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We get a compact expression:
o(E)/E = A exp[-X?], (3"
ifweset A’ =A(1/V,) and:
X = (E~Vo)/(Ve/B)- )

As already mentioned, one of the main weaknesses of the simple reflection
method is the fact that the electronic transition dipole moment, (or the transition
dipole moment surface, TDMS for polyatomic molecules in Section 4) is assumed
to be constant. This weakness will remain in the Formulae (12), (27) and (29)
derived below. The average value of the square of the TDM (or TDMS) is then
included in amplitude A and A’ = A|1/V]|. In Formulae (3), (3’) and (3”) the mass
(or isotopologue) dependent parameters are g and the ZPE. In contrast, Ve and V7,
which define the upper potential, are mass independent. This Formula (3) is al-
ready known even if different notations have been used by various authors. As
an example, Schinke has derived the same formula in his book [6], pages 81, 102
and 111. Now, the model will be improved by including the contribution of the
second derivative of the upper potential at Re. The polynomial expansion of the
upper potential up to second order in (R — Re) can be expressed as:

V(R) = Ve — V{(R — Re) + 1/2V(R — Re)?, ®)

where Ve, V/ and R are defined above and V is the second derivative of V(R)
at Re.

The second derivative, V, is expected to be positive for most of the molecules,
in contrast with the first derivative, which is almost always negative (see above).
The absolute value of the first derivative of V(R) around R, becomes:

[Ve(R)| = Vi = V(R = Re) (6)

assuming |V.| > |VI(R — Re)| or |(R — Re)| < VL/ VL.
Replacing V, by V/(R) in Formula (3'), we get:

o(E)/E = A(V. — VI(R — Re)) " exp[—{B(E — Vo)/ (V. — VIR - Re))}*]. (7)

The “trick”, which is the essence of the reflection method, already used to de-
rive (3) and (3') [6], is to replace the R — R. dependence by the E — V dependence.
To first order in (R — Re), we get:

E=V(R) — ZPE = Ve — VLR — Re) — ZPE = Vj — V4(R — Re) ®)
or
R—Re = —(E = Vo)/ VL. ©)
Using (9) in (6), Formula (7) becomes:
o(E)/E = A(V.+ VI(E = Vo)/ VL) "
x exp[—{B(E — Vo)/ (Vi + VIE — Vo) / VL) V] (10)
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Setting
r=V./BV, (11)

as a new (dimensionless) parameter and using (4) as before, we get, for rX < 1,
corresponding to |(R — Re)| < VL/V{:

o(E)/E = A(VL(1+ X)) exp[—(X2/(1 + rX)?)]. (12)
We may approximate (12), assuming rX <« 1 and setting A’ = A/ V[, by:
o(E)/E=A'(1—1rX+rX?) exp[—(X?) - {1 - 2rX + 3 X?}]. (12

Note that A’ is not exactly the maxima of o(E)/E and V| is not exactly the energy
location of this maximum. The form (12") was chosen to allow comparison (at the
end of Section 3) to a similar expression for o (E)/E derived from another approach
in Section 3.

Formula (12), (or (12')) which is a new and much better version of Formula (3"),
depends on four parameters, three of them being the same as in (3”) and the fourth
parameter, r, proportional to V, describing the asymmetry of o(E)/E. Note that
only 8 and ZPE (hidden in Vj) are isotopologue dependent (as for (3”)) and that
V? is mass independent, like V. and V. It may be convenient to approximate this
formula as a product of a Gaussian function (corresponding to the linear potential)
with a correction function y(E) (here we use Liang’s notation [15] for the sake of
comparison). The function y (E) is given in Appendix A as a polynomial, up to the
second order in r and to the fourth order in X (or E — V). The function y(E) was
determined numerically for the O3 and N,O Abs. XSs by Liang et al. [15], but their
analytic expression of y(E) disagree with the ones given in Appendices A and B.

3. QUANTUM CORRECTION TO THE LOW RESOLUTION ABSORPTION
CROSS SECTION OF DIATOMIC MOLECULES

The reflection method used in Section 2 is “semi-classical”, in the sense that the
final state of the optical transition is assumed to be a Dirac function, even if the
initial wavefunction and its ZPE are taken into account. In this section we derive
the Abs. XS using a pure quantum calculation describing the final state as an Airy
function. This approach was discussed and used by Child [18], Tellinghuisen [19]
and Schinke [6]. In short, the Abs. XS for photons of energy E,, is proportional to
the square of the overlap between the initial wavefunction and the final wavefunc-
tion at energy E = Epp +ZPE (the energy is taken from the bottom of the G.S. PES).
As before (see Section 2), the initial wavefunction is a Gaussian defined in (3), but
the final wavefunction is an Airy function [20] instead of a Dirac function. The
Airy function is an exact form for the final wavefunction when the upper poten-
tial is the linear function of R given in (1). We define the classical turning point, Ry,
from V(Rt) = Eph +ZPE. Using (1), we derive a relation between Rt and the photon
energy:

Ri — Re = (E + ZPE — V) / Vi = (E — Vo) / V. (13)
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The Airy wavefunction [20], describing the final state after photon absorption,
is [6,21],
1(R;Ry) = Ai{—(2uV) /i) (R — Ry)}. (14)

In order to calculate the integral between the initial and final state, the R vari-
able should be converted into the reduced x variable, defined as x = 8(R—R,.), and
used to define the initial ground state wavefunction (this expression is equivalent

to (2)):
Yo(x) = 7~ Y4 exp(—x%/2). (15)

The Airy wavefunction, expressed as a function of the same reduced variable x
becomes:

Y1 Xo) = Aif—a(x - x0)}. (16)

In this formula, the dimensionless parameter « is

o = [2u AV, /234 (17)
and xp is related to the photon energy, E, via Ry, the classical turning point as

follows: the relation (R — R;) = (R — Re) — (Rt — Re) allows for the introduction of
the same variable x used in Ref. [6]. From this, we define xy according to:

xp = B(R¢ — Re). (18)

If, as before, the transition dipole moment is assumed to be constant (i.e. not
a function of x), the Abs. XS is proportional to the square of the overlap between
Yo(x) the Gaussian (describing the initial wavefunction) and ¥ (x; xg), the Airy
function describing the final state at energy E 4 ZPE after absorption of a photon
of energy E. Note that, below, the energy dependence of the XS is hidden in xg in
Formulae (19), (22), (23), (24) and (26). Integrating along the reduced variable x,
the integral overlap between ¥p(x) and 1 (x; xo) is:

So1(x0; @) = 2121/ % exp[(®/12) + &®x0/2] - Ai[(a* /4) + axo]. (19)
This analytic result is given by Child, page 123 of his book [18].
If
at > axg > 4 (20)

an asymptotic form of the Airy function appearing in (19) can be used [20]:
1
Ai(—z) = E71—1/2|z|—1/4 exp[—2/3(-2)*/?]. (21)

Note that the upper limit (¢ — o0) of the condition (20), corresponds to the
Condon approximation for which the Airy function can be approximated by a
Dirac function.

From (19) and (21), setting z = —[(a*/4) + axo], we get:

So1(x0; ) = =/ exp[(«®/12) + a’x0/2]1 /(1 + 4xo/013)_1/4

x exp[—a®/12(1 + 4xp/a®) %], (22)
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As a* > axg (see (20)) or 4xp/e® <« 1, the second exponential of (22) can be ex-
panded in a power series of 4xo/a°. Then, the two leading terms of the expansion
cancel with the first exponential of (22), and we get:

So1(xg; @) = N_1/4Ol_1(1 + 4x0/a3)_1/4

x exp[—((x2)/2){1 = 2/3 - (x0/a®) + (x0/a°)*}]. (23)

This formula is given here to the fourth order in x¢ but can be calculated to any
order.
From (23) we can derive o (E)/E which is proportional to |Sg; |2

o(E)/E = Aa2(1 + 4xo/a®) "/

« exp[~(B){1 - 2/3- (x0/e) + (xo/)]], 9

where A is a constant including the square of the transition dipole moment. Using
(13) and (18) we can express xp as a linear function of E and then as a linear func-
tion of X = (E — Vp)/(V,/B) and we get xo = X. Doing so for dxg/a® <« 1, (24) is
reduced to Formula (3”) which is the simplest form of the reflection method. Ac-
cording to (4), and using (17) and (18), we get the dimensionless ratio:

XQ/Ol3 =tX, (25)

where
1
t=—
2
The parameter t (describing the quantum effect) decreases when u increases (or

when h decreases) as expected for the classical limit. From (24) and using (25), the
o(E)/E can be approximated, to the second order in ¢ (for 4tX « 1), as:

ho/(V/B) = %~h1/2k3/4u—1/4/vg. (26)

o(E)/E = A'(1+ 4tX) "2 exp[-X*{1 - 2/3 - tX + 1*X?}] (27)
or
o(E)/E = A'(1 - 2tX + 6°X?) exp[—X?{1 — (2/3)tX + *X?}], (27

where A’ stands for the amplitude of o (E)/E at X = 0. Note that A" is not exactly
the maximum of ¢(E)/E and V) is not exactly the energy location of this maxi-
mum.

Formula (27') is similar to Formula (12'). The differences between the two
are discussed below and numerically in Section 4. To simplify the comparison,
both formulae have been expanded to the fourth order in X, and to second or-
der in r or t in Appendices A and B. It should be noted first that, numerically
(see Section 4), the two prefactors, (1 + 4tX)~1/2 ~ (1 — 2tX + 6t2X?) of (27') or
(1+rX)"! ~ (1 — rX + r*X?) in (12) play a minor role. Thus, comparing the
arguments of the exponentials in (12') and (27'), the leading term, —2/3-tX, of
{1—(2/3)tX+t?*X?} in Formula (27'), can be considered as equivalent to the leading
term, —2rX, of {1 — 2rX 4 3r2X?} in Formula (12') if we set t = 3r. These two lead-
ing terms are both able to characterize numerically the asymmetry of a o(E)/E, but
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they correspond to two different physical interpretations of a given experimental
asymmetry of o(E)/E: the difference between (12) (or (12')) and (27) (or (27')) is
the fact that Formula (27) does not involve a curvature of the upper potential and
depends on only three parameters, the amplitude A’, the centre V and the slope
V!, because the fourth parameter t (see Formula (26)) is proportional to the inverse
of V., (8 and u are assumed to be known). In contrast Formula (12) (or (12')) de-
pends on four parameters, the fourth parameter, r or V/, describing the curvature
of the upper potential, is neglected in (27’). Note that the two quadratic terms,
#2X? and 3r2X? (see above) are not equivalent if we set f = 3r, but they do not con-
tribute to the asymmetry of o (E)/E. They do however contribute to the width. So,
the two widths, V., /8, fitted respectively with (12') and (27’) are slightly different,
as expected (see Table 6.2 below).

The observed asymmetry of an experimental o (E)/E reflects the combined effect
of the upper potential curvature (described by r = V{/(V./B)) and the quantum
effect described by t = %hw /(V./B). We tried without success to find an exact an-
alytic expression of the integral, similar to (19), which would take into account
the effects of the curvature described in Section 2 and of the quantum effect de-
scribed in this section. In fact, the two effects are rather similar (both induce an
asymmetry of o (E)/E) and cannot be discriminated numerically. Instead, we will
use a single parameter, s, which s is an effective asymmetry parameter which re-
flect the above mentioned combined effect. Tentatively, we define the s parameter
as:

1/2

s = [(2n? + (2t/3)] (28)

in order to have the correct behaviour when r = 0 (then s = 2¢/3) as expected from
(27") or t = 0 (then s = 2r as expected from (12')).

Moreover, we prefer to use a simpler formula in which we neglect the prefactor
(which is either (1 — rX + r2X?) in (12) or (1 — 2tX + 6t2X?) in (27)). These two
simplifications lead to a rather simple formula which will be used below:

o(E)/JE= A/ exp[—(xz) : {1 —sX + (Z)SZXZH. (29)

Note that the coefficient 3/4 in front of s?X? in (29) match the coefficient 37 of X2
in (12') but do not match the coefficient > of X? in (27'). However, this choice
is correct when r >> t, i.e. when the curvature effect is dominant compared to
the quantum effect. The quantitative interpretation of the effective parameter s,
obtained numerically is uncertain because we do not know if the effect of the cur-
vature (characterized by r) and the quantum effect (characterized by ¢t) follows the
tentative Formula (28). In Section 4 we compare numerically the above-presented
models by fitting the experimental o (E) /E of the Cl molecule with Formulae (12),
(27') and (29). We compare the fitted values of r and t with their expected values
given in Formulae (11) and (26) and we interpret the fitted value of s when us-
ing (29).
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4. THE ABSORPTION CROSS SECTION OF Cl, MOLECULE

The Abs. XS of Cl; molecule was chosen because it is very smooth and because the
Abs. XS published by Maric et al. [22] in 1993 seems to be accurate. The smoothed
o (E)/E, shown on Figure 6.1, goes from 18000 to 42000 cm~!. This experimental
XS is a mixture of two overlapping electronic transitions: a strong singlet-singlet
transition (1 [Ty, < 1Eg+ ) centred around 30000 cm~! and a twenty times weaker

singlet-triplet transition (*ITo, < 12g+ ) centred around 25000 cm~! as displayed
on Figure 6.1. Consequently, due to the strong overlap between these two tran-
sitions, the various fits discussed below involve a simultaneous fit of both tran-
sitions. The weak singlet-triplet XS was fitted with a Gaussian (3 parameters) in
order to limit the total number of parameters to 6 or 7 (see below). We must con-
sider the Cl, gas at the natural abundance, consisting of 65% of **Cl and 35%
of 37Cl. Therefore, we expect a statistical mixture of the three Cl, isotopologues:
BCl, (42%) 3CI¥Cl (46%) and 3Cly (12%). Given the vibrational frequencies
of these three isotopologues, 559.72, 552.13 and 544.59 cm™ !, the corresponding
weighted average value to be used is fiwe /hc = 554.4 cm~!. Similarly, the average
ZPE of the mixture is close to 275 cm™!. The tiny differences between the ZPE of
these three isotopologues (£7 cm~! from the average) is negligible compared to
Vo ~ 30400 cm™!. In the following, we will interpret the experimental o (E)/E of
the Cl, gas mixture as the o (E)/E of a single molecule with a single set of parame-
ters, A’, Vo, V/B and t or r or s (see below).

Three published XS of Cly, by Burkholder [4], Maric [22] and JPL [23]!, were
compared in order to check the consistency of these experimental XSs. This
comparison is done in Table 6.1, using the fitted parameters obtained from For-
mula (29). These comparisons show that the parameters of the main S-S transition
are in good agreement and those of the weak S-T transition are poorly determined
for the JPL and Burkholder XS.

It should be noted that two of these three XSs have very few data points and we
cannot expect a good accuracy for the r parameter describing the asymmetry, even
if the numerical uncertainty (Chi?/DoF) of the fit is small. Note that the JPL data
points are not the raw data but are determined from a fit of experimental data with
a different analytic formula [23]. Below, the experimental XS of Maric [22] is used
to test and compare the various approximations introduced in Sections 2 and 3 of
this paper.

Various sets of fitted parameters corresponding to different versions of the
above-presented models (Formulae (12'), (27’) and (29)) are compared in Table 6.2.
The strong S-S transition (see Figure 6.1) was fitted with six different functions

1 The JPL-2006 recommendation for the Absorption Cross Section is calculated at 5-nm intervals using the semiempir-
ical function given below which is the Eq. (12) of [23]

00, T) =273 x 10719 cm? - tanh®5 . exp{—99.0 x tanh x [In(329.5 nm/2)]*} (singlet-singlet)
+932x 1072 ¢m? - tanh®® -exp{—9L5 x tanh x [In(406.5 nm/k)]z} (singlet-triplet),

with tanh = tanh(#cX559.751 cm ™~ /2kT) = tanh(402.7/T); A in nm, 250 < A < 550 nm, and T in K; 300K > T > 195 K.
The first component at 329.5 nm (25316 cm™1) corresponds to the dominant singlet-singlet transition and the second
component at 406.5 nm (24600 cm™~1) corresponds to the weaker singlet-triplet electronic transition.
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FIGURE 6.1 Plot of the smoothed experimental Cl; Abs. Cross Section (XS/E) (full line), and the
two contributions of the fitted XS/E: the strong singlet—singlet (S—S) transition is dashed line,
and the weak singlet—triplet (S—T) transition is a full gray line. The analytic forms and the
parameters of the S-S and S—T components are given in Table 6.1, Fit-3.

TABLE 6.1 Comparison of the fitted parameters for the three experimental XSs of Maric (1993),
JPL (2002) and Burkholder (1983). The three fits have been performed with the same analytic
expression which is the sum of two components: the main singlet—singlet transition is described
by Formula (29) and the weak singlet—triplet transition by a Gaussian. The low ChiZ/DoF for the
JPL XS of 17 is mainly due to the very low number (30 pts) of data points

Maric (1993) (298 K)  JPL (2002) (298 K)  Burkholder (301 K)

(4644 points) (30 points) (35 points)

Parameters of the singlet-singlet electronic transition
Amplitude (x107%)  8430.5 & 0.34 8436.8 + 5 8586.3 + 18
Vo (cm™1) 30158.78 + 0.2 30166.2 + 2.6 30131+ 12
BV, (cm™1) 3230.11 £ 0.5 32522 +5.3 3291+13
2t/3or2rors 0.122 £+ 0.001 0.102 £ 0.003 0.081 £ 0.005

Parameters of the singlet—triplet electronic transition
Amplitude (x101%7)  384.8 +0.8 336 +£7 322434
Vo (cm™1) 24612+ 8 24253 +78 24040 £+ 380
BV (cm™) 2614.7 + 6 2446 + 74 1509 =+ 552

Fit residual
Chi?/DoF 12 17 778

based on (3'), (12') (with or without the prefactor) (27') (with ¢ fixed or free and
with or without the prefactor), in order to check and compare numerically var-
ious approximations. Note that (12') without the prefactor is equivalent to For-



TABLE 6.2 Various sets of parameters fitted on the Cl; Abs. XS of Cl, of Maric (1993). Six sets of fitted parameters are compared. Each set
corresponds to slightly different fitted functions. For the six columns, the 3 fitted parameters of the Gaussian describing the weak singlet—triplet
transition are given in the lower part of this table. In the upper part of the table we give the (3 or 4) parameters describing the strong singlet—
singlet transition for six slightly different fits. The first column gives the 3 parameters of a (second) Gaussian. The second column gives the four
fitted parameters of Formula (12') including the prefactor (1 — rX + r2x2). The third column gives the four parameters of Formula (29) which is
equivalent to Formula (12) without its prefactor. The fourth column gives the three fitted parameters using Formula (27’) in which t is constrained
tot = lhw/,BVé3 = 0.0565. The fifth column gives the four fitted parameters of model (27') when t is not constraint. The sixth column gives the
four fitted parameters of (27) when the prefactor is omitted

FIT 1 FIT 2 FIT 3 FIT 4 FIT 5 FIT 6
Fit with Fit Fit Fit Formula (27’) Fit Formula (27’) Fit Formula (27')
2 Gaussians Formula (12') Formula (29)  with prefactor with prefactor without
(6 parameters)  with prefactor with prefactor and t fixed and t free prefactor
(7 parameters) (7 parameters) (6 parameters) (7 parameters) (7 parameters)

Amplitude (x10727)
Centre Vj (cm™1)
Width V../B (cm™1)
Asymmetry s or
2t/3 or 2r

Amplitude
Centre Vj (cm™1)
Width 8/V, (cm™1)

Chi2/DoF

Parameters of the singlet-singlet electronic transition (! [T3, < ! =)

8400.4 £ 8 8422.57 £0.34 8430.5+£0.34 83441434 8225.6 £2.2
30271.0 £2.5 30259.47 £0.26 30158.78 +£0.2 30483.7 +£1.2 30652.8 £2
3297.0+4 3246.0 £ 046  3230.1£05 32704 +£19 3184.7 £ 1.7
0.0000 (fixed) 0.1245 £+ 0.0001 0.1248 £+ 0.0002 0.0565 (fixed) 0.098 £+ 0.002

Parameters of the singlet-triplet electronic transition (Gaussian) (*ITp, < ! Z‘g+ )

2375+£8 382.1+0.8 384.8 £0.8 304.0+3.4 323.1+1.6
23275 + 50 246023 +75  24612+8 23777 £22 24016 + 14
1612 + 68 26089 £ 6 2614.7 £ 6 1969 £ 30 2178 £ 16

Fit residual
6281 12.155 12.152 1239 62

8426 +£2.4
30165.7 £ 1.5
32820+£1.38
0.119 £ 0.003

385.2+6
24413 + 50
2375+ 40

580

98

350( Y
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FIGURE 6.2 Upper: plot of the Cl; XS/E of Maric et al. The fitted curve almost superimposes
with the experimental and cannot be discriminated. The lower part shows the difference
between the experimental and fitted curves. Note that the vertical scale is magnified by about
a factor 70. The discontinuities in the lower part (present but not visible in upper part!) show
that the experimental spectrum results from a concatenation of adjacent parts of the whole
XS. The largest step around 28000 cm ™! represents about 1% of the maximum amplitude. At
least five others discontinuities can be seen. When the experimental XS (or XS/E) is smoothed,
these discontinuities can hardly be seen.

mula (29). In association with each of these six fitted functions, the 3 parameters of
a Gaussian describing the weak S-T transition located around 24000 cm~! were si-
multaneously fitted because these two transitions strongly overlap (see Figure 6.1).
Globally, each fit involves either 6 (3 + 3) (for fits 1 and 4) or 7 (4 + 3) fitted pa-
rameters (for fits 2, 3, 5, 6). A description of six slightly different fits (Fit-1 to
Fit-6) is given below and the corresponding parameters of these fits are given in
Table 6.2. Figure 6.2 shows the result of Fit-3 which corresponds to Formula (12')
without prefactor or to Formula (29) and which is the best fit. In the upper part
of Figure 6.2 the fitted curve overlaps perfectly the experimental ¢ (E)/E and can-
not be visually discriminated. The residual is shown on the lower part of Figure 6.2
with a magnification factor of about 100. This residual displays some tiny disconti-
nuities (wWhich cannot be seen on the upper part) and which are probably due to the
concatenation procedure, because the spectrometer cannot cover the whole range
with the same detector and beam splitter. In any case, the residual is significantly
lower than the quoted experimental uncertainty and any numerical improvement
may be meaningless.

To ease the comparison between r (when using (12')), t (when using (27’)), and s
(when using (29)), we give, in Table 6.2, either 2r (when using (12')), or 2t/3 (when
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using (27)) or s (when using (29)). Below, the six sets of fitted parameters given
in Table 6.2 are described. The first column (Fit-1) of Table 6.2 gives the 6 fitted
parameters when two Gaussians are used, describing respectively the S-S and the
S-T transitions. For the 5 other fits (Fit-2 to Fit-6) the 3 parameters describing the
weak S-T transitions are given in the lower part of Table 6.2. The second column
(Fit-2) gives the 4 parameters of Formula (12') describing the S-S transition. The
third column (Fit-3) gives the 4 parameters of Formula (12') when the prefactor
(1 — rX + r*X?) is removed. This Fit-3 corresponds also to the use of Formula (29).
The comparison between Fit-2, with the prefactor of (12’), and Fit-3, without this
prefactor, shows that its does not play a significant role. Conversely, this means
that most of the asymmetry of the Cl, cross section (o (E)/E) is described by the
odd term, —2rX in (12') or —(2/3)t in (27’), in the argument of the exponential.
The fourth column (Fit-4) gives the 3 fitted parameters of Formula (27') when ¢ is
constrained to t = (1/2)hwe/ (V. /B). This Fit-4 has only 6 free parameters because
the parameter ¢ is proportional to the inverse of (V//B) (the third parameter) and
because fwe is known and fixed at 544.6 cm™!. The fifth column (Fit-5) gives the
4 fitted parameters of Formula (27) when ¢ is free. The sixth (last) column gives
the fitted parameters when the prefactor of (27') is removed. Again, these two fits
show that the prefactor does not play a dominant role in describing the asymmetry
of the experimental o (E)/E of Cl,. However the Chi?/DoF of Fit-5 and Fit-6 are
significantly larger than Fit-3, even if the fitted parameters are similar to those
obtained with Fit-2 and Fit-3. It should be noted that the only difference between
Fit-3 and Fit-6 (both without prefactor) is between the term {1 — 2rX + 3r2X?} in
Fit-3 and the extra term {1 — (2/3) - tX + t2X?} in Fit-6. If we set s = 2r = 2t/3,
we get respectively {1 — sX + (3/4) - s°X?} and {1 — sX + (9/4) - s>X?}. Then, the
difference lies only in coefficients 3/4 and 9/4, the first (corresponding to Fit-3)
giving a much better fit than the second (corresponding to Fit-6). This observation
is consistent with the fact that below we will find a dominant contribution of the
curvature of the upper potential (Formulae (12)) and not of the quantum effect
described by (27’). The global comparison of Fit-1 using a Gaussian with the five
other fits shows the dramatic effect of the asymmetry parameter which can be 2r
(using (12')) or 2t/3 (using (27')) or s (using (29)). This is true with or without the
prefactor which does not play an important role in (12') or (27').

To summarize, the observed asymmetry of the Cl, o(E)/E is due to two phys-
ical origins: the curvature of the upper potential and/or the “quantum effect”
described in Section 3. So, the question is: what are the relative contributions of
these two coexisting effects? Fit-4 shows clearly that the “quantum effect” is not
able to describe on its own the observed curvature because the value of 2t/3 de-
rived from t = }hwe/(V./B) using the fitted value of V/,/p is only 0.0565, about
half the values obtained when the parameter describing the asymmetry is fitted.
These fitted values, 2r or 2¢/3, given in Table 6.2 (Fit-2, Fit-3, Fit-5 and Fit-6), have a
weighted average close to 0.12. This means that, when t is fixed to = %hwe /(V./B),
the model (27’), is not able to quantitatively describe the asymmetry of the ex-
perimental o (E)/E of Cl,. Consequently, there is a dominant contribution of the
curvature of the upper potential to the asymmetry of the o(E)/E of Cl,. We can
consider that the contribution of the “quantum effect” presented in Section 3 is
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well characterized by t = %hwe/ (V./B). Since the fitted value of (V/g) is well
determined around 3240 + 10 cm ™! (see Table 6.2) for Fits 2 and 3, and %hwe is
well known at 277 cm™! (see above), we can conclude that 2¢/3 is well known at
0.057 & 0.001. From this, using s = 0.12 & 0.004, we derive r = 0.0515 £ 0.0025
when using the tentative Formula (28). The value of r for Cl; can be derived
from the values of V| (parameter C) and V| (parameter D) published by Burk-
holder [4] in his Table 6.3, for his Abs. XS and using B ~1 = 0.058 A. These values
give r = 2D/BC = 0.055 £ 0.005. The agreement between these two determina-
tions of ¥ may seems fortuitous because Burkholder also takes into account the
dependence of the transition dipole moment on R — R (which is assumed to be
constant in the present model) but the relative variation of this transition dipole
moment on the relevant range of (R — Re), estimated from b;,/ Bby,, is only 3.5%.
Moreover, the uncertainty given by Burkholder on the coefficient b;, describing the
variation of the transition dipole moment is about 70%. The weak dependence of
the transition dipole moment and its large uncertainty indicate that the effect of
the dependence of transition dipole moment is much smaller than the curvature
effect and than the quantum effect described in Section 3. Using 2r = 0.11 & 0.01
and 2t/3 = 0.057 £ 0.001 we derive s = 0.123 + 0.01 from Formula (28), in good
agreement with the fitted value of s = 0.1245 (Fit-2) or s = 0.1248 (Fit-3).

To conclude, most of the asymmetry observed in the singlet—singlet transition
in the Abs. XS of Cl, can be ascribed to the curvature of the ' 1Ty, upper potential
and not to the quantum effect described in Section 3, nor to the dependence of
the transition dipole moment. However, this is probably not always the case and
the three effects (the curvature effect (Section 2), the quantum effect (Section 3)
and the nuclear dependence of the transition dipole moment) may contribute to
the asymmetry of any XS is analyzed. It is important to note that the asymmetry
due to the “quantum effect” detailed in Section 3 does not require an additional
parameter in the fit. Consequently, the first (and easy!) step is to compare two
fits of a o (E)/E both using Formula (27'): the first fit with ¢ constrained to =
% - ho/(V,/B) (Formula (26)) and a second fit with f as a free parameter. This
comparison allows us to estimate if the quantum effect is dominant or not and
then, to know whether another contribution is important, e.g., the curvature of
the upper potential. In addition, the contribution of the hot bands discussed by
Burkholder [4] and Alder-Golden [24] can also contribute to observed asymmetry.

5. A 3D VERSION OF THE MODEL AND ITS APPLICATION TO
TRIATOMIC MOLECULES

In this section we apply the model presented in Section 3 to the XS of triatomic
molecules such as O3z, SO,, CO». In line with Heller [5], Schinke, on pages 115-116
of his book [6], proposed a 2D version of the simple reflection model but with-
out the curvature and quantum effects taken into account in Sections 2 and 3. For
triatomic molecules the quantities corresponding to V;/p and V| or r (see For-
mula (12)) defined in Section 2 and corresponding to ¢ (see Formula (27)) defined
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in Section 3 are difficult to determine. For triatomic molecules, there are 3 compo-
nents of the gradient to be substituted into V|, one along each normal coordinate
of the ground state, combined with the three corresponding g (defining the three
widths of the initial wavefunction), and 6 components of the Hessian correspond-
ing to V. Analogously, the equivalent of ¢ (see Section 3) for triatomic molecules
involves an integral overlap between a three dimensional Gaussian and a three
dimensional Airy function which appears to be very difficult (may even be impos-
sible) to calculate analytically.

Nevertheless, some simplifications may occur according to the symmetries of
the lower and upper PESs of the electronic transition under consideration. For ex-
ample, when we consider an A(Capy) < X(Capy) electronic transition of a Cpy (ABA)
molecule, two of the three normal modes (the symmetric stretch and the bending)
belong to a; symmetry and the third mode, the antisymmetric stretch, belongs
to by symmetry. Then, the 3D calculation of the XS/E splits into a 2D problem
linked to the bending and symmetric stretch coordinates and a 1D problem along
the antisymmetric stretch for which the equilibrium geometry is the same for both
Cyy PESs. These symmetry considerations may lead to some tractable simplifica-
tions but the corresponding analytic treatment is heavy and out of the scope of
this paper. Nevertheless, we mention Formulae (6.18) and (6.19) given by Schinke,
page 116 of his book [6], which define the term replacing V. /8 when two of the
three coordinates of a triatomic molecule are involved in the reflection method.
These formulae can be used and extended to include the curvatures (the compo-
nents of the Hessian) of the upper PES.

Alternatively, Formulae (12’), (27') or (29) can be used numerically to fit the
o(E)/E of triatomic molecules, even if the interpretation of the fitted parameters
is not yet possible. The results presented below show that the numerical improve-
ment obtained by using Formulae (12), (27) or (29) (all have 4 parameters and are
able to describe the asymmetry of a ¢ (E)/E) is comparable with the improvement
observed for Cl, (the Chi?/DoF is reduced by typically up two orders of magni-
tude; see Section 4). Here, it is essential to note that the reflection models are only
able to describe the envelope of the XS, (corresponding to very short time evolu-
tion (t < 10 fs (femtosecond)) of the wavepacket after the photon absorption) and
not the vibronic structures which are specific to each molecule and correspond to
some vibrational (and or vibronic) oscillations at a time scale of several hundred
femtoseconds.

This explains why, below, for each XS, the first step of the analysis is to smooth
the XS in order to blur all the vibronic structures. The second step is to divide each
smoothed XS by E in order to characterize the asymmetry of the o (E)/E.

As mentioned above, the interpretation of the asymmetry of a o (E)/E for a tri-
atomic molecule is much more difficult than for a diatomic molecule. However, the
asymmetry is a relevant phenomenological parameter which characterizes the XS
in addition to the centre, the width and the amplitude. The isotopic (isotopologue)
dependence of these four parameters is of special interest when dealing with the
photodissociation processes [9,15]. In fact, this aspect was our initial motivation
when starting this study and will be treated in the future. Below, we characterize
the XS asymmetry of three important molecules: Oz, SO, and COs.
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5.1 The Abs. Cross Section of the Hartley band of O3

Several published XSs of the Hartley band were compared with special attention
to their 4 fitted parameters obtained when Formula (29) is used. According to our
fits, the best XS is the one of Bogumil et al. [25]. This XS, more precisely o (E)/E
which is the smoothed XS divided by E, is plotted in the upper part of Figure 6.3.
The fitted models with four parameters (Formula (29)), overlap the experimental
curve and they cannot be discriminated. This is why the fit residual (the difference
between the Exp. and the Cal o(E)/E) is shown on the lower part of Figure 6.3.
The XS of Burrows et al. [26] is very similar to the one of Bogumil. In contrast, the
XS of Voigt-2001 [27] is significantly different from the two others (and is probably
incorrect) above 40000 cm~! as shown on Figure 6.4. We have compared the fit
with a Gaussian with the fits using several versions of the 4 parameter models dis-
cussed above. These parameters are given in Table 6.3 only when Formula (29) is
used. The fit residuals (see the lower part of Figure 6.3) are typically less than 0.3%
of the o(E)/E maxima. This is significantly less than the experimental uncertainty
and any further improvement may be meaningless. The Chi?/DoF decreases by
about two orders of magnitude (compared with a fitted Gaussian) when an asym-
metric parameter (7, t or s) is introduced. This strong improvement demonstrates

0,, Bogumil -2003

XS/E (*10°%)

s
8]
| T ST NS T Y T I |

T T T T T
30000 35000 40000

Fit residual

30000 35000 40000

Energy (cm'1)

FIGURE 6.3 Fit of the ozone XS (o (E)/E) of Bogumil (2003) (Ref. [25]). The upper part shows the
smoothed o (E)/E and a fitted Gaussian (dashed). When fitted with Formula (29) the
experimental and fitted curves overlap and cannot be discriminated. In the lower part, the
difference between the exp. and fitted curves is shown. Note that this difference is, at most,
0.3% of the maximum amplitude while the max difference with the Gaussian (dashed curve of
the upper part) reach 7%. The superimposed oscillating structure is due to the vibronic
structure of the Exp. Abs. XS which has not been completely smoothed.
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FIGURE 6.4 The smoothed XS/E of Voigt [27] and, (dashed) the XS/E of Bugumil [26]. A visual
comparison shows a very good agreement below 39000 cm ™! and significant discrepancies
above 39000 cm™".

TABLE 6.3 The fitted parameters? of the O3 Hartley Band. Two fits are compared: in the left
column the 3 parameters of a fitted Gaussian are given with the resulting Chi2/DoF. This fit
corresponds to s = 0 in Formula (29). In the right column, the four fitted parameters of For-
mula (29) are given. The ChiZ/DoF decreases by almost two orders of magnitude compared with
the Gaussian fit. The uncertainties are 2 S.D (Standard Deviation). Note that s, the dimensionless
asymmetry parameter, is defined to within 0.3%

Model XS of Bogumil (2003) [25] fitted range: 2890042780 cm ™!

parameters Gaussian model Asymmetric model®
(3 parameters) (4 parameters)

Amplitude (x10722) 2.98 4+ 0.01 2.919 (40.001)

(cm?/(mol cm))

Centre (V) (cm™1) 39281.0 £ 11 39071.1+1.8

Vy/B (em™) 3597.4+ 16 3768.9 + 1.6

Asymmetry (s) 0.000 (fixed) 0.2362 £+ 0.0013

Chi?/DoF 3.8 x 1073 3x107°

a  These parameters are for the XS/E and not for the XS. For s = 0, the HWHM = 0.83255 V,/ 8.

b When s # 0, these parameters do not provide the true amplitude, centre and HWHM of the XS/E but, instead, they
characterize the asymmetric Gaussian.

the relevance of the asymmetric Gaussian model which gives a very precise and
compact analytic description of the Abs. XS. In contrast with the analysis of the Cl,
XS, we have not been able to analyze the relative contributions of the curvature ef-
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FIGURE 6.5 The Abs. XS of SO, from Ref. [28]. This XS is highly vibronically structured. The
42000-59000 cm ™! energy range of this XS has been smoothed and divided by E (in cm™') and
is plotted on Figure 6.6.

fect (the Hessian for a 3D potential) and the quantum effect discussed in Sections 2
and 3. Note that the experimental temperature dependence of the parameters can
also be analyzed in the future. This may require inclusion of the contribution of
the hot bands.

5.2 The SO, Abs. Cross Section

We used the XS of Wu [28] which covers a wide energy range and seems to be
the best existing SO, XS. This XS displays a strong vibronic structure as shown
on Figure 6.5. After a smoothing, the XS/E of Figure 6.6 shows contributions from
two electronic transitions. The main electronic transition has a centre at 51110 cm ™!
and has been fitted with Formula (29) while the second transition, which is about
10 times weaker, has a centre at 46408 cm ™. This weak transition was fitted with a
Gaussian (the 3 parameters of the left column in Table 6.4) because the asymmetry
parameter is not well determined. The 7 fitted parameters are given in Table 6.4.
The residual of the fit shown on Figure 6.7 is of the order of 1%, significantly less
than the experimental error and any further numerical improvement of the fit may
be meaningless.

5.3 The CO; Abs. Cross Section

We concatenated the XS, or o(E), of Yoshino [29] between 118 and 163 nm and
the XS of Parkinson [30] between 163 and 200 nm. As shown in Figure 6.8, this
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FIGURE 6.6 A plot of the smoothed exp. SO; o (E)/E and its decomposition in two electronic
transitions (dashed). These two components have been obtained from a fit of the exp. o (E)/E
with a sum of two XSs, the strongest being described with a 4 parameter Formula (29) and the
weaker one described by a three parameter Gaussian. The corresponding parameters are given
in Table 6.4.

TABLE 6.4 The fitted parameters? of the smoothed SO; Abs. XS/E from a single fit involving
two electronic transitions. The lower electronic transition is fitted with a Gaussian (3 parameters,
first column) and the second electronic transition is fitted with Formula (29) (4 parameters, sec-
ond column). The uncertainties are 2 S.D. (Standard Deviation). Note that the uncertainty of the
s parameter of the upper transition is only 1%. Note that the lower (weak) electronic transition is
much narrower than the upper strong electronic transition because the widths are proportional
to the slopes of the PES of these two states at the G.S. (Ground State) equilibrium geometry; see
Formula 6.18 and 6.19 of Ref. [15]

Lower electronic transition =~ Upper electronic transition

Amplitude (x10720)° 0.182 £ 0.003 1.188 £ 0.001
(cm?/(mol cm))

Centre® (cm™1) 46488 + 12 50922 +3
Width V. /8P (cm™1) 1596 + 15 37345+ 8
Asymmetry: s 0.000 (fixed) 0.197 £ 0.002

a These parameters are for the XS/E and not for the XS. For s = 0, the HWHM = 0.83255 V(’)/ﬁ

b When s # 0, these parameters do not provide the true amplitude, centre and HWHM of the XS/E but, instead, they
characterize the asymmetric Gaussian.

concatenation allows for a global description of two overlapping electronic tran-
sitions. After smoothing and division by E, the o(E)/E, which is the sum of two
electronic transitions, has been fitted, each electronic transition being described
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FIGURE 6.7 Comparison between the smoothed exp. and the fitted o (E)/E of SO;. Upper part:
the smoothed exp. o (E)/E of SO;. On this upper part, the fitted curve is not superimposed on
the exp. curve because these two curves are too close. The two components of this XS have
been fitted simultaneously: the strong component is described with Formula (29) (4 parameters)
and the weak component with a Gaussian (3 parameters). The fitted parameters are given in
Table 6.4. Lower part: the fit residual which is typically 1% of the max amplitude. Note that the
typical experimental uncertainty is significantly larger than 1%. Then the residual in not
necessarily due to the model but may be mostly due to the experimental XS.
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FIGURE 6.8 A comparison between the exp. and the fitted o (E)/E of COy, Refs. [29,30]. This XS
is made of two components. These two components have been fitted simultaneously, each
components being described with the Formula (29). The fit residual is at most about 0.5% of the
max amplitude. The superimposed fast oscillations are due to the vibronic structures which
have not been completely smoothed.
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TABLE 6.5 The fitted parameters® of the smoothed CO, Abs. XS/E from a single fit involving
two electronic transitions. Each electronic transition is fitted with a Formula (29) (4 parameters
each). The uncertainties are 2 S.D. (Standard Deviation). Note that the uncertainties in the s para-
meters are only 0.2% and 1.3% for the upper and lower transitions. Note that the lower electronic
transition is significantly steeper than the upper strong electronic transition because the widths
are proportional to the slopes of the PES of these two states at the G.S. (Ground State) equilib-
rium geometry; see Formula 6.18 and 6.19 of Ref. [15]

Lower electronic transition =~ Upper electronic transition

Amplitude (x10720)P 55.56 + 0.01 62.09 + 0.04
(cm?/(mol cm))

CentreP (em™1) 68742.8 + 2 75779.4 4+ 0.8
Width V. /8P (cm™1) 5954 + 6 3189.4 +2.2
Asymmetry: s 0.078 = 0.001 0.2455 4 0.0004

a These parameters are for the XS/E and not for the XS. For s = 0, the HWHM = 0.83255 V(’]/ﬂA

b When s # 0, these parameters do not provide the true amplitude, centre and HWHM of the XS/E but, instead, they
characterize the asymmetric Gaussian.

with the 4 parameter function defined by Formula (29). The fitted parameters are
given in Table 6.5. Again the fit residual is typically less than 0.5% of the maxi-
mum amplitude. This is significantly less than the experimental uncertainty and
any further improvement of the fit may be meaningless.

6. CONCLUSIONS AND PERSPECTIVES

New models, able to describe precisely the shape of the low resolution visible—
UV Absorption Cross Section(s) of diatomic and triatomic molecules, have been
designed. These models involve mostly three parameters, describing the upper
electronic state potential: its vertical energy, slope and curvature. These three pa-
rameters, combined with the equilibrium geometry and the force constant of the
ground state, allow for a precise and quantitative description of the shape of the
Abs. Cross Section. However, the amplitude of the Cross Section, which is mostly
determined by the transition dipole moment between the ground and the upper
electronic state, was only considered as an additional free parameter (independent
of the nuclear distance). These models, which enable us to predict the isotopologue
(i.e. the mass) dependence of the Absorption Cross Section, can be used to deter-
mine isotope ratios after photodissociation [4,9]. An important (and still open)
question is whether these isotope ratios are mass independent (MIF type) or not.
We guess that the answer to this question is specific to each molecule and each
type of photon irradiation. The actinic flux is obviously the most relevant irradia-
tion profile but, in the very important UV range, it depends on the altitude, mostly
because of the ozone layer.
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From a dynamical (and/or spectroscopic) perspective, we may ask ourselves
how to describe and predict the vibronic structures which are superimposed on
many low resolution Abs. Cross Sections. These vibronic structures are deeply
linked to the time evolution of the wavepacket, after the initial excitation, over
typical times of a few hundreds of femtoseconds as discussed by Grebenshchikov
et al. [31]. In 1D, for a diatomic molecule, the time evolution is rather simple when
only one upper electronic state is involved. In contrast, for triatomic molecules the
3D character of the PESs makes the wavepacket dynamics intrinsically complex.
So, for most of the polyatomic molecules, the quantitative interpretation of the
vibronic structures superimposed to the absorption cross section envelope remains
a hard task for two main reasons: first because it requires high accuracy PESs in
a wide range of nuclear coordinates and, second, it is not easy to follow the ND
(N = 3 for triatomic molecules) wavepacket over several hundred femtoseconds,
i.e., the timescale of some vibrational periods.

For these reasons, the experimental determination of the Absorption Cross Sec-
tions of polyatomic molecules will not be supplanted for a long time by theoretical
calculations. This is also true when the Cross Sections of various isotopologues
need to be compared but, then, some significant progress can be predicted, mostly
because, within the Born-Oppenheimer approximation, the same PESs are in-
volved for the various isotopologues. So, differential effects due to various isotope
substitutions in triatomic molecules seem easier to characterize than the differ-
ences between various molecules.
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APPENDIX A. A POLYNOMIAL VERSION OF FORMULA (12')

The Formulae (12) or (12’) can be approximated as product of a Gaussian, og(E),
by a correction function, y.(E) where the subscript “c” stands for “curvature” be-
cause Formula (12) and then y.(E) describes the effect of the curvature of the
upper PES:

o (E)/E = (0g(E)/E)yc(E), (A1)
where

0g(E)/E = A’ exp[-X?]. (A.2)



98 R.Jost

(A.2) is the same as (3”), and, y.(E), limited to second order in r and of fourth order
in X, is:

Ve(E) =1 — rX + 2 X% 4+ 2rX® — 512 X%, (A.3)

In these expressions X is defined as in (4): X = B(E — Vy)/ V..

Note that og(E) only depends on three independent parameters, A, Vo and
V./B, and that y(E) depends on these three parameters, and also on r, which
characterizes the asymmetry of o(E)/E.

More precisely, the asymmetry of o(E)/E is described by the two odd terms
in X, —rX and 42rX> of y.(E), this second term being necessary when a large en-
ergy range of the XS around V) is considered.

Note that the analytic formula of y(E) given by Liang et al. [15] is incorrect
because they have neglected the contribution of their n parameter in their denom-
inator, (V, 4+ n), of the second line of their Formula (7). This denominator gives
a linear contribution —rX in Formula (A.3) which is dominant for small X (for E
close to V). This linear contribution is significant on Figures 6.2, 6.4 and 6.7 of
Ref. [15].

APPENDIX B. A POLYNOMIAL VERSION OF FORMULA (27’)

The Formula (27’) can be approximated, a product of a Gaussian, oy(E), by a cor-
rection function, yq(E) where the subscript “q” stands for “quantum” because
Formula (27') and then y4(E) describes the quantum effect linked to the Airy func-

tion of the final state of the photon absorption:

o (E)/E = (04(E)/E) yq(E), (B.1)

where
0g(E)/E = A exp[-X?]. (B.2)

(B.2) is the same as (3")), and, y4(E), limited to the second order in ¢ and of the
fourth order in X, is:

¥q(E) = 1 — 2tX + 62X + (2/3)tX°> — (7/3)X*. (B.3)

In (B.2) and (B.3), X is defined as above in (4): X = (E — V)/(V./B).

Note that og(E) depends only on three independent parameters, A, V and
Vi, /B, and that y4(E) depends on these three parameters, and also on ¢, which char-
acterizes the asymmetry of o (E)/E due to the quantum effect describe in Section 3.
More precisely, the asymmetry of o (E)/E is described by the two odd terms in X,
—2tX and +(2/3)tX? of y4(E), this second term being necessary if a large energy
range of the XS around V) is considered.

A comparison of (A.3) and (B.3) shows that these two formulae are similar
but not equivalent: if we set ¥ = 2t in order to equalize the linear term in X of
these formulae, then the terms of higher orders are not proportional. Numerically,
the contributions of the two effects are difficult to discriminate. This is why For-
mula (29) is prefered.
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APPENDIX C. THE TEMPERATURE DEPENDENCE OF THE ABSORPTION
CROSS SECTION

The treatments presented in Sections 2 and 3 assume the initial state to be a
1D Gaussian for diatomics and 3D for triatomics. This is correct at 0° K but, at
a given temperature T, contributions from hot band(s) should be considered. In
1D the contribution of hot bands can be calculated using the wavefunction for
v = 1 and the harmonic approximation:

®1(x) = [(4/7)(uo/h)?] *x exp[—(nw/20)xY], (C.1)

where o is the vibrational frequency and . the reduced mass.
Note that, with this notation, the ground state, v = 0, given by (2), should be
written as:

®o(x) = [now/mh]Y* exp|—(nw/2n)x?}. (C.2)

For most rigid diatomic molecules, p, the ratio of populationinv = 1tov = 0,
is quite small, (p < 1) and can be approximated by p = exp[—hw/kT]. Then, the
population of v = 0 is close to (1 — p) and the higher vibrational levels (v > 1) can
be neglected. As a result, Formula (12') should be modified as follows:

o(E)/E =A(1 - p+2pX2) (Vi1 + X)) exp[-(X2/(1 +7X)?)].  (C3)

The new factor, 1 — p 4+ 2pX?, can be interpreted as follows: the factor (1 — p) is the
contribution of the population of v = 0 and the term 2pX? is the contribution from
v = 1. The term 2X? comes from the square of x in Formula (C.1) because the XS
is proportional to the probability distribution along the x axis which is the square
of @1(x). The factor of 2 arises from the square of the ratio of normalization factors
in (C.1) and (C.2).

The hot band contributions in Formula (27') have not been calculated analyti-
cally.

For Clp, we have hw/hc = 554 cm™! and p = 0.063 at 300 K (= 200 cm™1).
For heavy and or weakly bound molecules the contribution of hot bands can be
dominant in the Abs. XS.

For triatomic molecules, the contribution of hot bands cannot be expressed as
a function of energy alone (see (5)) and therefore cannot be expressed in a com-
pact analytic formula like Formula (C.3). However, for rigid triatomic molecules
like CO,, NO,, SO,, O3 and N»O, the contribution of hot bands is weak at room
temperature (and below) because fiw <« kT for all normal mode frequencies. Note
that the width of the contribution to the Abs. XS associated with each excited vi-
brational level (hot bands) is proportional to the slope of the upper PES along the
normal mode of the ground electronic corresponding to each excited (thermally
populated) vibrational level. This fact explains why numerical models (e.g. using
ground state normal coordinates) are able to calculate the Abs. XS. These calcula-
tions are of Frank—-Condon type.
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Abstract Obtaining the absorption and/or photodissociation cross section is a three-
fold challenge: computing the electronic potential energy surfaces, in-
terpolating the potentials, and finding the cross section either by time-
dependent or time-independent methods. We review electronic structure
methods used for computing accurate potential energy surfaces for the
electronic ground and accessible excited state as well as coupling between
them (electronic transition dipole moments and diabatic coupling). Meth-
ods used for interpolation are discussed. The time-independent meth-
ods are based on the reflection principle and implicitly involve the short
time approximation. In the time-dependent methods the time-dependent
Schrodinger equation is solved exactly and the method considers the ef-
fect of dynamics away from the Franck—Condon region. We illustrate the
presented methods using small molecules (HCl, N;O, OCS and HCHO) and
their isotopic analogues.

1. INTRODUCTION

The general chemistry of the atmosphere depends critically on the concentrations
of gases present at trace levels, with mole fractions of parts per thousand to parts
per billion. These gases are governed by the mass balance equation, which states
that the change in concentration with time equals the difference between the rates
of production and loss, dC/dt = rp — rr. Most atmospheric gases have distri-
butions that are further characterized according to their isotopologues and/or
isotopomers. Isotopologues are molecules that differ according to the number of
isotopic substitutions, for example CHy and CH3D. Isotopomers differ according
to the position of the substitution, for example symmetric and asymmetric ozone,
160180160 and 1°0'°0'80. These molecules are special because of the presence of
relatively rare stable isotopes of which 2y (D), Bc, BN, 170, 180, 333 and 34S are
the most important. The additional information obtained from the construction
of an isotope budget can be used to investigate atmospheric photochemistry and
constrain emission and deposition budgets. In order to do this, both the isotopic
enrichment or depletion of the sources (often a combination of natural and an-
thropogenic) and the isotopic fractionation of the sinks (often chemical reaction or
photolysis) must be quantified [1,2]. In this review the emphasis will lie on using
quantum calculations to explore the differences caused by isotopic substitution in
a given molecule.

Photons are emitted by the sun. When a molecule absorbs a photon it may
dissociate breaking one or more chemical bonds. The rate of a reaction in the at-
mosphere, e.g. ABC + hv — A 4 BC, depends on the absorption cross section of
the molecule ABC, the photolysis quantum yield and the actinic solar flux, shown
in Figure 7.1, all of which are wavelength dependent.

The probability of photodissociation depends on the spectral and intensity dis-
tribution of the light flux, the absorption cross section and the photolysis branch-
ing ratio(s). The key molecular property is the transition dipole that governs the
intensity or oscillator strength of the transition. Due to violation of space and spin
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symmetry, certain electronic transitions are forbidden. Upon excitation from the
ground state to an excited electronic state the dissociation is governed by the
topology of the potential energy surfaces. If the excited state potential is repul-
sive along the reaction coordinate the molecule will undergo direct dissociation
leading to a bell-shaped Gaussian type absorption cross section, whereas if the ex-
cited state potential has a barrier it will lead to peaks in the spectrum depending
on the lifetime of the resonant states. However, most photodissociation reactions
involve avoided crossings between the potential energy surfaces of the electronic
excited states. These enable the molecule to be transferred from one excited state
potential energy surface to another. The exit channel for the new electronic state
may differ from that of the old [3]. In order to gain insight into the dynamics
of the photodissociation a microscopic description is needed. This requires com-
puting the potential energy surfaces of the electronic ground and the accessible
excited electronic states, and their couplings. The evolution of the dynamics of the
photodissociation can be followed once the time-dependent Schrodinger equation
(TDSE) has been solved. Often there are several product reaction channels either
on the same potential energy surface, or accessible through coupling (vibronic,
spin orbit) to other potential energy surfaces, making it interesting to compute
state-to-state cross sections and branching ratios.

2. ELECTRONIC STRUCTURE CALCULATIONS

In general, a molecule with N atoms has 3N — 6 internal degrees of freedom de-
noted by R = (rq,12,...,73n—6). However, if the molecule is linear it has 3N — 5
internal degrees of freedom. The potential energy surfaces are functions of the in-
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ternal degrees of freedom. The key to understanding photodissociation dynamics
is obtaining accurate electronic potential energy surfaces as well as the electronic
coupling elements between them. Quantitative insight about the photodissocia-
tion dynamics can be obtained by considering the topology of the potential energy
surface. If the electronic excited state potential is repulsive along the reaction co-
ordinate the molecule will undergo direct dissociation, whereas for a barrier the
molecule will dissociate indirectly. Avoided crossings between the potential en-
ergy surfaces of the electronic excited states along the reaction coordinate will
enable the molecule to transfer from one excited state potential energy surface
to another.

2.1 Computing adiabatic potential energy surfaces

Computing accurate potential energy surfaces is a challenging task. In order to de-
scribe photolysis the electronic Schrédinger equation must be solved for a large set
of geometries for the ground and excited electronic states. The accuracy depends
on the selection of an approximate method for solving the electronic Schrédinger
equation, and on the choice of basis set. In the following the fact that acquiring the
excited state potential surfaces is essential will be reflected in the choice of which
methods to present.

In order to properly describe the electronic ground and excited states a highly
correlated level of theory and many electronic configurations are typically re-
quired. We note that multi-configurational techniques are needed to describe
bond breakings. The multi-configurational self consistent field (MCSCF) approach
yields a flexible wave function based on a linear combination of configuration
state functions (CSFs), which are spin-adapted eigenfunctions [4]. The usual dif-
ficulty with MCSCF calculations is selecting the configuration space. A success-
ful approach for this is the complete active space self consistent field (CASSCEF)
method [5,6]. The orbitals are then classified as inactive, active or virtual. The in-
active ones are always doubly occupied and the virtual ones are unoccupied. The
remaining ones are the active ones and within these the active electrons are dis-
tributed in all possible ways, yielding the complete active space (CAS). Usually
the core orbitals are chosen as the inactive orbital space. In many cases it is not
possible to include all valence orbitals in the active space. Therefore, and in partic-
ular for systems containing more than two atoms, part of the valence space must
also be included in the inactive space. CASSCF calculations may be improved by
second order Meller-Plesset perturbation theory (CASPT2) [7,8].

The CASSCF wavefunctions are often used to find the reference space for
multi-reference configuration interaction (MRCI) [9] calculations. In the MRCI ap-
proach a suitable reference space can be obtained from MCSCF calculations by
employing state-averaged CASSCF wave functions, which have the advantage of
being orthonormal. Usually only single and double excitations from each reference
configuration are included. The Davidson correction (MRCI + Q) may be used to
approximate the contributions of higher excitations and for size-extensive ener-
gies. The choice of method depends on the size of the system. For systems with
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four atoms or less, highly correlated methods such as MRCI + Q have been used
in many cases, for example O3z [10-12] and CIO [13,14].

If several electronically excited states are relevant for describing the photodis-
sociation then one or more of the Rydberg orbitals of the molecule must be in-
cluded in the (CAS) [13]. As the number of orbitals and electrons increases in the
CAS, the computational time increases dramatically. In order to obtain accurate
potential energy surfaces for the excited electronic states, one must include diffuse
functions in the basis set [4]. For heavier atoms, a relativistic effective core poten-
tial (ECP) can be used to treat the scalar relativistic effects. The ECP basis sets have
been developed by several research groups [15,16] and have been implemented in
most of the standard electronic structure programs.

2.2 Diabatization

Avoided crossings are often found between adiabatic electronic potential energy
surfaces, indicating the breakdown of the Born-Oppenheimer approximation,
which assumes that the motion of the electrons is much faster than the nuclear
motion and that therefore the nuclear and electronic degrees of freedom are de-
coupled. On the contrary the two involved potential energy surfaces are coupled
around an avoided crossing. The non-adiabatic coupling between two electronic
states can be described by including the first and the second derivative couplings
that are neglected in the Born—-Oppenheimer approximation [17-21],

a

<E§(‘(r,' R) IR E;‘(r; R)> and (1a)
32

(2160 | Z30m0), (1b)

where E%(r; R) are the adiabatic electronic wave functions calculated at fixed co-
ordinate R.

The sudden changes in the adiabatic wavefunctions near avoided crossings
make it more convenient to use diabatic potential energy surfaces when simu-
lating photodissociation dynamics. The adiabatic potentials, usually constructed
from electronic structure calculation data, should therefore be transformed to di-
abatic potentials. The adiabatic-diabatic transformation yields diabatic states for
which the derivative couplings above approximately vanish. The diabatic poten-
tial energy surfaces are obtained from the adiabatic ones by a unitary orthogonal
transformation [22,23]

EinR)\ (cos(e(R)) - sin(e(R))) (E‘i(r; R)) o
E]d(r; R) sin(9(R))  cos(f(R)) E{R) )’
where £ are the new diabatic electronic wave functions and 6(R) is a coordinate-
dependent mixing angle. In the diabatic representation the kinetic energy matrix
operator is approximately diagonal as opposed to the adiabatic representation.
Instead the potential energy matrix operator is non-diagonal in the diabatic rep-

resentation. The diagonal elements describe the diabatic potential energy surfaces
whereas the off-diagonal elements describe the coupling between them.

d
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2.3 Electronic transition dipole moment

Photodissociation involves electronic transitions initiated by the absorption of
light. The key molecular property that mediates the interaction with light is the
transition dipole moment. The electronic transition dipole moment between the
jth and kth electronic state is defined by the integral over the electronic degrees
of freedom for the operator where the dipole moment is sandwiched between the
two electronic wave functions given by

® = [ 2R L el n) ) 2308 . ®

The electronic transition dipole moment depends on the nuclear coordinates. Cer-
tain transitions are forbidden by symmetry, for example A < ¥ in CO; and N;O.
Vibrational bending motion, however, breaks the symmetry and the transition be-
comes allowed [24,25].

2.4 Complete basis set extrapolation

The goal is to obtain the potential energy surfaces, electronic transition moment(s)
and intersystem coupling(s) at the complete basis set (CBS) limit for a given level
of theory. As the number of basis functions increases the computational time in-
creases tremendously. To overcome this difficulty, methods have been developed
to extrapolate the calculated energies to the CBS limit [26-33], based on the corre-
lation consistent basis sets denoted cc-pVnZ by Dunning and co-workers [34-37].
The symbol 7 is the cardinal number labeling the basis set, e.g. n = 2,3,4 for the
aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets respectively. In ab initio
calculations the correlation energy converges much slower than the Hartree-Fock
(HF) energy, and Halkier ef al. [32] suggest a particularly simple form to extrapo-
late the dynamical correlation energy

A
Bt = En + 2, @
where ECgS is the estimated dynamical correlation energy at the CBS limit and A
is a linear parameter. By performing calculations for two cardinal numbers, 11 and
112, A can be eliminated and E¢zg can then be obtained from (4) as

[Ecorr (7’11 )n3 _ Ecorr (1’12)113
1 2
S (111, 1m3) = p . (5)
1 2

In single reference problems, where HF is a good first approximation, only the
dynamic correlation energy is retrieved in subsequent correlation treatments. In
multi-reference situations the static (or nondynamic) correlation energy, which re-
lates to near-degeneracy, should also be considered. The reference space must then
be carefully considered and the orbitals and the configurations should be opti-
mized simultaneously [4], as in, e.g., a CASSCF calculation. If the active space in
the CASSCEF calculations is adequate, the static correlation energy is included [38].
The dynamical correlation energy can then be considered to be the difference be-
tween the CASSCF energy and, e.g., the CASPT2 or MRCI energy.
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2.5 Interpolation/fitting

Solving the time-dependent nuclear Schrédinger equation using a wave packet
approach implies a grid representation. It is necessary to be able to estimate the
potential energies at any given grid point. If m ab initio points are needed to obtain
a proper description of the potential energy functions for each degree of freedom,
we will need (3N — 6)™ ab initio points to establish a global fit of the potential
energy surfaces. Not only the potential energy surfaces but also the electronic
transition dipole moment and the electronic diabatic coupling elements must be
fitted /interpolated.

Murrel and co-workers [39] have developed a functional form in which the
global analytic potential energy surface is written as a sum of N-body terms

Vap.N(R) = Z Vﬁ) + Z V(Az])g(RAB) +-- 4 VX\QMN(R), (6)
A AB

where the one-body term Vg) describes the energy of atoms A, the two-body

term VXQ(RAB) is the potential energy curve of the diatom AB, and so on.
Other functional methods such as the London-Eyring-Polanyi-Sato (LEPS) [40-
42], diatomic-in-molecule (DIM) [43-45], bond-energy-bond-order (BEBO) [46,47],
rotated-Morse-curve-spline (RMCS) [48-50], and large angle generalization of ro-
tating bond order (LAGROBO) [51] have been used for triatomic systems and also
for several larger systems. The disadvantage of the functional forms is that they re-
quire good insight concerning the nature of the interactions of molecular/atomic
fragments in the molecule. Furthermore there are few adjustable parameters to
tune the potential energy surface, which may lead to poor accuracy.

Spline functions have been used successfully to fit potential energy surfaces
in one and two dimensions [52,53]. However for higher dimensional surfaces un-
physical oscillations [53] can easily occur, and densely distributed ab initio points
may be required [53,54].

The reproducing kernel Hilbert space [55-57], modified Shepard interpolation
[58-63], interpolation moving least squares (IMLS) [64-67], distributed approx-
imating functional [68,69], generalized discrete variable representation [70] and
neural network algorithms [71,72] are well known interpolation methods. The
advantage of these methods is that tedious fitting of the functional form is not
needed. IMLS is based on a polynomial expansion. The Shepard interpolation is
a zero-degree polynomial IMLS method. In the Shepard interpolation the poten-
tial energy and the corresponding gradient and Hessian matrix are needed at the
geometry points, whereas in IMLS only the potential energy is needed. Obtaining
the gradient and the Hessian requires additional electronic structure calculation
but reduces the number of data points required. In the Shepard interpolation
method there are different approaches for selecting the geometries for the elec-
tronic structure calculations.

Shepard interpolation has been applied to several systems. Wu et al. have used
it to construct the ground potential energy surface for the reaction CHy + H —
CH3 + H; [63]. Neural networks can be described as general, non-linear fitting
functions that do not require any assumptions about the functional form of the
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underlying problem. The evaluation of the potential energy at the grid points is
cheap when employing a neural network. Lorenz et al. have used a 2 x 2 potential
energy surface generated by a neural network to represent a potassium covered
Pd(100) surface [71].

3. CONSTRUCTION OF THE TIME-INDEPENDENT HAMILTONIAN
OPERATOR

The Hamiltonian operator consists of the potential energy operator and the ki-
netic energy operator. These operators have to be expressed in the coordinate
system to be used. The potential energy operator is not a problem in single sur-
face calculations. All that is required is to convert between whatever coordinates
the potential energy routine was written in and the coordinates to be used in the
dynamics, although obtaining an accurate potential energy surface itself may be
a major obstacle. The kinetic energy operator on the other hand requires that the
Laplace operator be expressed in the relevant coordinate system, which should be
done such that the operator is Hermitian. It is also important in numerical calcu-
lations to choose proper basis sets so that the Hermitian property is numerically
retained [73]. Podolsky has described a well known procedure for deriving the
kinetic energy operator [74].

For a diatomic molecule (AB) there is only one degree of freedom namely the
bond length between the two atoms denoted r. The Hamiltonian without rota-
tional contributions is given by

2 2

0
— 4+ V(r), 7
3o VO @

H(r) = —

where uap is the reduced mass of the diatomic molecule. Rotation can be included
by adding the centrifugal potential.

For a non-linear triatomic molecule (ABC) there are three degrees of freedom.
The representation of the three degrees of freedom depends on how many reaction
channels are open/relevant. A review of the choice of coordinates and the corre-
sponding Hamiltonian is given in Ref. [75]. It is common to use either the Jacobi
or the hyper-spherical coordinate representation.

If only one reaction channel is relevant, e.g. ABC + hv — AB + C, Jacobi coor-
dinates are suitable since one bond (AB) dominates and is not broken. The Jacobi
coordinates are the set (R, 7, 0), where r is the diatomic internuclear distance (A-B)
and R is the distance between the atom (C) and the centre of the mass of the di-
atom (AB). 0 is the Jacobi angle between R and r. Following Balint-Kurti et al. the
non-rotating Hamiltonian in Jacobi coordinates is given by

2 92 n? 92
21aBc OR2  2uap 972

1 1 1 9 d
+ ( + ) — —sinf— + V(R,7,0), (8)
2uaB-cR2  2uapr? ) sinf 96 00

HR,7,0) = —
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where uap-c = % is the reduced mass of the of the C-AB system and uap
is the reduced mass of the diatomic fragment AB [76].

The hyperspherical coordinate Hamiltonian is suitable for photodissociation
with two or more arrangement channels e.g. ABC + hv — AB + C or A + BC.
The three degrees of freedom are represented by (p,6,¢). Employing Johnson's
modified hyperspherical coordinates the transformation from hyperspherical to

Jacobi coordinates is given by [77,78]:

11
R=——py/1—sinbcos¢, 9
Ty 9
1
r = ——=d1p+/1+sinf cos ¢ 10
7 V (10)
in 6
and oS Ojacobi = sinfcos¢ , (11)
V1 —sin?6 cos2 ¢
where
mc 1 mamgmc 1/2
di = 1-— and puapc=|—7"-—— .
HABC ma + mp + mc ma + mp + mc
The non-rotating Hamiltonian in these coordinates becomes [78]:
X (19 50 4( 1 9 3 1 92
H(p,0,¢) = — ——p—+=——sin20— + —— —
(p/6,9) = =5 <p5 o’ 9y T 2 (sin29 20 " 50 T nZe a¢>2>>
+ V(p,0,9). (12)

Approximations are usually used for systems that comprise four or more
atoms. Derivation of the Hamiltonian operator is facilitated by symbolic algebra
packages like Mathematica and Maple. Recently Evenhuis et al., employing Math-
ematica, derived an exact kinetic operator for AB3z molecules in curvilinear coor-
dinates together with a series of simpler, progressively more approximate kinetic
energy operators [79]. The coordinates used were chosen to work well in multi-
configuration time-dependent Hartree (MCTDH) calculations [80] and therefore
to give as small correlation as possible between the coordinates.

4. TIME-INDEPENDENT METHODS

In this section we review three simple approximate time-independent meth-
ods which are specifically designed for calculating absorption spectra. Time-
independent quantum scattering calculations, which can give exact results, will
not be discussed. Such methods have been reviewed for instance by Nyman and
Yu 2000 [81] and Althorpe and Clary 2004 [82]. In Section 6 we instead describe
the time-dependent wavepacket approach, which can also give exact results. In
the present section we review (i) a zero point energy model, (ii) the simple reflec-
tion principle model and (iii) the reflection principle model [3]. The accuracy of
these models, which should only be applied to direct or near-direct reactions, will
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FIGURE7.2 (A) Prediction of HCl spectrum using the simple reflection principle.
(B) Experimental HCl spectrum. (C) Ground state wavepacket.

be illustrated in Section 6.1 by comparison with experimental spectra and exact
calculations for the absorption spectra of HCl and DCL

The zero point energy (ZPE) model assumes that the experimental spectrum
of the isotopologue with the largest natural abundance is known. The zero point
energies for the isotopologues/isotopomers of interest are then determined. The
change in ZPE for a given isotopologue is used to shift the UV absorption spec-
tra by the corresponding amount. Thus the intensities and widths of the spectra
of all isotopically substituted species are the same in this simple model, which
was introduced by Yung and Miller [83] for nitrous oxide photodissociation in
the stratosphere. The model is not reliable in general as exemplified in Sec-
tion 6.1.

In the simple reflection principle model the vibrational wave function is deter-
mined for the lower (ground) electronic state. It is then reflected using the upper
electronic potential onto the energy axis as sketched in Figure 7.2. The width of the
spectrum is related to the width of the vibrational wave function in the ground
state and to the slope of the dissociative potential energy curve. The differences
between the model spectrum and the experimental spectrum in Figure 7.2 will be
discussed in Section 6.1.

It is usually assumed that the interaction between the electromagnetic field
and the absorbing matter only involves two electronic states and that the in-
teraction is weak and of long duration. This simplifies the expressions for the
absorption spectrum o(w) from an initial state (i,v) which may be approxi-
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mated as,
Tw 2
o) = = > 8(pv,iv — )| (Y (R)| i (R)| Yo (R))] . (13)

Here o is the angular frequency of the incoming light, c is the velocity of
light and &g is the vacuum permittivity. f,7,1" and v are quantum numbers
for the final (f,v’) and initial (7, v) electronic (f,i) and vibrational (v/, v) states.
The electronic transition dipole moment i (R) is defined in equation (3). ¥(R)
is a vibrational wave function. Solving (13) requires knowledge of the vibra-
tional states of the upper electronic state. These can be difficult to obtain,
which motivates the reflection principle approximation, which is explained
next.

In the reflection principle, the kinetic energy is approximated by (1/2)Ezpg,
where Ezpg is the harmonic ZPE of the ground electronic state. The absorption
cross section in (13) can then be further simplified,

() = S {a(R 8 (Ero /1 + 0 (1/DE s /b — V(R W)y (R
(14a)

/ AR [0 (R) 2|1 (R) 28 (Eso /B + @ — (VY(R) + (1/2)Ezpe) /).
(14b)

Here E;;, is the energy of the initial state and R is the nuclear geometry. The
division by 3 in (14) comes from orientational averaging. In this form, calculation
of the absorption cross section requires the initial vibrational wave function, the
transition dipole moment surface and the excited state potential. The reflection
principle can be employed for direct or near direct photodissociation. It is again
an approximation where the ground state wave function is reflected off the upper
potential curve or surface. Prakash et al. and Blake et al. [84-86] have used this
theory to calculate isotope effects in N,O photolysis.

3ch8

5. TIME-DEPENDENT METHODS

5.1 Methodology

A general description of the time-dependent wave packet approach is presented
for N’ variables (degrees of freedom) represented by the vector R = {ry,12,...,rn'}.
The time-dependent wave packet method is based on the solution of the TDSE
describing the coupling between M electronic states

W(R, 1)
at

The TDSE is solved by propagating the wave function forward in time. This can
be done by several methods to be discussed later in this section.

ih = Hpo(R)¥(R, b). (15)
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The Hamiltonian Hyo (R) is given by

Ax(R) Vxi(R) Vxe(R) - Vxm(R)
Via®)  Hi(R)  Vio(R)

I:Imol(R) = V?(Z(R) VTZ(R) H2(R) . (16)
Vi (®) fu(R)

The diagonal elements I:Ii(R) represent the individual Hamiltonian of the ith elec-
tronic state. The construction of the Hamiltonian was described in the previous
section. The off-diagonal elements V;; (R) describe the diabatic electronic coupling
between the ith and jth electronic states. In cases where the electromagnetic field is
explicitly treated couplings due to the field also appear as off-diagonal elements.
The subscript X represents the electronic ground state, and subscripts {1,2, ..., M}
represent the electronic excited states. The number of electronically excited states
treated in the description of the photodissociation dynamics depends on the sys-
tem.

The TDSE requires an initial condition, i.e. one must specify the wave packet
at t = 0. Based on the assumption that the nuclei do not move during an elec-
tronic transition but only the electrons, the photo-excitation can be described as
a Franck-Condon transition where the wave packet is excited vertically to the
excited electronic state. Here py; is the electronic transition dipole moment of
the transition between the ground state X and the jth electronically excited state,
whereas yx x is a wave function of the electronic ground state, typically the lowest
vibrational state. Assuming a vertical electronic transition the initial wave packet
on the excited state PES is given by

®x(R,t =0) 0
(R, t=0 R R

W(R = 0) = 1( | ) _ rxi( ?XX( ) an
@\ (R, t =0) rxm(R)x x(R)

The evolution of the wave packet is governed by the TDSE. The cross section for
absorption onto the jth electronic surface is given by the Fourier transform of the
autocorrelation function:

o0
0i(v) = % / exp(i(Ex + )t /h)|®;(R, t = 0)| ®;(R, )| dt. (18)
0
The total cross section becomes
o0
o) = 3f”h / exp(i(Ex + hv)t/h)(W(R, t = 0)|W(R, t))| dt. (19)
€0
0

It can be decomposed into contributions from the different electronic states.
The factor 1/3 enters in the expression for the cross section due to orientational
averaging. The energy of the incident photon is hv.
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In order to evaluate partial photodissociation cross sections (vibrational and
rotational product distributions) i.e. ABC + hv — A 4 BC(#n, K) the wave function
can be projected onto the different rovibrational eigenstates of the molecular frag-
ment BC at fixed distance R’ between the two fragments. The chosen R’ should be
on the asymptote of the potential energy surface where the two fragments do not
interact. Balint-Kurti et al. [87] have shown that the partial cross section is given by

vk n 2
ok j(Roo, E) ~ 477”; / exp(iEt/h)(Yuk(r)|®j(R' = Roo, t)) dt | , (20)
0
where
Ky = \/218C (E — £4)) /12 (21)

is the wave number corresponding to the relative kinetic energy E between the
atom (A) and the diatom (BC) for the given internal state of the diatomic. The
rovibrational eigenfunction of the diatomic BC is denoted ,;(r) with the corre-
sponding energy &y;.

5.2 Propagation schemes

Normally the TDSE cannot be solved analytically and must be obtained numeri-
cally. In the numerical approach we need a method to render the wave function. In
time-dependent quantum molecular reaction dynamics, the wave function is often
represented using a discrete variable representation (DVR) [88-91] or Fourier Grid
Hamiltonian (FGH) [92,93] method. A Fast Fourier Transform (FFT) can be used to
evaluate the action of the kinetic energy operator on the wave function. Assuming
the Hamiltonian is time independent, the solution of the TDSE may be written

W(R,t + At) = exp(—iHAt/h) ¥ (R, 1). (22)

The time evolution operator exp(—iHAt/h) acting on W(f) propagates the wave
function forward in time. A number of propagation methods have been developed
and we will briefly describe the following: the split operator method [91,94,95],
the Lanzcos method [96] and the polynomial methods such as Chebychev [93,97],
Newtonian [98], Faber [99] and Hermite [100,101]. A classical comparison between
the three first mentioned methods was done by Leforestier ef al. [102].

The idea behind split operator propagation [91,94,95] is to split the action of the
time evolution operator such that the kinetic energy operator T and the potential
energy operator V are separated into different exponentials, causing a small error
since T and V do not commute. In second order potential referenced split operator
propagation the evolution operator can be approximated as

exp(—iHAt/h) ~ exp(—iTAt/2h) exp(—iVAt/h) exp(—iTAt/2h) + O((At)?).
(23)

This approximation is numerically stable since it is unitary. The method is suitable
for short time dynamics and time-dependent Hamiltonian operators. To reduce
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the error, higher orders of the split operator propagator have been developed. For
very small time steps the split propagator methods become numerically unstable.

For multidimensional systems it is necessary to split the kinetic energy oper-
ator into several parts, in order to decouple the degrees of freedom in the kinetic
energy operator. The split operator propagation has been implemented in e.g.
spherical [91,94] and hyper spherical coordinates [95].

The time evolution operator can be expanded in any classical orthogonal poly-
nomial such as Chebychev [93,97], Newtonian [98], Faber [99], Hermite [100,101]
and others. In general, the evolution operator can be written in polynomial series

M
exp(—iHAt/h) ~ Zaij(—iﬂAt/h), (24)
j=0

where 4; are the expansion coefficients of the terms P; in the polynomial. The
polynomial is determined using recursive algorithms in which the elementary
mapping of the Hamiltonian on the wave function e.g. HW is used.

Each of the polynomial methods has advantages and disadvantages. For Her-
mitian time-independent Hamiltonians the Chebychev algorithm is stable and
reliable. Because the Chebychev polynomials are defined using the unit circle,
the convergence error is uniform and vanishes exponentially. The introduction
of a boundary condition that absorbs the dissociating wave function makes the
Hamiltonian complex and non-Hermitian and can cause trouble for the Cheby-
chev propagation, but usually it goes well if the complex eigenvalues are small.
Large complex eigenvalues can cause severe instability. The Newtonian and Faber
propagation methods were developed to handle complex eigenvalues, which are
especially useful for solving the Liovuille von Neumann equation for dissipative
systems. The Chebychev, Newtonian and Faber methods were developed for the
time-independent Hamiltonian but they can be used for time-dependent Hamilto-
nians if the time step is sufficiently small that the time variation of the Hamiltonian
between steps is negligible.

The Lanczos propagator is, like the polynomial methods, based on an expan-
sion of the time evolution operator. In this case the expansion makes use of the
Lanczos vectors [103], which are generated iteratively from a recursion relation.
The vectors are orthogonal in theory, but in numerical implementations orthogo-
nality is lost after a few tens of iterations. The Lanczos vectors can be reorthogo-
nalized, but this is numerically costly. The Lanczos propagator is therefore used
as a short time propagator, employing rather few iterations whereby the need to
reorthogonalize is avoided [102]. The Chebychev method, on the other hand, is
known to be stable for many iterations and is therefore useful for long-time prop-
agations.

The Hermite propagator can be used for any length of time step. As the Her-
mite propagator separates into a time part and a recursive Hamiltonian the in-
tegrals involving the time parameter can be carried out analytically, implying
essentially infinite time propagation. This feature makes the method suitable for
spectral filter problems [101]. A complex absorbing boundary can be used to pre-
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vent transmission and reflection of the wave function at large distances for disso-
ciative degrees of freedom [104,105].

6. EXAMPLES OF PHOTODISSOCIATION

6.1 Photolysis of HCI|

Isotope effects provide a very sensitive test of theoretical methods. Here we illus-
trate the three models described in Section 4 with results for the UV absorption
spectra of HCl and DCI1 [106]. The transition considered is from the electronic
ground state X ! £+ to an electronic excited state A 'I7. The MRCI calculated po-
tential energy curves are taken from Alexander et al. [107].

We first note the poor agreement between the ZPE model and the experimen-
tal results shown in Figure 7.3. The ZPE model predicts that DCl should absorb at
slightly higher energies (419 cm™') than HCl because of the lower zero point en-
ergy of DCI. In contrast, as can be seen in Figure 7.3, the experimental absorption
peak of HCl is about 1500 cm ! higher than that of DCI.

In the simple reflection principle, illustrated for HCI in Figure 7.2, the shape
of the predicted spectrum is in reasonable agreement with the experimental
spectrum. However the energy of the experimental spectrum is approximately
5000 cm~! higher than predicted by the model. The reasons for this inaccuracy

Absorption cross section/10"®cm®

0.0

T T T ' T T T T T T T T T
56000 58000 60000 62000 64000 66000 68000 70000 72000

Wavenumber/ cm”

FIGURE7.3 (A) ZPE model prediction of the DCl spectrum (i.e. the experimental HCl spectrum
shifted 419 cm™). (B) Experimental HCl spectrum. (C) Experimental DCl spectrum.
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FIGURE7.4 Wavepacket absorption spectra of HCl, using (A) a transition dipole moment curve
(max absorption at approximately 65300 cm™') and (B) a constant transition dipole moment
(max absorption at approximately 63500 cm ™).

are the variation of the transition dipole moment with bond length, and the dy-
namics on the upper potential, which have been neglected. Setting the transition
dipole moment to be independent of the internuclear distance accounts for ap-
proximately 1800 cm~! of the error, as illustrated in Figure 7.4.

Figures 7.5 and 7.6 show the experimental absorption spectra of HCl and DCl,
respectively, together with the spectra calculated using wavepacket propagation
and the reflection principle. It can be seen that the wavepacket method is in good
agreement with the experimental results. For both HCl and DCl the wavepacket
propagation method yields the correct frequency for the absorption peak. The
wavepacket propagation method is exact and the deviation from the experimen-
tal spectrum must be attributed to the use of only two electronic states and/or
inaccurate transition dipole moments and/or potential energy curves and/or not
treating the rotations of the molecule. The experimental results are quite accu-
rate.

The HCI and DCI spectra calculated with the reflection principle model have
too low intensities in comparison to the wavepacket results, which are for the same
conditions. The differences in the results demonstrate that the dynamics of the
system play an important role even for direct photodissociation reactions like HCl
and DCL

The autocorrelation functions of both HCl and DCl are given in Figure 7.7,
and it can be seen that the greater reduced mass of DCI results in the disso-
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FIGURE 7.7 Autocorrelation functions for (A) HCl and (B) DCL.

ciation process being slower than for HCl. This is reflected in the higher peak
intensity and narrower width of the DCI spectrum compared to the HCI spec-
trum.

For most molecules, electronic absorptions shift to higher energy upon deuter-
ation. This is not the case however for hydrochloric acid. Some authors have
explained this in terms of mixing in of a triplet electronic state into the ground
state wave function [108]. However, the triplet state is only mixed in to 0.5% and
it is therefore unlikely that this transition would have the intensity required to
dramatically shift the position of the maximum. An alternative explanation is the
change in the transition dipole as a function of bond length, combined with dy-
namic effects.

We have seen the limitations of the ZPE model and the simple reflection prin-
ciple. The reflection principle is a reasonable approximation for predicting the
absorption spectra of molecules photolysed by direct dissociation. However, be-
cause dynamics are excluded it results in significant errors even for one of the
simplest direct photodissociation processes, HCl + hv. For systems that undergo
indirect as opposed to direct photodissociation the reflection principle should
not be applied, since phenomena such as curve crossing, multiple crossings and
semi-bound potentials may give rise to interferences. These cases may be de-
scribed in the framework of propagating wavepackets and can result in recur-
ring oscillations on the upper potential surface(s) which transform into spikes
in the absorption spectrum, as is seen for instance for ClO;, NO; and N,O
[95,109,110].
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6.2 Photolysis of N,O

Apart from molecular nitrogen, nitrous oxide (N20O) is the most abundant
nitrogen-containing species in the atmosphere. It is a greenhouse gas [111] with
a warming potential per molecule 200-300 times that of CO;. It is therefore of
great interest to monitor and regulate emissions, which turns out to be difficult.
There are uncertainties of about 50% in the source and sink fluxes, the primary
reason being very diffuse sources. In cases like this, isotopic analysis makes a
valuable contribution by constraining the atmospheric budget. Isotopic distribu-
tions [112-115] have been characterized for the main sources, of which about a
third stem from human activity, mainly agricultural fertilizer and biomass burn-
ing. The most important isotopologues are 14N14N16Q (abbreviated 446), 456, 546,
556, 447 and 448. In contrast the sink mechanisms are simple, mainly photolysis in
the stratospheric UV window at around 205 nm (90%):

N2O(1'%) + v — Na(1'2]") + O(* D) (25)

and oxidation by O('D) (10%) [116,117].

Several approaches have been used to calculate the effect of isotopic substitu-
tion on the absorption cross section of N>O. The zero point energy (ZPE) model
[83] as described in Section 4, 2D and 3D wavepacket dynamics [110,118], a semi-
empirical model [85,86] and an extended reflection principle model [84] have been
used to explain the differences in the absorption that stem from isotopic substi-
tution. In the following the emphasis lies on the enhanced understanding of the
isotopic differences in the photodissociation reactions, which arises from employ-
ing wavepacket propagation calculations for the various isotopologues.

In the 2D case the relative photoabsorption cross sections of the isotopologues
446, 447, 448, 456, 546 and 556 were calculated using a Hermite time propagator
[101] and potential energy surfaces (in Jacobi coordinates) from the literature [119].
The initial ground state wave function was found in a “local mode” as a Morse
wave function in the N-O bond multiplied by a harmonic oscillator function in
the bending angle, transformed into Jacobi coordinates.

The main conclusions from this first study in which dynamical effects and the
transition dipole moment surface were taken into account were: (1) a prediction
that the isotopic enrichment would increase with decreasing temperature, (2) the
enrichment would be “mass-independent” as defined by the mass spectroscopy
community and (3) that the heavier isotopologues would exhibit an overall smaller
absorption cross section because of a smaller bending angle. This last point was
counteracted by the observation that one would observe larger populations in the
higher excited bending states of the heavier isotopologues. Here we attend to the
third point first.

We note that N,O is a linear molecule, where an orbital transition to the up-
per state of the UV transition is forbidden, whereas it is vibronically allowed for a
bent system. Furthermore a bending in the ground state will lead to a more favor-
able Franck—Condon factor with the upper state. In Figure 7.8 are shown the cross
sections ojj,, of the ground, first and second levels of the v; bending excitation.
There is a progression towards a relatively higher probability of excitation to the
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FIGURE7.8 The relative cross section as a function of the bending vibrational quantum
number in the ground state.

TABLE 7.1 Band centers of the fundamental vibrational frequencies of N, O, together with the
zero point energy (ZPE), and the difference of the ZPE from the ZPE of the 446 isotopologue
(AZPE). The uncertainties are indicated in parentheses. The unit is cm ™

itk v v3 ZPE AZPE

446 1284.903369(21) [155] 588.76798(1) [156] 2223.756764(16) [157] 2343.10  0.00
447 1264.704263(65) [155] 586.362(1) [158]  2220.073460(38) [157] 2328.75 —14.35
448 1246.884557(35) [155] 584.225(1) [158]  2216.711180(35) [157] 2316.02 —27.08
456 1280.354121(42) [155] 575.4340(3) [156] 2177.656805(25) [157] 2304.44 —38.66
546 1269.891964(70) [155] 585.3121(4) [156] 2201.605289(30) [157] 2321.06 —22.04
556 1265.33383(42) [155]  571.894(1) [158]  2154.72590(20) [157] 2281.92 —61.17

v = 1 and v, = 2 vibrational states as we move to greater mass j the vibrations are
shown in Table 7.1. At the same time the intensity factor fjj ,, which is the square
of the product of the vibrational frequency and the transition dipole surface, is de-
creasing, as shown in Table 7.2. This results in a decrease in the total cross section
for heavier isotopologues. The total cross section is governed by

> Giknginfn exp((—nvpe™ )/ (KT)

Q 7
where gy, is the (pseudo-)degeneracy of the angular momentum of the degenerate
bending mode. Each contribution is scaled with the Boltzman population factor
for the actual bending frequency (listed in Table 7.1), and the sum is divided by
the partition function, Q. Figure 7.9 shows the weighted contribution from each
vibrational state to the total cross section together with experiment.

oije(T) o (26)
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TABLE7.2 The intensity factors fjj , of the isotopomers in the ground, first and second bend-
ing vibrational states are shown. The factor accounts for the product of the isotopomer depen-
dent vibrational wave function with the transition dipole surface

Isotopomer ijk fz‘jk,o f,-jk,l fz‘jk,z
446 0.01357392 0.03464763 0.06346950
447 0.01351649 0.03446404 0.06315070
448 0.01346522 0.03430018 0.06286494
456 0.01330919 0.03372219 0.06178399
546 0.01351304 0.03439177 0.06301048
556 0.01325017 0.03347542 0.06133432
1.6E-19
o Exp. m Sum
£ 1.2E-19
o
c
2
% 8E-20
[
("]
a
8 4E-20
(8]
0 T .
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FIGURE7.9 Contribution from each vibrational state to the total cross section calculated using
the degeneracy factor and Boltzmann weight at 298 K and comparison to experiment. The cross
sections were scaled by a factor of 17 x 10718 em—

The enrichment factor is defined as ¢ = o —1, where « is the ratio of the reaction
rate, or, as in this case, the photolysis rate of the isotopologue to the reference,
e.. €456 = (0456/0446) — 1. Bearing in mind the analysis of the absorption cross
sections it is not surprising that the total enrichment increases as the temperature
drops, as can be viewed when comparing Figure 7.10 (T = 298 K) with Figure 7.11
(T = 220 K). At lower temperatures the population of the higher vibrational states
will diminish, and this will influence the absolute cross sections of the heavier
isotopologues more. Enrichment factors observed in the earth’s stratosphere at
205 nm [120] fit well with the model results at the temperature of 233 K, which is
a representative temperature for the stratosphere.

In 2004 Nanbu and Johnson [110] re-examined the isotope effects in NNO pho-
tolysis using a three dimensional potential energy surface, the added degree of
freedom being NN vibration. This allowed an investigation of the effect of this de-
gree of freedom on the dynamics, and of the v; = 1 vibrational state, both of which
impact the absorption cross section. The NN bond can absorb some of the impulse
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FIGURE711 Wavelength dependent enrichment coefficients for the nitrous oxide
isotopologues in the region of stratospheric photolysis. Temperature is set to 220 K.

released by photoexcitation, changing the width of the absorption, as noted by
Marcus [84]. Ab initio molecular orbital CI calculations were performed using aug-
cc-pVTZ (diffusion-function-augmented, correlation consistent, polarized valence,
triple-¢) basis set. The molecular orbitals used in the CI calculations were deter-
mined using CASSCEF calculations; the natural orbitals found for the excited states
were used in MRCI calculations. The transition dipole moments were ascertained
from the CI calculations.

The wavepacket dynamics were carried out using the Lanczos method with
real wavepackets [121] employing Jacobi coordinates to describe the relative posi-
tions of the three nuclei in the body fixed plane. As mentioned the novel results
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of the 3D calculations included a test of the effect of the NN vibrations. The vi-
brational quanta of the symmetric vibration (resembling NO stretching), bending
and antisymmetric stretching (resembling the NN stretching) are denoted vy, v»
and v3, respectively. The rovibrational quantum number | is denoted |]|, as the
rotational quantum number can take the values |I|, |I| + 1 and so forth, where
[ is the almost good quantum number for the bending and takes on the values
—vp, —vp +2,...,v2 —2,vp. As noted earlier an orbital transition to the upper state
is forbidden, so the initial wave packet was obtained for the (0, 11,0) level where
J = 1. For the v1 and v, vibrations the theoretical and experimental results were
in good accordance, whereas the results for v3 had a larger quantitative deviance.
This was quite to be expected, as the correlation energy in the MRCI was not suf-
ficient to describe the PES well enough in the case of the NN bond. As a matter of
fact anti bonding MOs were not included for NN in the CAS space, something that
could lead to an underestimation of the vz frequencies. One point that was noted
was that the contribution of the (1,0°,0) and the (0,22, 0) levels are predicted to be
larger than the contribution of the (0, 1!,0) level on the low energy side. Of partic-
ular interest is the wavelength region around 205 nm, where field data have been
recorded [120].

Enrichment is said to be mass dependent when it can be directly related to
the difference in mass, as in the cases of evaporation and diffusion. The isotopic
composition of a sample is characterised by the value § = R;/Rgsq — 1, where
R; is the isotope ratio e.g. [13C]/[*2C] in the sample and Rgq—a reference stan-
dard respectively. In a sample of N»O the enrichment will be mass dependent if
the three-isotope factor p = §17/8'8 = 0.51 (cf. Ref. [1]). In atmospheric nitrous
oxide there is an excess of 17O relative to the isotope’s typical environmental con-
centration, and the enrichment here is mass independent [122,123]. Whether the
photolytic fractionation is mass independent or mass dependent is a matter of de-
bate. Kaiser ef al. [124,125], Prakash and Marcus [126] and Nanbu and Johnson
[110] assert that it is mass dependent whereas Johnson et al. [118] and McLinden et
al. [116] find that the photolytic enrichment probably may be non-mass dependent.

6.3 Photolysis of OCS

It is important to understand the sources and loss mechanisms of stratospheric sul-
fate aerosols. These aerosols are linked to the decrease in ozone at mid-latitudes
because they hydrolyse N»Os, reducing the amount of NO, that would other-
wise limit the efficiency of chlorine-catalysed ozone depletion. In addition these
aerosols scatter light, cooling the planet [127]. Their concentration increases dra-
matically following major volcanic eruptions however they are always present at
background levels. The source of these background aerosols is a matter of debate.
In 1976 Paul Crutzen presented the idea that sulfate aerosols result from the pho-
tolysis of carbonyl sulphide [128]:

OCS + hv (% ~ 205 nm) — CO +S. 7)

The remaining source is believed to result from the transport of SO, from the tro-
posphere.
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Leung, Colussi and Hoffmann have used isotopic analysis in an attempt to
constrain the amount of sulfate that could be produced by Crutzen’s mechanism
[129,130]. The first study retrieved the concentration profiles of OC®?S and OC3S
from infrared transmission spectra of the atmosphere recorded by the NASA MkIV
balloon-borne interferometer. They derived an enrichment factor of 73.8 & 8.6%
defined such that photolytically generated sulfur would be enriched in 34S. An
isotopic budget based on this result shows that OCS photolysis cannot be a sig-
nificant source of sulfate aerosol, since the 3*S enrichments of OCS, sulfuric acid
aerosol and SO, are known to be small [131]. A later laboratory study by the same
group came to the conclusion that stratospheric photolysis results in an enrich-
ment of 67 £ 7%o.

The OCS photodissociation has a number of interesting features. The strato-
spheric photolysis window lies to the blue of the absorption maximum, not to the
red as in nitrous oxide. The two systems are similar in that the transition is for-
bidden for the linear molecule and therefore the transition intensity is expected
to grow significantly with bending excitation. The absorption cross section of the
OCS isotopologues was calculated using a method analogous to that used for N,O
[118]. The 2D potential energy surface of Suzuki, Nanbu and co-workers was used
[132,133]. The Jacobi coordinates involved the carbon monoxide fragment and the
sulfur atom. A bending force constant was taken from the literature [134]. The Her-
mite propagator technique was used to calculate the absorption cross section from
a series of isotopologues. Representing '®O'2C32S by 622, UV cross sections of the
first three bending states of 622, 623, 624, 632, 722 and 822 were calculated. As an
example the relative cross sections of the first three bending states are shown in
Figure 7.12. The fractionation factor ¢ = og4/062 — 1 is shown in Figure 7.13.
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FIGURE 712 Relative cross section of the three lowest bending states of the parent
isotopologue of carbonyl sulfide.
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FIGUREZ13 Fractionation factor for OC34S vs. OC32s photolysis, calculated at 298 K.

The simulation predicted modest fractionations for all of the isotopologues, in
contrast to the large values obtained by Leung and co-workers. We recommend
that the experimental results of Colussi et al. be reinvestigated [129] in another
study [129].

The carbonyl sulfide calculations were not as straightforward as the 2D nitrous
oxide work. One issue is that the transition involves three transition dipoles to
various states, whereas in nitrous oxide the absorption is dominated by a single
transition. The calculation for OCS only considered a single transition. In addition
the quality of the potential energy surfaces was not as high, and the 2D approx-
imation not as good, for OCS relative to NNO. An illustration of this is that the
predicted OCS spectrum has a maximum at 214 nm while the experimental spec-
trum has a maximum at 223 nm. In comparison the difference in peak location for
NNO was only 3 nm.

6.4 Photolysis of HCHO

Formaldehyde is formed in the atmospheric degradation of virtually all hydro-
carbons. Its photolysis has an important effect on the atmosphere’s oxidation
capacity since it is a significant source of HOx radicals in the middle and upper
troposphere, and in polluted regions [135]:

HCHO + hv (A < 340 nm) - H + HCO. (28)

In addition the photolysis of formaldehyde produces half of the molecular hydro-
gen found in the atmosphere:

HCHO + hv (A < 360 nm) — Hjy + CO. (29)

About half of formaldehyde reacts through each of these processes under at-
mospheric conditions. The absorption spectrum of formaldehyde shows extensive
vibrational structure as shown in Figure 7.14, which also shows the photolysis
quantum yields into the radical and molecular channels [136].
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FIGURE 714 The cross section and photolysis quantum yields for formaldehyde [136]. The cross

sections where divided by 10717 cm?.

Formaldehyde photolysis thus provides an important link between the at-
mosphere’s carbon and hydrogen cycles. Isotopic analysis has been used to ex-
plore this link in a series of articles from several laboratories [137-140]. The main
precursors of formaldehyde are methane and isoprene and the amount of deu-
terium in atmospheric hydrogen will depend on its concentration in the starting
material and on the fractionation through the intermediate reaction steps, e.g.
methane CHy, methyl CH3, methyl peroxyl CH30,, methoxyl CH3O, formalde-
hyde HCHO and finally hydrogen [138,140-142]. Most of atmospheric formalde-
hyde is formed from the following reaction

CH30 + O, - HCHO + HOx. (30)

A recent study has shown that this reaction enriches deuterium in formaldehyde
relative to methoxy [142]. Moore and co-workers have reviewed the considerable
literature concerning the photodissociation dynamics of formaldehyde [143-145].
In addition the so-called roaming atom pathway has recently been discovered by
Bowman and co-workers. This exciting theoretical and experimental effort has
demonstrated a new photodissociation path in which one hydrogen atom takes
a long trajectory around the HCO radical before abstracting the other H atom
[146-151]. Recently Troe has analysed the photodissociation and thermal disso-
ciation yields of formaldehyde [152-154].

The photodissociation of formaldehyde is associated with significant isotope
effects [137,138]. These are summarized in Table 7.3.

It is seen that DCDO is photolysed the most slowly in natural sunlight, fol-
lowed by HCDO, and the 13C and '80 isotopologues. Symmetry and the roaming
atom pathway are likely to play a role in these isotope effects. Further evidence
for this appears in the channel-specific photolysis rates, which show that HCDO



Isotope Effects in Photodissociation 127

TABLE7.3 Isotope effects in the photodissociation of formaldehyde [137,138,159,160]?
Isotopologue Photolysis rate relative to HCHO
DCDO 0.34+0.03

HCDO 0.633 +0.012

H3CHO 0.894 + 0.006

HCH'®O 0.911 £ 0.011

a In addition the relative photolysis rates in the molecular and radical channels have been measured for the pair
HCHO and HCDO: jHCHO-H,+CO//HCDO~HD+CO = 182 & 0.07, jHCHO-H+HCO/(JHCDO~H+DCO +
JHCDO—D+HCO) = 1.10 £ 0.06 [138].
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FIGURE7.15 From top to bottom, the UV absorption cross sections of DCDO, HCDO and

HCHO.

is quite bad at producing HD as compared to the production of Hy from HCHO.
This difference is not paralleled in the radical channel [138].

The isotope effects do not arise from differences in the absorption cross sec-
tions themselves. In fact the integrated UV absorption cross sections of HCHO,
HCDO and DCDO are indistinguishable (Figure 7.15). The key then to their dif-



128 S. Jorgensen et al.

ferent photolysis behaviour must lie in the photodissociation dynamics. Further
study is clearly needed.

7. PERSPECTIVE

In this presentation we have only considered single photon transitions since
multi-photon transitions are not relevant to the atmosphere, however the time-
dependent framework can easily be extended for this purpose. This requires com-
puting the diabatic transition dipole moment for the multi-photon transitions.
Furthermore, the couplings between the time-dependent external electric field and
the molecular system would change.

The photodissociation dynamics of di- and triatomic molecules are well es-
tablished. The great difficulty lies in obtaining highly accurate potential en-
ergy surfaces and their diabatic couplings. This can be an especially challenging
task if many electronic excited states are available in the Franck—Condon re-
gion.

For 4-atom systems such as formaldehyde the photodissociation dynamics
have yet to be established. A fully quantal description of the photodissociation
is still very expensive computationally. So far 6-dimensional wave packet studies
have been applied only to one electronic surface, for example for scattering of a
molecule or atoms on surfaces or collisions of molecules. Currently, for molecu-
lar systems with more than four atoms, a reduced dimensionality model must be
used. This means that certain degrees of freedom are fixed throughout the dynam-
ical simulation.

Light interaction with molecules drives much of the chemistry of our at-
mosphere. Photodissociation thereby plays an important role. Theoretically this
is a most challenging task as by necessity one must include excited potential en-
ergy surfaces, the calculation of which is demanding. In addition, the dynamics
are prone to nonadiabatic effects and therefore more than one potential energy
surface must be included. This means that a complete study of the photodisso-
ciation dynamics, even of a diatomic, can be nontrivial. Despite this, substantial
progress has been made and we have given some examples here. There are how-
ever a vast number of reactions that have received little attention. We conclude
this paper by mentioning some that we consider to be of high priority to investi-
gate.

The reflection principle approach (see article by Jost in this issue) produces
essentially perfect agreement with experiment but it is not able to provide vibra-
tional structure. Therefore the time-dependent techniques are important for indi-
rect photodissociation, of which there are many examples in atmospheric chem-
istry, including HCHO, SO,, NO,, O,, CO, HCl, H,O and Os. Many studies have
shown how isotopic analysis is able to provide valuable insight concerning at-
mospheric photochemical reactions, and emissions sources and loss mechanisms.
One of the largest uncertainties in projections of future climate is the ability to pre-
dict greenhouse gas concentrations, which depend on accurate knowledge of their
sources, sinks and atmospheric photochemistry.
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Abstract We describe theoretical methods for the calculation of vibrational and

electronic transitions in sulfuric acid, from which absorption cross sections
can be obtained in the infrared through to the vacuum ultraviolet region.
In the absence of experimental cross sections these calculations provide
invaluable input for the assessment of the atmospheric photolysis of sul-
furic acid. The vibrational model is based on a local mode model that in-
cludes the OH-stretching and SOH-bending vibrations, while the electronic
transitions are calculated with coupled cluster response theory. These ap-
proaches are sufficient to describe the dominant vibrational transitions in
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the near infrared and visible regions, the lowest lying electronic transi-
tions in the ultraviolet region and the higher energy electronic transitions in
the region of Lyman-« radiation. We highlight the influence quantum me-
chanical calculations have had in the recent discussion of the atmospheric
photolysis of sulfuric acid, and show that theoretical calculations can pro-
vide absorption cross sections of an accuracy that is useful in atmospheric
science.

1. INTRODUCTION

In the last 150 years the anthropogenic emission of sulfur has increased dra-
matically, primarily due to combustion processes [1]. In the 1950s anthropogenic
emission surpassed natural emission and the atmospheric sulfur cycle is one of
the most perturbed biogeochemical cycles [1,2]. The oceans are the largest nat-
ural source of atmospheric sulfur emissions, where sulfur is emitted in a reduced
form, predominantly as dimethyl sulfide (DMS) and to a much lesser extent car-
bonyl sulfide (OCS) and carbon disulfide (CS;) [3]. Ocean emitted DMS and CS;
are initially oxidised to OCS, which diffuses through the troposphere into the
stratosphere where further oxidation to sulfur dioxide (SO,), sulfur trioxide (SO3)
and finally sulfuric acid (H2SO4) occurs [1-4].

The fate of sulfur in the Earth’s middle atmosphere has been the subject of re-
cent scientific investigation due to its roles in global climate change. While most
tropospheric sulfur is short-lived, and thereby has its greatest impact on local and
regional environments (i.e. acid rain), sulfur in the stratosphere is long-lived and
affects both climate and chemistry [2,3]. In the stratosphere and mesosphere, sul-
furic acid is the dominant form of sulfur. At altitudes above ~35 km sulfuric acid
is present in gaseous form, whereas at lower altitudes it exists in aerosol form as
part of the global stratospheric aerosol layer.

This aerosol layer is enhanced many-fold following volcanic eruptions that en-
ter the stratosphere and are high in sulfur content. Such volcanic aerosol has been
known to scatter enough solar radiation back into space to cool the Earth’s sur-
face for years following certain eruptions. The June 1991 eruption of Mt. Pinatubo
offset global warming for several years [5,6], and the 1815 eruption of Tambora in
Indonesia has been implicated in the devastating “year without a summer” in 1816
in Europe and North America [7]. The sulfate layer has also been shown to modu-
late anthropogenic ozone depletion at mid- and high-latitudes via heterogeneous
chemistry on the surface of sulfate [8,9].

The fate of sulfuric acid in the upper stratosphere and mesosphere is key to
understanding the role of sulfur in the upper atmosphere [10]. In this regard the
photolysis of sulfuric acid (H>SO4) via the reaction

H,S04 + hv — SO3 + H,O, (@)

is an important reaction and the focus of this paper. In the stratosphere, HySO4
is photolysed to sulfur trioxide (SO3), which is subsequently photolysed to sulfur
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dioxide (SO7) [11]. Observation of SO, concentrations in the upper stratosphere,
which increase with altitude [12], could be explained by a photolytic decompo-
sition of stratospheric H,SO4. Modeling studies supported this explanation, pro-
vided sufficiently large absorption cross sections were assumed [13]. The anom-
alously large concentration of small condensation nuclei (CN) measured at the top
of the aerosol layer in polar spring or in midlatitude air of recent polar origin [14,
15] could also be modeled assuming a photolytic breakdown of sulfuric acid in the
stratosphere [13,16]. Thus modeling studies suggested that light initiated H>SO4
photolysis must occur to explain observations [13,16,17] and hence knowledge of
the absorption spectrum of vapor phase sulfuric acid is crucial to assess its role in
the atmosphere.

In early studies, the photolysis of HySO4 was assumed to occur via elec-
tronic excitation in the UV region [12,13,16,18], however experimental attempts
to measure the electronic spectrum of H>SOy4 from 330 nm to 140 nm have been
unsuccessful [10,19]. Supported by ab initio calculations of the lowest lying elec-
tronic transitions [19-21], these experimental results led to the suggestion that
electronic transitions could not be the primary pathway for photolysis of HSO4
in the atmosphere [22]. In addition, modeling studies using the measured upper
limits for the H,SO4 UV absorption cross section could not explain the CN layer
observations [13,23]. The wavelength of the lowest lying electronic transition in
H,S04 was calculated to occur at ~144 nm [21]. This transition led to an estimated
cross section in the spectral region relevant to atmospheric photolysis (photons
with wavelengths shorter than 179 nm are very limited in the stratosphere) that
is even lower than the measured upper limits [21]. Thus UV driven photolysis
is likely negligible in the stratosphere and another mechanism had to be pro-
posed.

Vaida et al. proposed that excitation of a high OH-stretching vibrational over-
tone in HySO4 could provide sufficient energy for photolysis [22]. The energy
required for H,SO4 dissociation via Eq. (1), has been calculated at the MP2 level
to be ~40 kcal/mol [24]. Based on the measured fundamental and first two OH-
stretching overtone transitions [19], anharmonic local mode calculations were
used to predict that sufficient energy for dissociation of H>SOy is available if
the third OH-stretching overtone (v = 0 to v = 4 excitation) or higher is ex-
cited [22]. Thus rather than electronic excitations, high vibrational OH-stretching
overtone transitions could provide the energy necessary for atmospheric pho-
tolysis of HySO4 [22]. The third and fourth OH-stretching overtones are excited
by photons with wavelengths in the visible region, photons that are abundant
throughout the atmosphere.

Vaida et al. calculated the atmospheric J-values (the integrated value of the
cross section, photon flux and quantum yield) for the vibrational overtone initiated
visible photolysis and UV photolysis. The [-values were obtained assuming the lo-
cal mode calculated third and fourth OH-stretching overtone cross sections for the
vibrational transitions and the experimental upper limit for the UV cross section
across the 179-224 nm range, and a unitary quantum yield for both regions [22].
These J-values showed that at altitudes below ~45 km, the OH-stretching over-
tone initiated photolysis was the predominant process, whereas for higher alti-
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tudes the visible and UV photolysis rates were comparable. Atmospheric mod-
eling studies using these J-values confirmed that photolysis of sulfuric acid by
visible light could be responsible for the formation of the springtime CN layer,
and is sufficient to explain the vertical increase of SO, mixing ratio in the up-
per stratosphere [23]. In addition it was shown that enough H»SO4 survives this
weak photolysis mechanism to produce significant sulfate aerosol area in the
mesosphere [25]. Mesospheric sulfate may act as nuclei for polar mesospheric
clouds, themselves possible indicators of global climate change [26]. Recently, the
calculated cross sections of the OH-stretching overtone transitions have been sup-
ported by cavity ring down measurements [27]. Classical trajectory simulations of
the photolysis reaction in Eq. (1) have also shown that this reaction is viable and
occurs on a picosecond timescale [28], significantly faster than the collision rate in
the stratosphere [29].

Theoretical and experimental studies of the hydration reaction of SO3, the re-
verse of Eq. (1), have shown that this reaction occurs significantly faster in the
presence of an additional H,O molecule [24,30,31]. The dissociation barrier of the
hydrated complex H>SO4—H;O is significantly lower than the barrier of the anal-
ogous dissociation of H,SO4 following Eq. (1) [24]. Hence the role of the hydrated
complex was suggested in the atmospheric photolysis of HySO4 [22,32]. However,
recent dynamics simulations have shown that the hydrated complex, H,SO4-H;0O,
dissociates to H,SO4 and H,O monomers upon excitation of a high OH-stretching
overtone [28].

The possibility and importance of OH-stretching overtone induced photolysis
mechanisms have been shown in both field and laboratory measurements for at-
mospheric radical production from, for example, hydrogen peroxide [33], nitric
acid [34,35], peroxynitric acid [36,37] and hydroxymethyl hydroperoxide [38] with
recent reviews providing a fuller discussion of this including additional references
[39,40]. However, there has been no experimental verification of the overtone ini-
tiated dissociation reaction of H,SO4, and we rely on theoretical calculations. The
reaction in Eq. (1) is difficult to observe in the flow cell environment because the
products are the same as the reactants from which the H,SOy is generated [10,19].
It has recently been suggested that the photolysis reaction of HySO4 could be val-
idated by proxy if the photolysis of the more stable fluorosulfonic acid (FSOzH)
was instead followed [41]. Ab initio calculations showed that FSOsH dissociation,
to form HF and SOg, is energetically possible via excitation of the fourth OH-
stretching overtone [41].

In the present paper, we show that it is possible to calculate both vibrational
and electronic transitions of HySO4 with an accuracy that is useful in atmospheric
simulations. We calculate the absorption cross sections from the infrared to the
vacuum UV region. In Section 2 we describe the vibrational local mode model
used to calculate OH-stretching and SOH-bending vibrational transitions as well
as their combinations and overtones [42—44]. This model provides frequencies and
intensities of the dominant vibrational transitions from the infrared to the visible
region. In Section 3 we present vertical excitation energies and oscillator strengths
of the electronic transitions calculated with coupled cluster response theory. These
coupled cluster calculations provide us with an accurate estimate of the lowest
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lying electronic transitions from which we can assess the accuracy of the previ-
ously given upper limits for the UV cross section. We also calculate higher energy
electronic transitions to estimate the cross section in the Lyman-« region around
121.6 nm. The photon flux is very high in the narrow Lyman-« wavelength region
and penetrates down into the mesopause. In Section 4 we illustrate what the effect
the newly calculated cross sections in the Lyman-« region have, by modeling high
altitude atmospheric SO, concentrations.

Our theoretical results in Sections 2 and 3 should provide a useful reference for
absorption cross sections of HySOy4 in the region of interest to atmospheric model-
ing. The presented results show that it is possible to provide theoretical estimates
that are of sufficient accuracy to alleviate the need to employ speculative cross
sections in atmospheric simulations [10,12,13,18].

2. VIBRATIONAL TRANSITIONS

The vibrational spectroscopy of vapor phase H,SO4 has been studied in the in-
frared (IR) [45,46], near infrared (NIR) [19,47,48] and very recently visible re-
gion [27]. The fundamental vibrations were assigned in the early IR spectra,
with additional combination and overtone transitions identified in the more re-
cent IR/NIR spectra, which also provide absolute intensities of the dominant
vibrational transitions. Harmonic frequencies and intensities calculated with the
B3LYP/6-311++G(2d,2p) method were in reasonable agreement with the ob-
served fundamental frequencies and intensities [19]. The measured relative inten-
sities of the OH-stretching fundamental and first two overtones were reproduced
well with a one dimensional (1D) anharmonic oscillator local mode model using
experimental local mode parameters and a B3LYP/6-311++G(2d,2p) calculated
dipole moment function (DMF) [19]. The results for the 1D local mode calcula-
tions were also in reasonable agreement with the more recent measurements of
the third and fourth OH-stretching overtones [27]. High resolution (0.05 cm™!) va-
por phase spectra in the 1200-10000 cm! region, and comparison with HDSOy4
and D,50y spectra, facilitated the identification of additional weak combination
bands [48]. In addition to the ab initio harmonic frequency calculations, a cor-
relation consistent vibrational self-consistent field (VSCF) method was used to
calculate anharmonic frequencies of fundamental, combination and first overtone
transitions [49].

In the present paper we calculate frequencies and intensities of OH-stretching
and SOH-bending vibrational transitions as well as their combinations and
overtones—the dominant vibrational transitions from ~1000 cm™! to ~20000 cm ™.
The vibrational calculation is based on the harmonically coupled anharmonic
oscillator (HCAO) local mode model [42-44] combined with ab initio calculated
dipole moment functions [50]. This local mode method has been successful in the
calculation of OH- and CH-stretching overtone spectra [19,51,52]. The local mode
parameters, frequency and anharmonicity, are obtained either from the observed
experimental transitions or calculated ab initio [53-56].
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2.1 Local mode model and computational details

We express absorption intensities in terms of oscillator strength, f, which for a
transition from the ground state to a vibrational or electronic excited state is given
by [50,57]

fog = 4702 x 1077 [em D2 gl fieg|?, 2)

where eg is the frequency of the transition in wavenumbers and /leg = {e|ir|9)
is the transition dipole moment matrix element in Debye (D). We calculate the
oscillator strength of electronic transitions using the electric dipole and Born-
Oppenheimer approximations. Within these approximations, symmetry and spin
forbidden transitions have zero intensity.

Our local mode model includes the OH-stretching and SOH-bending modes in
the vibrational Hamiltonian [58]. The zeroth order Hamiltonian includes the two
vibrational modes as uncoupled Morse oscillators according to

(H® = Ejygy) /he = vsds — (0F + 0s)@sXs + 0b@p — (0f + 0b) @b, ©)

where E?OO> is the energy of the vibrational ground state, vs and vy, are the vibra-
tional quantum numbers of the OH-stretching and SOH-bending modes, respec-
tively, and @; and @;x; are the local mode frequencies and anharmonicities of the
oscillators. We include a Fermi resonance type (1:2) stretch-bend coupling through
the perturbation

H/he = fr' (ad apap + asaa), 4)

where fr’ is the effective stretch-bend coupling constant. The harmonic oscillator
creation (41) and annihilation (a) operators are used as an approximation within
the HCAO local mode model [50,59]. The indices on a and a* denote operation
on either the stretching (s) or bending (b) coordinate. The fr’ coupling constant
contains both kinetic and potential energy coupling, and is expressed by [58,60,61]

, 1 abe) (—qcsp§b> (acsb) (pcsqcbpcb) (qcsqzb)}
=— + +F , (6
U hc{<aqs AW )\ 22 ) TR s ) @

where
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are the classical turning points and corresponding momenta [62]. Fgpp is the mixed
cubic derivative of the potential. The expressions for the G-matrix elements and
their derivatives are given in Table 8.1.

In addition, based on the approximately 1:3 ratio of the OH-stretch to SOH-
bend frequency [19] we also add a 1:3 stretch-bend resonance perturbation term to



Atmospheric Photolysis of Sulfuric Acid 143

TABLE 81 G-matrix elements, their derivatives and potential energy coupling terms for the
S—O-H group in HySO42

Term CCSD(T)
1 1
Ges = — + — 1.0548 amu !
myg  mo
1 1 1 /1 1 2 .
Gob = — . _< L 2cosd ) 1.1866 amu~1 A2
rSoMs  TopMH Mo \rso Ton SOYOH

sb = —0.0374 amu~! A-1

G
<8be) _ 2cos ¢ B 2 B 2 _2347 amu-1 A-3
s /e morsoTéH mH%H mO%H
<8G5b> _ Z0s¢ 0.0123 amu~"' A~
p /e MOTso
(3Gsb> _ Sné 0.0374 amu~" A~
a2 Je  morso
) )
( 9”Gop ) _ _—2sin¢ —0.0797 amu~! A3
0G,99s / o mO”OH”%o
Fast —0.0816 au A1
Fanbb 0.190 auA~1!

a Calculated at the CCSD(T)/aug-cc-pV(T+d)Z optimized geometry. The angle dependence in Fgpp, and Fgppp is in
radians.

the Hamiltonian:
H?/he = t¥ (a;rubllbllb + ﬂsﬂff ’1; ‘1; ), (8)

where 1’ is the effective 1:3 stretch-bend coupling constant that can be expressed

as:
b L {(azcbb) (—qcsqcbpf;b> ~ (azcsb) (pcspcbng >
he |\ 9qs9qs /o \ 16 T AN

3
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where Fgpp, is the mixed quartic derivative of the potential.
The local mode parameters, @; and @;x;, can be determined from a Birge—
Sponer fit of the observed pure local mode transitions to

‘700 ~ ~ ~
> = (@ — @ix;) — vwix;, (10)
where v, is the wavenumber of the v = 0 to v transition. Alternatively, ®; and @;x;

can be determined directly from ab initio calculated potential energy curves along
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the local mode coordinates. The local mode frequency is given by

v/ GiiFii

2rc

/ (11)

@i =

where Fj; is the second order derivative of the potential energy (force constant).
The anharmonicity has in the past been obtained from [53,63]

3 hGi; (F%
o Viii ) 12
@i 72n2c<Fil- (12)

where Fj;; is the third order derivative of the potential energy. The results obtained
with use of Egs. (11) and (12), are reasonable at lower ab initio levels, provided
some scaling is applied [64]. This approach has been used successfully to predict
OH-stretching and HOH-bending overtone vibrations of the water dimer [53,65].
However, an improved expression for the anharmonicity can be derived if the
fourth (F;;) order derivative of the potential energy is included [54,66]

3 hGi ([ 5F%
O = Car2eE, <3F1-l- F“’)' (13
We have recently found that use of Eq. (13) with force constants derived from
an ab initio calculated potential energy curve at the coupled cluster including
singles, doubles and perturbative triples (CCSD(T)) level of theory with an aug-
cc-pVTZ basis set gives local mode frequencies and anharmonicities that are in
good agreement with experimental observations, thereby alleviating the need for
scaling [54,56].

Values of the Fj;, Fjj;, and Fj, force constants are determined from an ab initio
potential energy curve calculated as a function of displacements of the local mode
coordinate from equilibrium. The potential energy curves extend from —0.2 A to
0.2 A in 0.05 A steps for the stretching coordinate, and from —20° to 20° in 5° steps
for the bending coordinate. These nine point grids are fitted with an eighth order
polynomial to determine the diagonal force constants. The mixed force constants
Fspb and Fgppyp, are found using standard numerical techniques as derivatives of the
potential energy from a two dimensional (2D) 9 x 9 grid (81 points) calculated with
the same displacements as the diagonal grids.

We approximate the dipole moment function by a series expansion in the in-
ternal OH-stretching and SOH-bending displacement coordinates about the cal-
culated equilibrium geometry. The dipole moment function is therefore written
as

i(qs,q0) = Y fLiffsd, (14)
ij
where the coefficients ji;; are given by

R
T i sgiag,
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e
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The summation in Eq. (14) is limited to sixth-order diagonal terms, and fourth
order mixed terms. The diagonal dipole moment derivatives are determined by
fitting sixth order polynomials to 9 point grids of the dipole moment, similar to
the energy grids. The off-diagonal terms are determined by standard numerical
techniques from the 9 x 9 grid [53].

The equilibrium geometry and all grid points were obtained with the CCSD(T)/
aug-cc-pV(T+d)Z method. The aug-cc-pV(T+d)Z basis set includes additional
tight d functions on the sulfur atom. These additional basis functions have been
shown to significantly improve the description of molecules containing second
row elements [67-69]. The CCSD(T) geometry optimizations were performed with
the default convergence criteria in Molpro 2002.6 [70]. The bond lengths and an-
gles of the CCSD(T)/aug-cc-pV(T+d)Z optimized geometry are: Roy = 0.969 A,
Rso = 1.588 A and 5oy = 108.3° [41], in close agreement with the experimental
microwave values: Rog = 0.97(1) A, Rso = 1.574(10) A and fsop = 108.5(15)°
[71,72]. The dipole moments were found using a finite field method with a field
strength of +0.025 au [70].

2.2 Vibrational cross sections

The CCSD(T)/aug-cc-pV(T+d)Z calculated values of the G-matrix and force con-
stant parameters used in Egs. (5) and (9) are given in Table 8.1. From these pa-
rameters the effective stretch-bend coupling constants are calculated to be: fr' =
31.5cm™ ! and # = 1.0 cm™ . The coupling between the two OH-stretching modes
is very small, as expected [73] and evident from the experimentally observed small
splitting (~1 cm™!) of the symmetric and asymmetric fundamental OH-stretching
vibrations [48]. Hence an isolated OH-stretching local mode model is a reasonable
approximation. The experimentally derived and CCSD(T) ab initio calculated local
mode frequencies and anharmonicities of the OH-stretching and SOH-bending
modes are compared in Table 8.2. For the bending mode only the fundamental
and first overtone transitions have been observed. The two bending local modes
are coupled more than the OH-stretching modes, leading to symmetric and asym-
metric vibrations, observed at 1141 and 1157 cm ™! in the IR spectrum [19,45,50].
Harmonic frequency calculations also suggest that the bending modes couple

TABLE8.2 Local mode parameters (in cm™) of sulfuric acid

Expt.2 Calc.P
s 3769.3 3778.5
DsXs 79.75 79.71
Dy 1169.3 1187.6
DbXp 10.1 8.57

a  Determined from Birge-Sponer fit to the Avgyy = 1-3 transitions for the OH-stretching local mode and the Avgopy =
1-2 transitions for the SOH-bending mode.
b Calculated with the CCSD(T)/aug-cc-pV(T+d)Z ab initio method.
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TABLE8.3 Calculated 2D OH-stretching and SOH-bending vibrational frequencies (in cm™') and
oscillator strengths in sulfuric acid

State Calc.? Calcb Expt.©

v f v f v f
10)s]1)p 1149.1 3.8 x107° 11705 3.8 x 107° 1140 1.8 x 107°

1157.1

10)s12)p, 22765 1.7 x 107° 23222 1.7 x107° 2278 6.5 x 1077
[1)5]0)y, 3611.3 3.7x107° 3620.7 3.7 x107° 3609.6 3.4 x107°
1)s]1)p, 47633 9.7 x 1077 47942 95 x 1077 4760.8 4.1 x 1077
12)5]0)y, 7063.7 14 x 107 70792 8.0 x 1077 7060.6 1.2 x 107°
11)s13)p, 70004 85x107? 70865 55x1077 - -
12)s|1)b 82194 17x10°8 8260.3 1.7 x 1078 8163 3.4 x 1078
13)sl0)y,  10356.6 3.9 x 10~8 103852 3.8 x 1078 10350.3 4.4 x 1078
13)s/1)p, 115145 7.1x10710 115665 75x10°10  — -
[4)s10)p, 134915 21x1077  13529.8 21x107? 13490 33 x 107
[4)s11), 146575 54x10~1 147181 53x1071 - -
15)s/0)p, 164685 19x10710 165169 19x10710 16494 2.7 x10710
I5)s/1)p, 176435 52x10712 177149 50x10712 - -
16)sl0)p, 192895 26x10~1 193486 25x1071 - -

a Calculated with the CCSD(T)/aug-cc-pV(T+d)Z dipole moment function and experimental local mode parameters.
b Calculated with the CCSD(T)/aug-cc-pV(T+d)Z dipole moment function and ab initio local mode parameters.

¢ Experimental values taken from Hintze et al. [19,48] and Feierabend et al. [27].

significantly to the SO-stretching modes [19]. In the first SOH-bending overtone
region only one transition is observed. We use the midpoint of the symmetric and
asymmetric fundamental transitions and the first overtone transition in the Birge—
Sponer fit of the Avsog = 1-2 transitions to obtain the local mode parameters
for the SOH-bending mode. The experimental parameters for the OH-stretching
mode are obtained from a Birge-Sponer fit of the Avoy = 1-3 transitions. We find
that the ab initio calculated local mode parameters are in reasonable agreement
with the experimentally derived local mode frequency and anharmonicity.

In Table 8.3 we present frequencies and intensities of the dominant OH-
stretching and SOH-bending transitions up to 20000 cm~!. The calculated results
are obtained using a Hamiltonian that includes the terms in Egs. (3), (4) and (8)
with either the experimental or ab initio calculated local mode parameters and a
CCSD(T)/aug-cc-pV(T+d)Z calculated DMF. As expected the frequencies of tran-
sitions obtained with the ab initio local mode parameters are slightly higher than
those obtained with the experimentally fitted parameters. The intensities of the
two calculations are in general similar. The exception is near resonances such as
between the |2)5|0), and |1)s]|3)}, states. In the calculation with the ab initio local
mode parameters, the coupling causes significant mixing of the two states and the
intensity of the inherently weak |1)s|3)}, state increases dramatically. However, the
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TABLE 84 Calculated 1D OH-stretching vibrational frequencies (in cm™') and oscillator
strengths in sulfuric acid

State Morse? NumericP Expt.©
v f v f v f

Vs 3619 3.74 x 107 3621 3.72 x 107 3609.6 34 x107°
12)s 7079 1.32 x 107° 7086 1.44 x 10~ 7060.6 1.2 x 107°
13)s 10379 3.71 x 10~8 10398 5.19 x 10~8 10350.3 4.4 x 1078
|4) 13520 2.03 x 10~? 13559 3.75 x 107 13490 3.3 x 1077

)

)

15)s 16501 1.87x10710 16571 427 x10710 16494 2.7 %1010
16)s 19323 259 x 1071 19434 5.56 x 10~ 11 -

11

a Calculated with the CCSD(T)/aug-cc-pV(T+d)Z dipole moment function and ab initio local mode parameters from
Table 8.2.
b Calculated with the CCSD(T)/aug-cc-pV(T+d)Z dipole moment function and the numeric potential.

¢ Experimental values taken from Hintze et al. [19,48] and Feierabend et al. [27].

combined intensity of the two transitions is very similar in the two calculations
and is in good agreement with the experimental intensity of the band observed in
this region. The agreement between the calculated and observed transitions is rea-
sonably good, especially considering that no scaling is employed, that the frequen-
cies span 15000 cm~! and that the intensities range about five orders of magnitude.
The OH-stretching frequencies calculated with the ab initio local mode parameters
are within 40 cm ™! of the measured frequencies. Not surprisingly, the discrepancy
in intensities is somewhat larger as they are more difficult to both measure and
calculate. The calculated intensities of the lower overtone OH-stretching transi-
tions are within 20% of the observed values, and for the Av = 4 and 5 transitions
the calculated intensities are within a factor of 2 of the experimental values. The
increased discrepancy with increasing v is not surprising and suggests the need
for a more suitable potential than the Morse potential for higher energy transi-
tions [41,74]. For the bending states and the stretch-bend combination states the
accuracy is less good, with calculated frequencies within 100 cm ™! and calculated
intensities within about a factor of 2 of the experimental values.

In Table 8.4 we compare OH-stretching frequencies and intensities calculated
using a 1D Morse oscillator model (with ab initio local mode parameters) with
those obtained using wavefunctions and energies from a numeric solution of the
1D Schrodinger equation with an ab initio calculated potential [41,74,75]. For the
numeric solution the CCSD(T) potential energy is calculated with the OH bond
displaced from equilibrium in steps of 0.025 A from —0.3 A to +0.6 A for a total
of 37 points. For the fundamental and first overtone transitions the Morse, nu-
meric and experimental frequencies and intensities are all in good agreement. For
Av = 3-5, the Morse and numeric intensities differ significantly, with the numeric
higher and the Morse lower than the experimental intensities, however both sets
of calculations are within a factor of 2 of the experimental intensities. We find that
the oscillator strengths of the Av = 4 and 5 OH-stretching overtone transitions
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calculated with a numerical potential are approximately twice those calculated
with a Morse potential, in agreement with similar investigations on other molec-
ular systems [41,74]. Comparison of the 1D results in Table 8.4 with the 2D results
in Table 8.3, shows that the 1:2 and 1:3 coupling between the OH-stretching and
HOH-bending mode has only a small effect on the dominant OH-stretching transi-
tions. The coupling reduces the OH-stretching frequency by up to 30 cm~! and has
almost no effect on the intensities. The exception is the aforementioned resonance
between the |2)4|0);, and |1)5|3)}, states.

It is possible that some of the discrepancy between the calculated and experi-
mental results presented is due to coupling to other modes [19]. Miller ef al. have
previously used the correlation consistent VSCF method to calculate vibrational
frequencies including all vibrational modes and coupling between these [49].
Their approach provides good agreement for most fundamental vibrations [49].
However, for the OH-stretching vibration the local mode approach seems more
appropriate. The correlation consistent VSCF calculation predicts the asymmetric
and symmetric OH-stretching vibration of HSO4 at 3500 and 3590 cm~! with a
splitting much larger than the observed splitting of less than 1 cm ™! [49]. A small
splitting is expected for two OH-stretching bonds not sharing a common atom [73].
For the stretch-bend combination transitions the agreement with experimental re-
sults is similar between the local mode and correlation consistent VSCF methods.

In Figure 8.1 we present the CCSD(T) calculated and experimental cross sec-
tion in the IR to visible region. Each calculated and observed vibrational transition
has been convoluted with a Gaussian function with a half width at half maxi-
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FIGURE 8.1 Absorption cross sections simulated from calculated (solid) and experimental
(dotted) vibrational transitions from Table 8.3. Each vibrational transition has been convoluted
with a Gaussian HWHM width of 20 cm ™. The calculated transitions are obtained purely

ab initio.
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mum (HWHM) of 20 cm~!. We have used the calculated results obtained with
the ab initio local mode parameters to illustrate the agreement with experimental
results that is possible from a purely calculative approach without any empirical
scaling. Overall the agreement is reasonable with the largest uncertainty in fre-
quency being 100 cm~!. Such a difference is significant in overtone spectroscopy
where accuracy better than 1 cm™! is routinely obtained. However, in atmospheric
modeling, the spectroscopic region is often separated into bins that typically have
widths of ~150 cm~! [23,25]. In addition the solar flux in the visible region is near
constant. Thus an uncertainty in the frequency of the transitions of ~100 cm~! will
have little impact on the atmospheric modeling of OH-stretching photolysis.

3. ELECTRONIC TRANSITIONS

Electronic absorption transitions in H,SO4 have so far not been observed [10,19].
However, experimental efforts have led to the following upper limits on the ab-
sorption cross section up to 140 nm (8.6 eV): 10~2! cm? molecule ™! in the region
330-195 nm; 10~ cm? molecule™ in the region 195-160 nm and 10~'8 cm? mole-
cule™ in the region 160-140 nm. These upper limits are shown schematically
as dotted lines in Figure 8.2. Previously, the lowest lying electronic transitions
in H»SO4 have been calculated with the configuration interaction including sin-
gles (CIS) ab initio method and the lowest energy transition was found to occur
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FIGURE 8.2 Cross sections simulated from electronic transitions. Each CCSD calculated
electronic transition has been convoluted with a Gaussian with a HWHM of 3800 cm™! for the
transitions below 9.5 eV (76600 cm~') and 1200 cm ™! for the higher energy transitions.
Experimental upper limits have been indicated with connected dotted lines. The Lyman-o
energy is indicated by a vertical dashed line.
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at 111 nm (11.2 eV) with the CIS/6-31G(d) method and at 122 nm (10.2 eV) with
the CIS/6-311++G(d,p) method [19,20]. The CIS method is known to give elec-
tronic transition energies that are too high. The TDDFT method with the B3LYP
functional and aug-cc-pVTZ basis set gives the lowest energy transition at 168 nm
(7.4 eV). [21] More accurate, multi reference configuration interaction (MRCI) cal-
culations with the aug-cc-pVTZ basis set found that the lowest energy transition
occurs at 144 nm with an oscillator strength of about 0.03, in support of the exper-
imental upper limits [21].

For reactions at high altitude the cross section in the wavelength region around
Lyman-« radiation (121.6 nm, ~10.2 eV) is important [23]. To our knowledge, no
cross section measurement has been attempted for H,SOj in the vacuum UV re-
gion around 121.6 nm. To determine the cross sections in this wavelength region it
is necessary to calculate transitions to higher lying electronic states. Previously, we
extended the MRCI calculations of Robinson ef al. [21] to include additional transi-
tions at higher energy and used these to determine a cross section in the Lyman-«
region that could be used in atmospheric simulations [23,25]. This extension used
the previous complete active space (CAS) which was formed from valence mole-
cular orbitals and was not well suited to describe the higher energy electronic
transitions in HySOy. The electronic transitions in HySO4 have been shown to have
significant Rydberg character, that is, the electronic excited states are dominated
by excitations to principally atomic orbitals [76].

Given that the electronic structure of H,SOj is well described by a single Slater
determinant and does not have significant multi reference character, an alterna-
tive approach is to use coupled cluster (CC) response functions to calculate the
electronic transitions [76]. We will show in this section that CC calculations can
provide calculated electronic transitions in HySO4 and thus a cross section up to
and including the Lyman-« region.

3.1 Computational details

We have calculated vertical excitation energies and oscillator strengths of H>SOy4
using CC response functions. The vertical excitation energies (E) are given in eV
(1 eV = 8065.544 cm™!). All electronic transitions were calculated at the experi-
mentally determined geometry of HySOy4 [71].

We calculate electronic transitions with the coupled cluster singles (CCS), sec-
ond order approximate coupled cluster singles and doubles (CC2), the coupled
cluster singles and doubles (CCSD) and the third order approximate coupled clus-
ter singles, doubles and triples (CC3) response functions [77,78], using the aug-
cc-pV(D+d)Z and aug-cc-pV(T+d)Z basis sets. To ensure saturation with diffuse
basis functions for some of the highly delocalized Rydberg excited states we have
also constructed a series of molecule-centered primitive basis functions, originat-
ing from the center of mass. These basis functions were generated according to
the procedure by Kaufmann et al. [79]. We have chosen a set of 3s3p3d functions
with the “semi-quantum numbers” 2.0, 2.5 and 3.0. The aug-cc-pV(D+d)Z and
aug-cc-pV(T+d)Z basis sets augmented with this 3s3p3d set are denoted aug-cc-
pV(D+d)Z+3 and aug-cc-pV(T+d)Z+-3, respectively. Basis sets of this type have
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TABLE 8.5 CCS, CC2, CCSD and CC3 calculated vertical excitation energies (in eV) and oscillator
strengths?

State CCS cC2 CCSD CC3

E f E f E f E f
2A 10.51 0.0051 8.18 0.0012 8.66 0.0018 8.49 0.0010
3A 10.92 0.0119 8.72 4x107° 9.21 0.0095 9.09 0.0081
1B 10.11 0.0159 7.74 0.0079 8.24 0.0094 8.08 0.0081
2B 10.22 0.0034 7.90 0.0018 8.35 0.0013 8.20 0.0016

a Calculated with the aug-cc-pV(D+d)Z basis set at the experimental geometry.

been previously shown to be well converged for the n = 3, 4 and 5 Rydberg states
of s, p, d type in furan and pyrrole [80,81]. The twin hierarchy of coupled cluster
response functions in combination with correlation consistent basis sets provides
results that converge and hence provides an estimate of the accuracy, which is es-
sential in the absence of experimental spectra. In all coupled cluster calculations
the oxygen 1s, sulfur 1s, 2s, and 2p orbitals were assumed to be core. All cou-
pled cluster response calculations were performed using a local version of Dalton
2.0 [82].

3.2 Electronic cross sections

In Table 8.5, we compare results for the 4 lowest energy excited states, calculated
with the hierarchy of coupled cluster methods (CCS, CC2, CCSD, and CC3) and
the aug-cc-pV(D+d)Z basis set. We find that vertical excitation energies calculated
with the CCS method (identical to CIS energies) are overestimated by 1-2 eV and
as such can be considered useful for qualitative interpretation only. For the four
lowest energy excited states we find that the energy differences from CC2 to CCSD
are about 0.5 eV and from CCSD to CC3 about 0.15 eV. The CC3 method has been
benchmarked for smaller molecules and with a suitably large basis set it is able to
predict vertical excitation energies to ~0.05 eV accuracy [78,83]. The difference in
oscillator strengths between CC2, CCSD, and CC3 is less than a factor of two for
each transition, except for the 3A state calculated with CC2.

In Table 8.6 we present the results obtained with the CCSD method and the
aug-cc-pV(T+d)Z and aug-cc-pV(T+d)Z+-3 basis sets for the first 12 excited states
(the CC3 method is prohibitively expensive for this many states with this basis
set). The aug-cc-pV(T+d)Z+-3 basis set contains additional very diffuse basis func-
tions necessary for the adequate description of Rydberg states. Comparison of
results obtained with the aug-cc-pV(D+d)Z+3 basis set and those obtained with
the much larger aug-cc-pV(D+-d)+7 basis set showed that HySOj is saturated with
diffuse basis functions with the aug-cc-pV(D+d)Z4-3 basis set [76]. For the 4 low-
est energy excited states shown in Table 8.6, we see that the difference in energy
between the aug-cc-pV(T+d)Z and aug-cc-pV(T+d)Z+3 basis sets with the CCSD
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TABLE 8.6 CCSD calculated vertical excitation energies (in eV) and oscillator strengths?

State aug-cc-pV(T+d)Z aug-cc-pV(T+d)Z+3

E f E f
2A 8.83 0.0016 8.83 0.0017
3A 9.41 0.0074 9.40 0.0061
4A 9.46 0.0069 9.44 0.0077
5A 10.16 0.0744 10.12 0.0445
6A 10.31 0.0195 10.21 0.0476
7A 10.57 0.0051 10.38 0.0003
1B 8.43 0.0103 8.42 0.0104
2B 8.57 0.0019 8.56 0.0019
3B 9.87 0.0230 9.86 0.0214
4B 10.24 0.0648 10.10 0.0048
5B 10.35 0.0712 10.27 0.1241
6B 10.73 0.0042 10.50 0.0039

a  Calculated at the experimental geometry.

method is small. However for some of the higher energy states, e.g. 4B and 6B, the
effect of the extra diffuse basis function is significant. Investigations of the second
moments of electronic charge distribution also show that these two states are sig-
nificantly more diffuse than, for example, the 5B state [76]. A recent comparison of
CCSD vertical excitation energies for HySO4 obtained with the aug-cc-pV(X+d)Z
basis sets found that energies of all the excited states increased about 0.2 eV from
X =D to X =T and about 0.05 eV from X = T to X = Q [76]. This basis set depen-
dence is indicative of significant Rydberg character in all electronic transitions for
H,S04. We estimate that the CCSD/aug-cc-pV(T+d)Z+-3 calculated transition en-
ergies are converged to within ~0.15 eV (~2 nm) and intensities to within a factor
of 2. The lowest energy CCSD/aug-cc-pV(T+d)Z+3 calculated transition occurs
at 8.42 eV (147 nm) with an oscillator strength of 0.01. This result is similar to the
previous MRCI/aug-cc-pVTZ result of 8.61 eV (144 nm) with an oscillator strength
of 0.03 [21].

We estimate the cross section of HySO4 by convoluting each of the CCSD/aug-
cc-pV(T+d)+3 calculated transitions from Table 8.6 with a Gaussian band shape
and illustrate this graphically in Figure 8.2. We use a HWHM of 3800 cm™! for
the lowest energy transitions below 9.5 eV (2A—4A and 1B-2B) and 1200 cm™!
for the higher energy transitions (5A-7A and 3B-6B), respectively. The 3800 cm™!
HWHM width is similar to the width observed in the SO3 electronic spectrum
around 165 nm [11,19] and the 1200 cm~! HWHM is approximately the observed
width of electronic transitions in the spectrum of SO; around 120 nm [84].

As seen in Figure 8.2, our simulated cross section supports the upper limits es-
tablished by previous experimental investigations up to 140 nm [10,19]. It is worth
noting that the cross section in the region up to 55900 cm™! (179 nm) is likely
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significantly less than the 1072' cm? molecule™ upper limit of the cross section
previously used (226-179 nm) to estimate the J-value of UV driven photolysis [22]
and in the atmospheric simulations [23,25].

We simulate a relatively large cross section of 6.3 x 10”17 cm? molecule™
around 83000 cm ™!, which coincides with the window of Lyman-« radiation. The
dominant transitions in the Lyman-o region are 5A/6A and 4B/5B. The varia-
tion in vertical transition energy is small, of the order of 0.1 eV, between the
aug-cc-pV(T+d)Z and aug-cc-pV(T+d)Z+3 calculations (Table 8.6), however the
difference in intensities is more substantial, likely due to changes in state mixing.
Despite this, the total intensity envelope in this region does not change substan-
tially between the aug-cc-pV(T+d)Z and aug-cc-pV(T+d)Z+3 basis sets. If we
simulate the cross section at Lyman-a we find very similar results using either
the aug-cc-pV(T+d)Z and aug-cc-pV(T+d)Z+3 results.

We have estimated the sensitivity of the Lyman-« cross section to the band
width used, by evaluating the cross section using half and double the assigned
HWHM of the higher energy transitions. The low energy transitions have lit-
tle effect on the cross section in the Lyman-o region. If we use a HWHM of
600 cm ™! we estimate the Lyman-« cross section to be 8.6 x 1077 cm? molecule ™
whereas a 2400 cm~! HWHM leads to a 3.9 x 1077 cm? molecule™! cross sec-
tion. Irrespective of which width is used, it is clear that the cross section in
the Lyman-« region is significantly larger than the original speculative estimate
based on the HCI absorption spectrum [10,12,13]. We have also estimated the
sensitivity to the uncertainty of our calculated vertical excitation energies and
oscillator strengths of the electronic transitions. A shift of £0.1 eV in vertical
excitation energy of the electronic transitions in the Lyman-o region lowers the
cross section at Lyman-«o by up to a third. A doubling or halving of the calcu-
lated oscillator strengths produce a cross section at Lyman-« in the range from
~2 x 1071 to ~2 x 10717 ecm? molecule™?, clearly the most sensitive parame-
ter.

4. ATMOSPHERIC SIMULATIONS

If we compare the simulated cross sections in Figures 8.1 and 8.2, we find that at
energies higher than required for photolysis via Eq. (1) (~14000 cm™') the cross
section from vibrational transitions is very small. Similarly, in the region where
there are photons in the stratosphere, up to ~55900 cm ™, the cross section from
electronic transitions is also very low. Both these regions are likely to contribute
to the atmospheric photolysis of HySOy, the region that dominates will depend
on the actual cross sections, the altitude (photon flux) and the dynamics of the
dissociation reactions.

We have investigated the atmospheric implications of our newly calculated ab-
sorption cross sections with the Garcia-Solomon 2D dynamical/chemical model
[85,86], to which we have added sulfur chemistry and aerosol microphysics [87].
The model spans 56 pressure levels from ~2 to ~112 km above sea level, and
36 latitudes from 89.5°S to 89.5°N. Further details of the sulfur chemistry and
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FIGURE 8.3 Calculated and observed SO, mixing ratios for the April-May period between
26°N to 32°N latitude. 2D model calculations incorporate our calculated vibrational transitions
in the visible region and three values for the Lyman-« cross section: no Lyman-o cross section
(solid), the Lyman-a cross section of 6.4 x 10718 cm? molecule ™ (dot dash) and Lyman-a cross

section of 6.3 x 1077 cm? molecule™ (dashed). Observations from Spacelab 3 (circles with
horizontal lines) from 1985 [12].

stratospheric aerosol microphysics employed can be found in the previous paper:
[23] here we simulate the atmospheric SO, mixing ratios.

The previously calculated vibrational transitions for HySO4 are similar to the
ones we calculate here and as expected there is very little change in the simulated



Atmospheric Photolysis of Sulfuric Acid 155

SO, mixing ratios due to this slight change in calculated vibrational cross sec-
tions in the visible region [23]. The change in the calculated electronic transition
around the Lyman-« region is more significant and we discuss its effect on the sim-
ulated SO, mixing ratios. Lyman-« radiation is effective at dissociating H,O, CO5,
CH4, and HCI, among other gases, in the upper part of the middle atmosphere
due to the high intensity of the solar Lyman-« line, its position in an atmospheric
window, and the high energy of the photons. Strong atmospheric absorption at-
tenuates this high-energy radiation at lower altitudes. The Lyman-« region is very
narrow (~10.2 £ 0.02 eV) and the cross section is dependent on the calculated
transition energy and oscillator strength of the electronic transitions as well as the
width and shape of the associated bands.

Due to the lack of measured and calculated HySOj4 cross sections, the early at-
mospheric modeling of HySO4 photodissociation used a cross section taken from
the HClI spectrum, with a cross section of 2.0 x 1018 cm2 molecule ™! in the Lyman-
o region [10,12,13]. More recently a cross section of 6.4 x 10718 cm2 molecule™?,
based on MRCI transitions, was used in the Lyman-« region [23,25]. Here we use
the CCSD/aug-cc-pV(T+d)+3 calculated transitions convoluted with Gaussian
band shapes as described in the previous section and obtain a significantly larger
cross section of 6.3 x 1017 cm? molecule™ in the Lyman-« region. Based on our
uncertainty estimates in the previous section this value of the cross section seems
reasonable.

In Figure 8.3 we show the average calculated SO, mixing ratios for the April-
May period in the region from 26°N to 32°N latitude. Our new calculations for
Lyman-« produce a significant increase in calculated SO, concentration above
60 km. The greatest increase in SO, concentration is calculated near 75 km, where
SO, mixing ratios for our CCSD Lyman-« cross section are more than 30% greater
than those obtained with a cross section of 6.4 x 10718 cm2molecule ™!, used in
the recent simulation [23]. Compared to calculations neglecting Lyman-« absorp-
tion, the SO, concentration increases by about 60% at altitudes above 75 km. If we
increase or decrease the cross section at Lyman-a by 30%, the SO, concentration
changes by less than 7%. As seen previously our calculations are in good agree-
ment with the observations in the upper stratosphere from the same period in
1985 and the same latitude region [12].

5. CONCLUSION

We have calculated the absorption cross sections of sulfuric acid from the infrared
to vacuum ultraviolet region (~1000 to 85000 cm ') including vibrational and elec-
tronic transitions. We have calculated vibrational transitions with a local mode
model that includes OH-stretching and SOH-bending vibrations, described by
Morse oscillators. We find that calculated transitions obtained using a high level
CCSD(T)/aug-cc-pV(T+d)Z potential energy surface and dipole moment function
are in good agreement with experiment. The calculated intensity of the funda-
mental and lower overtone OH-stretching transitions are in good agreement with
experiment. For the higher OH-stretching overtones, the use of a simple Morse
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potential becomes less appropriate, and we find that the intensity of the Av = 4
and 5 OH-stretching overtone transitions calculated with a numerical potential are
approximately twice that of those calculated with a Morse potential.

We have calculated electronic transitions with a range of coupled cluster re-
sponse functions and correlation consistent basis sets. This twin hierarchy pro-
vides results that converge and hence provide a good estimate of the accuracy of
the calculations, which is essential in the absence of experimental spectra. We es-
timate that our vertical excitation energies have an accuracy of 0.15 eV and our
oscillator strengths are reliable within a factor of two. With the CCSD/aug-cc-
pV(T+d)Z+3 method we calculate the lowest energy transition to occur at 8.42 eV
with an oscillator strength of 0.01. This corroborates the earlier proposal that pho-
tolysis of sulfuric acid in the stratosphere is dominated by the vibrational overtone
initiated photolysis in the visible region. Our calculations also included electronic
excited states of sufficiently high energy to describe absorption in the region of
Lyman-« radiation. The CCSD/aug-cc-pV(T+d)Z+3 method gives an estimate of
the cross section at the Lyman-« region of ~6 x 10~ cm? molecule™!. This cross
section is a factor 30 larger than the speculative cross section used in the early
atmospheric sulfur simulations. Not surprisingly the effect on the calculated SO,
mixing ratio is significant at high altitudes where the Lyman-« radiation is appre-
ciable.

We have shown that modern theoretical methods are capable of calculating
cross sections for sulfuric acid purely ab initio. This includes vibrational transitions,
low lying electronic transitions and transitions to high energy Rydberg states. The
results obtained are of an accuracy that is suitable as input parameters for at-
mospheric modeling of the photolysis of sulfuric acid.
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Abstract CCSD(T) theory with aug-cc-pVTZ-PP and aug-cc-pVQZ-PP basis sets

has been applied to hypoiodous acid and iodine nitrate, two potential
reservoirs for atmospheric iodine. The results are employed in bond-
conserving reactions and extrapolated to the complete basis set limit,
to yield AfHpog(HOI) = —59.2 + 3.3 kimol™! and AHpgg(IONOy) =
37.4 + 3.9k mol~!. For iodine nitrate the bond dissociation enthalpies
DH(I0-NOy) = 113.6 + 3.1kJmol™! and DHy(-NO3) = 141.6 +
3.9 kf mol~ ! are derived. DH(I0-NOy) is used in Troe’s unimolecular for-
malism to yield the 298 K low-pressure limiting rate constant for IO + NO;
addition as (5.3-13.3) x 10731 cm® molecule™ s~ for N; bath gas, de-
pending on the approach taken to define the rotational term Frot. This
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range is in good accord with measured values. At Tatm N; and 298 K, the
lifetime for IONO; with respect to thermal dissociation is predicted to be
of the order of 6 h, with an uncertainty of a factor of 3.5.

1. INTRODUCTION

Small quantities of iodine compounds, typically iodoalkanes and/or I [1,2], are
emitted from biomass combustion over land and by marine plankton and algae.
Photolysis of these iodine compounds rapidly yields atomic iodine, which reacts
with ozone:

[+ 03 — 10+ 0. (1)

Because a cycle can be closed by fast processes such as
Cl+ 03 — ClIO + O3, ()
IO+CIO - I+Cl+0y, 3)

even traces of iodine have been proposed to have a significant influence on
stratospheric ozone concentrations [3,4]. The reaction

10 + HO; — HOI + O, 4)

followed by photolysis of HOI back to I + OH has been suggested, together
with (1), to form a significant ozone depletion cycle in the troposphere [5]. The
efficiency of such cycles depends in part on how much active iodine (I and 10) is
temporarily in the form of less reactive reservoirs such as HOI and iodine nitrate,
formed via

I0 +NO; + M — IONO; + M. 5)

The reverse of reaction (5) may be a nighttime source of IO. Iodine nitrate may be
formed by the reaction

NO;3; + 1, — IONO; +1, (6)

which, followed by reaction (1), may also act as an atmospheric source of IO at
night [2]. Oxidation of IO may yield OIO, which has been detected in the marine
boundary layer [6] and is implicated in the formation of aerosol particles by poly-
merization of iodine oxides in the marine boundary layer [7,8], which can act as
cloud condensation nuclei. The broader significance of these studies concerns the
influence of ozone and cloud cover on climate.

The aim of the present work is to derive the enthalpies of formation of HOI
and IONO; via ab initio methods. The latter is used to investigate the kinetics
of reaction (5). The NASA-JPL recommendation [9] for A{H(HOI) is based on
calculations by Hassanzadeh and Irikura [10] and previous work from our lab-
oratory on OH + CF;l kinetics [11]. In the intervening decade there have been
revisions to most of the ancillary thermochemical and kinetic data used in these
calculations, and advances in computational technology and methodology make



Computational Studies of HOIl and IONO; 161

it appropriate to revisit these molecules. In particular, the systematic extrapolation
of coupled-cluster theory to the infinite basis set limit has proven to be of gener-
ally high accuracy [12], and the development of new basis sets by Peterson and
coworkers has permitted sophisticated analysis of iodine-containing compounds
[13,14]. The case of IO + NO; is one of several examples where Golden has noted
difficulties in rationalizing the kinetics of halogen/nitrogen oxide systems with
their thermochemistry [15] and found that an IO-NO; bond strength higher than
values from most previous studies was needed to match RRKM theory with ob-
servation for reaction (5) [16]. A focus of the present study is to derive this bond
strength independently and to explore the association and dissociation kinetics
involving IONO;.

2. METHODOLOGY AND RESULTS

We employed the aug-cc-pVTZ-PP and aug-cc-pVQZ-PP basis sets of Peterson
et al. [14], which incorporate a relativistic pseudopotential (effective core poten-
tial) that largely accounts for scalar relativistic effects in iodine. For O and Cl we
employed the aug-cc-pVTZ and aug-cc-pVQZ basis sets [17]. First, the optimized
geometry, energy and harmonic frequencies for each molecule of interest were ob-
tained with the triple zeta (TZ) basis sets and spin-unrestricted coupled-cluster
theory with single and double excitations and quasiperturbative triples, CCSD(T),
based on spin-restricted wavefunctions. Then the geometries were refined with
the quadruple zeta (QZ) basis sets to obtain the QZ energy. All calculations were
carried out with the Molpro series of programs [18]. The results are shown in Fig-
ure 9.1 and Table 9.1.
The thermochemistry of HOI was initially derived via the isodesmic process

[0~ + HOCl — ClO™ + HOJ, @)

which conserves the number and type of bonds. Experimental 0 K enthalpies of
formation of the halogen monoxide anions were obtained from the enthalpies of
the neutral oxides plus the energies of electron attachment (that is, minus the
electron affinities). At 0 K the ion and electron conventions are equivalent. The
closed-shell anions were chosen because first-order spin-orbit coupling (a vec-
tor relativistic effect) is eliminated, unlike for open-shell radicals with degenerate
ground states, and second-order spin—orbit effects are negligible [19]. Bedjanian
et al. [20] determined AgHog(I0) = 115.6 & 5.0 k] mol~! from the ratio of for-
ward and back rate constants for ClO + IO = I + OCIO, which equals the equi-
librium constant Keq and therefore yields AGagg, which in combination with a
separately estimated ASygg leads to AHp9g. As noted by Peterson et al. [14], a sub-
sequent revision of A¢fHpgg(OClO) to 98.4 + 1.0 kJ mol ™! by Davis and Lee [21]
implies AfH93(I0) = 120.5 + 2.4 K] mol~!. This value is employed here. It is
consistent with the estimate of 119.2 k] mol~! by Kim et al. [22] who combined
their new BrO thermochemistry with the Br + IO = BrO + I equilibrium data
of Bedjanian et al. [23,24]. For comparison, Hassanzadeh and Irikura computed
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FIGURE 9.1 Structures of planar molecules computed with CCSD(T)/aug-cc-pVTZ-PP (upper
numbers) and CCSD(T)/aug-cc-pVQZ-PP (lower numbers) theory. Distances are in 10719 m and
angles are in degrees. From top to bottom, HOI 'A” and IONO, 'A’.

118.8 & 7.6 kfmol ™!, and Peterson et al. computed 125.1 + 2.5 k] mol~* [10,14].
A¢Ha03(I0) = 120.5+2.4 k] mol ! in turn leads to A¢Ho(IO) = 122.6 4 2.4 k] mol ™
[14]. Again for comparison, we note that Lee used similar arguments to reach
AtHp(I0) = 1204+ 2.6 k] mol ! [25], and that our chosen thermochemistry for 1O
lies midway between the recent calculations of Peterson and the re-evaluation of
Lee. Addition of the electron affinity of 2.378 £ 0.006 eV (1 eV = 96.485 k] mol ™)
measured by Gilles et al. [26] gives AfHy(I07) = —106.8 £ 2.6 k] mol~!. Coxon
and Ramsay [27] measured the 0 K bond dissociation enthalpy of ClO to be
265.37 + 0.03 kJ mol~!. With enthalpy data for the atoms and elements, this yields
AfHo(ClO) = 101.05 £ 0.10 k) mol ™! and AHg(ClO) = 100.97 £ 0.10 k] mol .
Using the electron affinity of 2.2775 £ 0.0013 eV measured by Distelrath and
Boesl [28], we arrive at A{Hy(ClIO™) = —118.69 &+ 0.16 k]mol_l. Joens has re-
assessed AfHy(HOCI) as —73.99 + 0.12 k] mol ™!, a value which takes account of
recent revision in the thermochemistry of OH [29].

The CCSD(T) energy changes AE for reaction (7) are shown in Table 9.2. The
energy changes were extrapolated to the complete basis limit using the relation of
Halkier et al. [30]:

Further correction for changes in vibrational zero-point energy (ZPE) yields the
reaction enthalpy at 0 K. Because of anharmonicity, the observed fundamental fre-
quency for the transition v = 0 to v = 1, vy, is less than v, the harmonic frequency
at the bottom of the well. The ZPE is between %hvo and %hve for each mode, and



TABLE 9.1 Vibrational frequencies and ab initio energies
Species TZ energy QZ energy Measured v %Ehvg Calculated TZ ve %Ehve
(au)? (au)P (em™1) (] mol~1) (em™) (K mol~1)
HOI —370.529772 —370.567556 576 1070 3626 31.53 579 1095 3793 32.69
ClO™ —534.830449 —534.872357 658 3.93 647 3.87
HOC1 —535.409072 —535.450074 724 1239 3609 33.32 726 1263 3779 34.49
10~ —369.953785 —369.992599 572 3.42 581 3.47
OH~™ —75.709425 —75.730336 3556 21.26 3723 2226
H,O —76.342326 —76.363588 1595 3657 3756 53.87 1646 3810 3919 56.06
H —0.499821 —0.499948 0 0.00 0 0.00
O —74.978823 —74.995132 0 0.00 0 0.00
I —294.799661 —294.815813 0 0.00 0 0.00
IONO, —574.734656 —574.824148 97)¢ (185)¢ (356)° 580 (711)¢ - 101 192 370 604 739 16.46
(718)¢ 815 1276 1673 746 822 1296 1706
CIONO, —739.612951 —739.705569 124 273 434 563 711 17.25 122 260 443 579 724 1747
780 809 1293 1737 794 814 1312 1767

a CCSD(T)/aug-cc-pVIZ-PP.
b CCSD(T)/aug-cc-pVQZ-PP.

¢ Estimated from harmonic data (see text).

ZONOI PUE [OH 40 sa1pmis jeuoieindwod

€9l
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TABLE 9.2 Reaction energetics

Reaction AET7 AEQz AECBs AEzpg AHy
(K mol™1) (1 mol=1)b (KJmol~1)¢ (kjmol~1)d (kJmol)

10~ + HOCI — CIO~ + HOI (7) 6.9 72 7.5 -1.3 6.1

10~ + H,O — OH™ + HOI (8) 149.4 153.1 155.7 —4.5 151.1

HOI - H+0+1(9) 660.2 673.9 683.8 -32.1 620.5¢

10~ + CIONO; — CIO™ +IONO, (10) 4.3 44 44 -1.4 3.0

a Energy change computed at CCSD(T)/aug-cc-pVTZ-PP level.

b Energy change computed at CCSD(T)/aug-cc-pVQZ-PP level.

¢ Energy change computed with molecular CCSD(T) energies extrapolated to the complete basis set limit.

d  Zero-point vibrational energy change (see text).

e Includes atomic spin—orbit corrections.

we employ the mean of these two quantities, which should be a good estimate [31]
(as discussed below, our results are rather insensitive to the extent of anharmonic-
ity). We find that this estimate of ZPE is equal to 0.981 3 Zhv, for the seven known
molecules in Table 9.1. This relation is used to derive the ZPE for the molecule
IONOa, for which a complete set of vp has not been measured. The vy data shown
in Table 9.2 were taken from the NIST compilation [32].

The computed enthalpy change for reaction (7) is A;Hy = X A¢Hp(products) —
¥ AfHy(reactants), and with all A¢Hy except for HOI established above, A¢Hy(HOI)
is obtained. From Table 9.2, A;Hy is 6.1 kJmol~! and thus A{Hy(HOI) =
—53.8k] mol~!. The enthalpy correction Hagg — Hp was calculated via standard
methods, with the JANAF [33] convention for polyatomic molecules of employing
g for the frequencies. In the case of IONO;, where a complete set of observed vy
is unavailable, we use the relation observed vy = (0.962 x calculated v,), derived
from our TZ results in Table 9.1, to fill in the missing data. Together with Hygg —Hy
for the elements in their reference state [33], the enthalpy of formation at 298 K is
obtained as A¢Hgg = A¢Hg + Hp9g — Ho(HOI) — X Hp9g — Hy(elements).

As a check, the alternative isodesmic reaction

10~ + H,O — OH™ + HOI (8)

was employed, with AfHo(OH™) = —139.2+0.1 K] mol~! derived from A¢Ho(OH)
= 37.1+ 0.1k mol~! from Joens [29] and the electron affinity of 176.3 k] mol~!
from Smith et al. [34]. Reaction (8) yields A¢Ho(HOI) = —55.2 k] mol~!. In prin-
ciple, bond-conserving reactions of neutral IO, such as reaction (4), could also be
analyzed. However there is some ambiguity in the spin—orbit splitting in IO, neces-
sary for computation of reaction enthalpies, where the value of 25.0 + 0.5 k] mol !
measured by Gilles et al. [26] differs somewhat from the 21.2 k] mol~! recently
computed by Peterson et al. [14]. The atomization reaction

HOI > H+ O +1 )

is also used for comparison, although the large changes in the electronic structure
of the atoms eliminate the favorable error cancellation. There is a potential ad-
vantage that the enthalpies of formation of the atoms are very well defined. The
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energies of the O and I atoms were corrected downwards by 0.9 and 30.3 k] mol !,
respectively, based on the measured spin-orbit splitting in these atoms. This at-
omization approach yields A{Ho(HOI) = —50.5 k] mol .

Iodine nitrate was analyzed via the congeneric exchange reaction

I0™ 4+ CIONO; — CIO™ + IONO, (10)

in a similar manner. The NASA-JPL recommendation [9] for A{Hpg(CIONO;) =
22.942.0 k] mol ™! is based on the work of Anderson and Fahey, who analyzed for-
ward and reverse kinetics for C1O+NO; = CIONO; [35]. This is inconsistent with
a prior determination of 26.4+0.8 k] mol ! by Algasmi et al. [36]. It is noted that the
reaction enthalpy from Anderson and Fahey, combined with modern values for
AfHpgg of ClO and NO; [9], yields AfH29g(CIONO;) = 24.3 £ 2.0 k] mol~! which
appears to eliminate the disagreement. This value leads to A¢Hy(CIONO;) =
30.9+2.0 kf mol !, which is employed here. The computed A,Hy of 3.0 k] mol ! for
reaction (10) (see Table 9.2) corresponds to AfHy(IONO;) = 45.8 k] mol~!. The en-
thalpy change Hpgg — Hy is calculated to be 15.6 k] mol~! and, with similar data for
the elements in their standard states [33], leads to AfH9g(IONO») = 37.4 k] mol .
The uncertainty in this result is discussed in Section 3.

The present values of AHp(IO) and AtHp(IONOy), together with AfHp(NOz) =
36.8 + 0.1K]J mol~! from the Active Thermochemical Tables as quoted by Burcat
and Ruscic [37], yield the bond dissociation enthalpy DHp(IO-NO;) = 113.6 £
3.1 kJmol™L. It should be noted that because A¢Hp(IO) is also used as the basis
for the anion and thence A{Hy(IONO,), the bond dissociation enthalpy derived
here is independent of the value chosen for A¢Hp(IO), and there is no contri-
bution from its uncertainty. NO3 has a complex vibronic structure, that arises
in part from Jahn-Teller distortion and coupling between the X2A), and AZE”
states [38]. AfHy9s(NO3) = 74.6 £+ 0.7 k] mol~! from the Active Thermochemi-
cal Tables as quoted by Burcat and Ruscic [37] plus data for atomic I [33] leads
to DHp9g(I-NO3) = 144.0 + 3.9kJ mol~!. The vibronic levels tabulated by Stan-
ton [38] yield Hygg — Ho(NO3) = 11.8 k] mol~!, and thus DHy(I-NOs3) = 141.6 +
3.9 kJmol .

3. DISCUSSION

3.1 Possible uncertainties

Neither the geometry of HOI nor that of IONO; has been determined experi-
mentally. For comparison, the geometry of neutral OIO is also computed. At the
TZ and QZ levels of theory rj0 and aojo equal 1.826 x 10719 m and 111.0°, and
1.815 x 1071 m and 110.5°, respectively. These parameters may be compared to
the estimated equilibrium parameters of 1.800 x 1071 m and 109.8°, from mi-
crowave spectroscopy by Miller and Cohen [39]. For neutral 1O, 1o is computed
as 1.900 x 10710 and 1.890 x 10~ m at the TZ and QZ levels of theory, re-
spectively, which may be compared to the state-resolved equilibrium values of
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1.868 x 10710 m (*T3,7) and 1.885 x 1071 m (*I1; /) measured by Miller and Co-
hen [40]. This level of accord suggests the QZ geometries in Figure 9.1 may be
reliable to around ~0.02 x 1071° m and ~1°. We note that for I-O stretching, such
bond length errors correspond to energy errors of about 0.4 k] mol~! per bond.

The computed harmonic frequencies shown in Table 9.1 are, as expected,
slightly higher than the observed fundamental frequencies. The scale factor of
0.962 given above corresponds to a root mean square deviation from the observed
vo values of 22 cm™!. The observed fundamental frequency of ClO~ is atypi-
cally above the computed harmonic one, however, there is agreement when the
425 cm™! experimental uncertainty [26] is taken into account. The scale factor of
0.981 proposed for ZPE leads to a small root-mean-square deviation in ZPE for the
data set in Table 9.1, of 0.06 k] mol 1.

The important consideration for the present analysis is uncertainty in the
overall energy changes for the bond conserving reactions. The uncertainty from
geometry errors is expected to cancel because of similar bonding in reactants and
products, with residual errors perhaps as large as 0.5 k] mol~!. The greatest contri-
bution of ZPE to the reactions used, (7), (8) and (10), is less than 5 k] mol~!. Thus
the difference between the computed harmonic and observed fundamental con-
tributions of X %hv to AHp is less than 0.2 k] mol~!. Therefore the impact of any
uncertainty in the scaling of ZPE has a negligible impact.

Next the effect of basis set size is considered, i.e., potential uncertainty in
the CBS extrapolation. For reaction (7) there is little difference (0.3 kJ mol~1) be-
tween TZ and QZ reaction energies, while this difference is 3.6 k] mol~! for reac-
tion (8). Because AE is already close to the convergence limit and is extrapolated
by only 0.3 and 2.6 k] mol~!, respectively, the CBS extrapolation introduces lit-
tle uncertainty, less than 0.2 k]J mol~!. For reaction (10) the AE results are already
converged before extrapolation (see Table 9.2).

The level of electron correlation employed influences the computed reaction
energies. For reaction (7), at the HF/aug-cc-pVQZ-PP level of theory, i.e., with
complete neglect of correlation, AE = —1.7 kJmol™", indicating a fair degree
of independence of AE from the level of correlation treatment. In other words,
AEqz(HF) — AEqz(CCSD(T)) = —8.9k] mol . Comparison with CCSD results
yields AEqz(CCSD) — AEqz(CCSD(T)) = —1.8 k] mol ™, indicating that even be-
fore inclusion of the perturbative triples (T) contribution, AE is almost converged
with respect to the level of correlation treatment. For reaction (8), the difference
AEqz(HF) — AEqz(CCSD(T)) is 17.1 K] mol~!. The result from reaction (8), by the
arguments of Hassanzadeh and Irikura [10], is therefore less reliable. CCSD data,
i.e., with neglect of the triple excitation contribution, yield AE only 1.1 k] mol~!
higher, so the result is insensitive to the level of correlation. For reaction (10) the
impact is larger, where neglect of the (T) term reduces AE by 6.6 k] mol~!. The
effect of extrapolation of electron correlation to the full configuration interaction
limit was explored by Peterson et al., who found for CIO~ and IO~ that the disso-
ciation energies were increased by 1.5 and 1.8 kJ mol 1, respectively [14]. Because
these terms appear on opposite sides of the bond conserving reactions they largely
cancel here. An estimated uncertainty of about 1 k] mol~! is allowed for here.
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For the atomization reaction (9) the potential errors are much larger. The
difference between AE at the TZ and QZ levels of theory, the size of the en-
ergy extrapolation, and the sensitivity to the correlation treatment as defined as
the difference between CCSD(T) and HF results, are all much larger than for
the other reactions at 13.7, 9.9 and —319.8 k] mol_l, respectively, and there is
no ZPE or geometry error cancellation. The thermochemistry obtained via reac-
tion (9) is therefore the least reliable contribution towards A¢Hy(HOI). The best
estimate of A¢Ho(HOI) is —54.5 k] mol~!, which comes from averaging the results
obtained via reactions (7) and (8) that differ by only 1.4 k] mol~!. The correspond-
ing AgHos(HOI) is —59.2 kf mol~'. The propagated uncertainty of the ancillary
thermochemistry, combined in quadrature, is 2.6 k] mol~!. An approximate esti-
mate of the total uncertainty arising from the CBS extrapolation, ZPE difference,
geometry errors and incomplete electron correlation is ~2 k] mol~!. Combina-
tion in quadrature with the uncertainty of the ancillary thermochemistry leads
to an overall uncertainty of ~3.3 k] mol . Similar computational uncertainties are
expected for the result obtained via reaction (10), where the propagated error lim-
its in the auxiliary experimental data are 3.3 k] mol~!, with final error limits of
around 3.9 k] mol 1.

3.2 Thermochemistry of HOI

The present result for AfH(HOQOI) is shown in Table 9.3, along with prior values
of the thermochemistry. Early values based on extrapolated empirical trends in
the series HOCI-HOBr-HOI [41,42] are seen to be too positive by 10-20 k] mol 1.

TABLE 9.3 Thermochemistry of HOI

A¢Hp A¢Hyog Method

(k] mol—1) (k] mol~1)

—33.5to —-37.7 Empirical trend?
—42.7 Empirical trendP
—44.7 —48.9 Ab initio©
~55.24+6.9 —59.9 +6.9 Ab initiod
—649+54 —69.6 =54 E, difference®
—60+ 12 Ab initio®

—68.4 —73.1 DFT!
—5454+33 —-592+33 This work
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The result of Glukhovtsev et al. [43], who applied G2 theory to reaction (9), is also
somewhat high, but there is particularly close accord with the results of Hassan-
zadeh and Irikura [10]. Begovi¢ et al. [44] used density functional theory (DFT) to
obtain values that are too negative by 14 k] mol~!. The value of Berry et al. [11],
which is significantly below the present value, was derived from the difference
between the measured forward activation energy E, for

OH + CFsI — CF3 + HOI 11)

of 11.3 kJmol~! and a predicted E, = 0 + 5 k] mol ™! for the reverse process. This
prediction was based on the absence of a barrier to the reverse process in a scan
along the reaction coordinate at the G2(MP2) level of theory. E, in the forward
direction has since been redetermined as 16.6 + 1.2 k] mol~! [45] which, with the
new thermochemistry plus data on CF3, CF31[46] and OH [29] that yield A H29s =
239 +4.4K] mol ™}, implies E; = =73 £4.6 k] mol~! for the back reaction. This is
consistent with the earlier ab initio analysis of reaction (11), and is similar to the
activation energy measured, for example, for the (CH3)3C + HI reaction where
E, = —6.3+0.8 k] mol ™' [47].

3.3 Thermochemistry of IONO;

Table 9.4 summarizes prior data for IONO». Some of these have been reviewed re-
cently by Golden [16], and are briefly discussed here. Complicating factors have in-
cluded uncertainty in the heats of formation of IO and NOg3, where errors in these
quantities will impact any IONO; thermochemistry derived via bond strengths.
For this reason the 0 K bond strengths DHp(IO-NO;) and DHy(I-NOg3), where

TABLE9.4 Thermochemistry of IONO;

A¢Hyp A¢Hyog DHy(I0-NO») DHy(I-NO3) Method
(kJmol ™) (kJmol™)  (kJmol™) (kJmol ™)
134 £13 Semi-empirical
calculation®
70 £ 16 949 102.8 DFTP
105 RRKM fitP
29.5 or 36.1 or 42.4 146.00r 1314  157.3 Ab initio®
9% 116 DFT4
150 RRKM fit®
458 +39 374+39 113.6+3.1 141.6 +3.9 This work
a Ref. [48].
b Ref. [49].
¢ Ref. [53].
d  Ref. [54].
e Ref. [16].
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derived previously, are also tabulated. These are fundamentally related to the ki-
netics of dissociation and recombination as well.

As seen in Table 9.4, the 1993 semiempirical (PM3) calculation of DHp(IO-NO3)
[48], which did not benefit from isodesmic reactions to minimize errors, is in the
middle of the range of bond strengths which have subsequently appeared in the
literature. Allan and Plane [49] applied DFT (B3LYP/6-311 + G(2d,p)) to the two
bond strengths in IONO;, which both led to the same heat of formation at 0 K,
of 70 kK mol~!. This convergence is fortuitous because they used 0 K enthalpies
of formation of IO and NOj3 of 132 and 68.8 k] mol—1, respectively, whereas the
recommendations discussed above correspond to 122.6 and 80.2 k] mol~!, respec-
tively. Allan and Plane carried out an RRKM fit to their measured rate constants
ks for reaction (5) with DHy(IO-NO,) as one of six adjustable parameters [49].
This is discussed in more detail in the next section. An important claim is that
IONO, dissociation can be observed at 473 K. The ratio of their forward and
reverse rate constants yields Keqs = ks/k-5 = 1.8 x 10716 ¢cm3 molecule ™!, so

that AGy;3 = —31.2kJmol™'. With entropies at that temperature of 274.1 [10],
258.4 and 358.0 JK 1 mol~! for IO, NO, and IONO,, respectively, one derives
DHy73(I0-NO,) = 114.2 k] mol ! and hence DHy(I0O-NO,) = 107.9 k] mol~!. This
approach has the advantage of independence from any details of an RRKM analy-
sis, but in this case the k_s information is highly uncertain. It corresponds to a
small deviation from the observed decay of 1O (see Figure 7 of Ref. [49]) with
k_s set to zero, comparable to the scatter in the IO fluorescence signal. If k_5 was
smaller by, say, a factor of two, there would still be a match with the IO decay
shown, and the corresponding DHy(IO-NO;) would increase by 2.7 k] mol~!, to
within the error limits of the present value. Similarly, Dillon et al. [50] set a lower
limit DHy(IO-NO,) > 107 kJmol~! which is consistent with the above analysis
and the present ab initio result. The present DH9g(I-NO3) = 144.0 £ 3.9 kJ mol !
result given above, combined with DHpgg(I-I) = 151.1 kJ mol ™! [33], implies that
reaction (6) is endothermic by 7.1 £ 3.9 k] mol ™! at room temperature. The lower
end of this range is more consistent with the arguments of Chambers et al. [51],
who observed a zero activation energy for this process and thereby deduced
that reaction (6) is not endothermic. However, as emphasized recently, this is not
strictly true [52]. In other words, the reverse of reaction (6) is predicted to show
a negative activation energy. Such a measurement would be a good test of the
thermochemistry proposed here.

Papayannis and Kosmas made single-point CCSD(T) calculations at B3LYP
geometries, using a modest-sized LANL2DZ basis set augmented with two d and
one f polarization function [53]. Some complications with their results have been
discussed previously [16]: uncertainty in the spin—orbit splitting in IO gives alter-
native thermochemistry, and the bond strengths are not entirely consistent with
each other when correct enthalpies for the fragments are employed. Their ther-
mochemistry based on DHy(I-NOj3) appears to give the closest accord with the
new values, but this was based on A{Hy(NO3) = 62.4 k] mol~'. The current Active
Thermochemical Tables value of 80.2 kf mol~! would increase their A¢Hy(IONO,)
to 60.2 k] mol~1.



170 P. Marshall

Plane et al. made further DFT calculations on the OIO + NO system [54]. These
included bond-additivity corrections for I and IO, absorbed into “spin—orbit” cor-
rections for I and IO. The bond strengths shown in Table 9.4 are derived from the
differences between the computed reaction enthalpies reported by Plane ef al. [54],
as noted by Golden [55], and are reasonably close to the present values, both falling
about 8 kf mol~! smaller.

3.4 Comparison with halogen analogs

The thermochemistry of HOCI and CIONO; has been discussed above, and data
for HOBr were reanalyzed by Joens [29]. Orlando and Tyndall studied the decom-
position of BrONO; to BrO + NO,, and from the equilibrium constant deduced
the BrO-NO; bond strength. This is combined here with a new determination of
AgH»98(BrO) by Kim et al. [22] to obtain A¢Hp9g(BrONO;) = 39.446.3 k] mol . Al-
ternatively, Hanson et al. studied the equilibrium BrONO;+H;0 = HOBr+HNO;3
and deduced A Hyg = 54 £ 29K] mol~! [56], which together with informa-
tion about HOBr, H,O and HNOs [29,37] implies AfH95(BrONO,) = 44.1 £
3.4 k] mol 1. These two estimates are in accord, and are provisionally summarized
here as 42 4 5 k] mol~'. These results are shown in Table 9.5. It may be seen that
bond dissociation enthalpies are generally similar across the series, given the un-
certainties. An exception is halogen-oxygen bonding, which is distinctly stronger
for chlorine than bromine or iodine, in both the hypohalous acids and the halogen
nitrates. The bonding to bromine and iodine is of similar strength in both systems.
Differences between the behavior of halogen species depends significantly on dif-
ferences in their reaction kinetics and also photochemistry: the typical photolysis
of iodine compounds in the visible spectrum means that much of atmospheric
iodine is in chemically active radical forms during daylight. An example where
nighttime chemistry is impacted by the thermochemistry of iodine nitrate is dis-
cussed below.

TABLE9.5 Comparison of HOX and XONO; thermochemistry (k) mol_l)

Halogen AgHpog DH, Do A¢Hpog DHy DHy

X (HOX) (H-OX) HO-X) (XONO;)  (XO-NO,;)  (X-ONOy)
cl —769+0.1% 39114023 2307540023 243+£2.0b¢ 168842.1b¢ 107.0 +2.0b¢
Br —5824+1.8% 3947418 2027+18  42+5bde  qap4sbde 111 £ 5bde
I —592+33f 39314+23f 1988435 374439 1416439  113.6+3.1f
a Ref. [29].

b See text.

¢ Ref. [35].

d  Ref.[62].

e Ref. [56].

f This work.
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3.5 IONO; kinetics

A particular application of DHp(IO-NO3) is interpretation of the IO + NO; re-
combination reaction (5) at the low-pressure limit. Golden [16] has noted that
the collisional energy transfer parameters employed previously [49] are unusu-
ally large. This will tend to increase the low-pressure limiting rate constant ko,
while with smaller collisional parameters Golden needed DHy(I0-NO3) to be as
large as 150 k] mol~!. Golden also reported that Plane was subsequently able to fit
the k5 data with DHy(IO-NO;) = 128 kJ mol~! and smaller collisional parameters
than previously used [16]. Thus a lower bond strength offsets a higher collisional
stabilization efficiency. Here, the new DHy(IO-NO,) is kept fixed in RRKM calcu-
lations. Troe’s unimolecular formalism [57] is employed, which for the addition
reaction (5) at the low pressure limit may be cast in the form [58]:

p(Eq)RT QUONO,)
Pty L aONOy) B ot 516y omMo,)”

where p(Ep) is the vibrational density of states of IONO; at the threshold energy
Ep for dissociation to IO + NOy, i.e., Ey = DHp(IO-NO3). The Qs are the partition
functions, derived via the rigid rotor-harmonic oscillator approximation. Fg, Fann
and Fot are factors to account for the energy dependence of p(Ep), for the effects
of vibrational anharmonicity, and for centrifugal barriers, respectively. B.Zyj is the
weak-collision stabilization rate constant. The Lennard-Jones parameters chosen
by Golden imply Zij = 7.3 x 10~1° cm® molecule ™ s~ [16]. Here it is assumed
that the efficiency of energy transfer between excited IONO, and Ny bath gas is
similar to that for excited INO;, for which (AE) = —4.1k] mol~! [57]. The corre-
sponding f is 0.46, and so B.Z1) = 3.4 x 10710 cm3 molecule ! s~1. A difference
from the various RRKM calculations reported to date (except the initial work of
Rayez and Destriau [48] who also applied the Troe formalism) is the explicit inclu-
sion of an anharmonicity correction via Fann, = 1.38. A crucial term is Frot, which
in essence is determined by the ratios of the moments of inertia of the structure
at the dissociation transition state and of equilibrium IONO,, It /1. For a loose
transition state, as assumed here, with no potential energy barrier to association
and located at the centrifugal maximum, F;o; depends sensitively upon the (un-
known) long-range potential between IO and NO,. Two different approaches are
examined here. First, Troe’s simplest treatment, based on a quasi-diatomic van der
Waals potential [57], is employed here as Model A. This yields the inertia ratio

via
I*\?>  ABC (RT) (24E
() =y () (5 @
I 7(RT)” \ Bett / \ Bett
where A, B and C are the moments of inertia of IONO;, expressed in Jmol 1,
and Befs is the mean of the two smallest values, B and C. Table 9.6 lists the
input parameters for the Troe formalism, and these yield I"/I = 58.2. There
is an alternative choice [57] for the Cg parameter that defines the —Cgq/74

van der Waals potential, which replaces the 24 in Eq. (13) by 12. If this al-
ternative is applied, then I"/I = 41.2. This uncertainty in Cg has little im-

ko = (12)
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TABLE 9.6 Parameters for Troe unimolecular analysis at 298 K?

IONO; frequencies 97, 185, 356, 580, 711, 718, 815, 1276, 1673 cm~ 1
Ezn = 38.3 kJmol ™!

10 and NO; frequencies 673 and 750, 1318, 1618 cm L Ezp =26.1K] mol ™!
NO; product of moments of inertia 15.36 x 10~ kg® m®
10 moment of inertia 8.230 x 104 kg m?2

IONO; rotational constants A, B, C = 12.43,1.346,1.214 GHz;
Beii = (B4 C)/2 = 0.511 Jmol !

Critical energy for dissociation Eg = 113.6 kfmol~!; AEz = 8.7 k] mol !

Reaction coordinate stretch 580 cm™!; Morse B =4.06 x 1019 m~1 and
D =125.8 kJmol ™!

Looseness parameter « = 1 x 10! m~1; a1 = 0.119; a, = 0.00666
Centrifugal barriers Eg(J) — Eo(J = 0) = 0.243 Jmol =L [J(J + 1)]1-009

Fg = 1.149; Fopp = 1.381; I /I = 8.16; Frotmax = 20.2;
p(Eo) = 387 mol™1)~L; Qi (IONO,) = 6.40; Qrot(IONO,) = 1.92 x 10°

QUIONO,) = 3.10 x 10%° m~3; Q(NO,) = 1.37 x 10 m~3; QIO) = 2.09 x 103 m—3

a See Refs. [57,59].

pact on Frot, which would drop from 15.2 to 13.8. Model B is a more so-
phisticated treatment of Fry, derived by Troe via his statistical adiabatic chan-
nel model [59]. Centrifugal maxima are located in channel potentials of the
form

V(z) =D[1 - exp(—z)]2 + AEz exp (—%z)

Bet
1+ a1z + apz? !

with z = (g — ge), where g is the IO-NO; separation, and D and g are
Morse parameters (see Table 9.6). The second term describes the decay of zero-
point energy in terms of a looseness parameter o, with a standard value of
@ = 1 x 107 m assumed here. The final term describes the rotational en-
ergy, with a1 and ap derived in the standard manner [59]. The rotational bar-
riers Ep as a function of | are fitted to the form Eg(J) — Eo(J = 0) = C,J(J +
1)V, from which I*/I may be deduced [57]. This second procedure leads to
Fiot = 6.02, which is about a factor of 2.5 smaller than that derived via
Model A. This difference emphasizes the inherent uncertainty in rotational ef-
fects.

Combining these data through the unimolecular formulation (12) yields kg =
13.3 x 10731 (Model A) or 5.3 x 1073 (Model B) cm® molecule ! s~ for N, at 298 K.

+Ezp +JJ+1) (14)
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These estimates bracket the NASA-JPL and TUPAC recommendations of 6.5x 103!
and 7.7 x 10731 cm® molecule™! s~1 [9,60]. It is therefore possible to reconcile the
thermochemistry proposed here with the observed 10 + NO; recombination ki-
netics while employing reasonable input parameters for the unimolecular model.
Nevertheless it must be stressed, as emphasized earlier [16], that there is consider-
able uncertainty in some of the input parameters to an RRKM analysis, especially
the Frot term. It is of interest to compare the present kinetic calculations with the
Multiwell [61] Master Equation calculations on this system by Golden [16]. He
used a Morse potential to locate the centrifugal maximum, and from the bond ex-
tension Fyot ~ 2.1 is derived, about 1/7 of that used here. On the other hand, the
higher Ey value yields a density of states larger by a factor of ~6, and these two
factors largely cancel.

The present computed equilibrium constant for reaction (5) at 298 K is 8.9 x
1078 cm® molecule™!. For 1 atm of N, the effective second-order ks ~ 4 x
10712 cm® molecule ™ s~1 [49]. Thus the corresponding first-order dissociation rate
constant is k_5 ~ 4.5 x 1072s~1 at these conditions, i.e., the lifetime is ~6 h.
This estimate of k_s is about two orders of magnitude smaller than that of Al-
lan and Plane [49], but still high enough for appreciable IONO, dissociation to
take place overnight. The dissociation rate is very sensitive to DHy(IO-NOy): the
present error limits correspond to an uncertainty of a factor of 3.5, and so a reli-
able measurement of k_s would allow reliable experimental determination of the
thermochemistry.

4. CONCLUSIONS

Hypoiodous acid and iodine nitrate have been investigated with coupled cluster
theory and the results extrapolated to the complete basis set limit. Together with
revised thermochemistry for several ancillary molecules, the enthalpy changes of
working reactions yields new thermochemistry for HOI and IONO;. The latter
data, employed in unimolecular rate theory, appear to be consistent with kinetic
measurements on the IO + NO; reaction to within the uncertainties of the kinetic
analysis.
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1. INTRODUCTION

Non-methane hydrocarbons (NMHCs) are emitted into the atmosphere from nat-
ural and anthropogenic sources and represent an important fraction of volatile
organic compounds (VOCs) in the atmosphere [1-4]. Globally, the annual emis-
sion of VOCs from biogenic sources (primarily from vegetation) is estimated to
be about 1150 Tg C, more than half of which (~55%) is isoprene and monoter-
penes [1]. Biogenic VOCs dominate over the anthropogenic counterparts by an
order magnitude, which only account for ~10% of the total VOC budget, although
the anthropogenic fraction is higher in urban atmosphere (~20-30%) [5,6].

Once emitted into the atmosphere, the VOCs involve in several chemical
and physical processes, leading to transformation and removal from the at-
mosphere [6]. Chemical transformation of VOCs in the atmosphere occurs in sev-
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eral ways including photolysis, thermal decomposition, and most importantly the
reactions with atmospheric oxidants, which include hydroxyl radical OH, nitrate
radical NO3, ozone O3, and halogen atoms (e.g., Cl, Br or I) [5,6]. Physical removal
of VOCs includes dry deposition and wet deposition, eventually depositing them
to the Earth’s surface. The lifetimes of VOCs in the troposphere depend on their
reactivity and the abundance of oxidants, ranging from seconds to years [4-6].
In particular, photochemical oxidation of hydrocarbons in the atmosphere leads
to ozone, toxic compound, and secondary organic aerosol (SOA) formation, with
major implications for air quality, human health, and climate change [7-10].

Oxidation of hydrocarbons has long been considered as a fundamental prob-
lem to atmospheric chemists, both from experimental and theoretical points of
view, because of the inherent complexity. The reaction kinetics and mechanism
of atmospheric hydrocarbons have been the focuses of numerous researches in
both experimental and theoretical aspects. Although advances have been made
in elucidation of the VOC oxidation mechanisms, large uncertainty and tremen-
dous numbers of unexplored reactions still remain. Several review articles on the
atmospheric degeneration of VOCs have been published [4,11-14]. In this review,
recent advances in the application of theoretical methods to the atmospheric oxi-
dation of biogenic hydrocarbons are discussed. We will introduce the backgrounds
on the quantum chemical calculations and kinetic rate theories, recent progress on
theoretical studies of isoprene and «-, f-pinenes, and studies on other monoter-
penes and sesquiterpenes.

2. THEORETICAL APPROACHES IN ATMOSPHERIC HYDROCARBON
OXIDATION RESEARCH

The chemistry of atmospheric hydrocarbon oxidation is highly complex. Despite
nearly decades of research conducted in this field, there remains an inadequate
understanding of this class of reaction mechanisms at the fundamental molecular
level. Oxidation of hydrocarbons is initiated by various radical species and pro-
ceeds through multiple reaction pathways and steps. At each stage of the chain
reactions intermediate organic radicals are produced to propagate or terminate
the oxidation process, and the organic radicals play a key role in determining the
final product distribution. Currently, the detailed kinetics and mechanism of hy-
drocarbon oxidation remain highly uncertain, hindering numerical simulations of
the VOC oxidation in atmospheric chemical transport models [15]. Most of or-
ganic intermediate radicals arising from oxidation of atmospherically important
hydrocarbons have not been detected directly in the gas phase. While the enor-
mous chemical complexity in the hydrocarbon oxidation poses an insurmountable
obstacle for current analytical techniques in resolving the intermediate steps and
isomeric branching, theoretical calculations promise great advantages in provid-
ing insights into the intermediate processes.

With rapid development of computer techniques and algorithms to improve
the computational capacities and efficiencies over the last few decades, quan-
tum chemical calculations have been employed as a useful and accessible tool
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in the hydrocarbon oxidation research and demonstrated for the important roles
in elucidating the oxidation mechanisms of atmospheric hydrocarbons. Quantum
chemical calculations utilize a variety of computational methods, ranging from
semi-empirical, density functional methods to ab initio calculations [16]. The latter
approaches are extensively employed in the field of chemistry of hydrocarbon oxi-
dation, which involves primarily gas-phase reactions. Density functional methods
have been widely adopted in many fields of chemistry by merit of their relatively
moderate computational cost and high accuracy [17,18]. Geometries obtained from
density functional methods, especially those employing hybrid functionals (e.g.
B3LYP, B3PWO1) are often as reliable as those from Moller-Plesset perturbation
(MP2) theory. However, density functional methods in some cases fail to provide
accurate energetic information. For example, it has been shown density functional
methods fail to predict the potential energy surface in some reaction systems (e.g.,
in the case of a van der Waals complex and loose transition state) [19-21]. Hence,
high levels of ab initio calculations are required to obtain more accurate reaction
energies and activation energies and other thermochemical parameters. Meth-
ods incorporating high level of electron correlation (e.g., MP2 method, CCSD(T)
and QCISD(T)) have been widely used in the hydrocarbon oxidation commu-
nity [22-27]. In recent years, composite methods (e.g., Gaussian series of theory
(G1, G2, G3 and G4) and the complete basis set (CBS)) have been applied to the
hydrocarbon oxidation and have provided intriguing and highly accurate thermo-
chemical data (e.g., bonding energy, heat of formation and proton affinity) [28,29].
Those methods are based on a well-defined single-configuration wave function. It
should be pointed out that one can obtain the multi-reference character of a mole-
cular system by analyzing the single-configuration wave function using the T1
diagnostic method. For example, the single reference method (e.g., CCSD) is not
reliable if the T1 diagnostic value of the wave function is larger than 0.044 [30,31].
Many reaction systems are essential multi-reference configurations so that multi-
configuration interaction theories are required to accurately describe the reaction
systems. The most efficient approach is the complete active space self-consistent
field (CASSCF), which has been applied to investigate the complex oxidation
mechanisms of the atmospheric hydrocarbons [32-34]. The choice of level of the-
ory and basis set in quantum chemical calculations requires consideration of the
best compromise between the accuracy and computational cost. Since the hydro-
carbon oxidation systems contain both open and close shell species, caution needs
to be excised regarding basis set related error and spin contamination, which can
be critical factors in many calculations [35]. The above-mentioned methodologies
are discussed extensively in the literature [16-18,22-33,36—40].

Chemical kinetic rate methods including conventional transition state theory
(TST), canonical variational transition state theory (CVTST) and Rice-Ramsper-
ger—Kassel-Marcus in conjunction with master equation (RRKM/ME) and sepa-
rate statistical ensemble (SSE) have been successfully applied to the hydrocarbon
oxidation. Transition state theory has been developed and employed in many dis-
ciplines of chemistry [41—44]. In the atmospheric chemistry field, conventional
transition state theory is employed to calculate the high-pressure-limit unimole-
cular or bimolecular rate constants if a well-defined transition state (i.e., a tight
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transition state) exists in the potential energy surface along the reaction coordi-
nate; that is, there exists a surface dividing the reactants from the products and
passing through the saddle point of the potential energy surface. The rate con-
stants is expressed by [44]

ky T Q7 E. . _
ktst =« o @ exp <— RT (for unimolecular reaction), (1)
ka Q;”é Ea . .
kst = Kk — - f lecul 2
IST = K I 0xOn exp( RT (for bimolecular reaction), (2)

where Q7 is the partition function of the transition state with the vibrational fre-
quency corresponding to the reaction coordinate removed, Qa and Qg are the par-
tition functions of the reactants. k,, and & are Boltzmann constant and the Planck
constant, respectively. T is the temperature and « is the tunneling effect correc-
tion factor. The partition functions are calculated from the rotational constants and
frequency information by performing the frequency calculations. The activation
energy E, is determined from the energy difference between the transition state
and the reactants with zero-point energy corrected. If the dividing surface does
not pass through the saddle point, a well-defined transition state does not exist
(i.e., a loose transition state). The transition state can only be located by varying
the dividing surface to minimize the one-way flux coefficient. In this case, the high-
pressure limit rate constants are evaluated using CVTST [45,46]. For a bimolecular
reaction: A + B — AB, the unimolecular rate is given by

kT Qp AE
— 22 exp| ——= ),
h Qag kT

where AE is the zero-point corrected transition state energy relative to the sep-

arated reactants. The unimolecular rates (kypn;) are converted to the bimolecular
rates (krec) via the equilibrium constant,

krec _ _ QAB ex A_E/
PUkT )

©)

kuni =

(4)

Kuni o QaQsB
where AE' is the zero-point corrected reaction energy. The partition functions in
Egs. (3) and (4) are calculated by treating the rotational and translational mo-
tion classically and treating vibrational modes quantum mechanically. Unscaled
vibrational frequencies and moments of inertia are taken from the frequency cal-
culations. The conserved modes of the transition state are assumed to assemble the
product modes. The dependence of the transitional mode frequencies on reaction
coordinate is modeled using [47]

u(r) = vy exp[—a(r — re)] + b, (5)

where vy is the vibrational frequency in the reactant molecule, 7. is the equilibrium
bond distance in the reaction coordinate, b is the sum of the rotational constants of
the individual reactant molecule. The coefficient a is a constant which can be de-
termined by performing constrained optimization along the reaction coordinate.
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Moments of inertia at fixed geometries are calculated by changing only the bond
distance in the reaction coordinate. The potential energy surface along the reaction
coordinate is modeled by a Morse function including the centrifugal barrier [48]

V(r) = De[1 — exp(=B(r — 7e))]* + Bext)](J + 1), (6)

where D, is the bond dissociation energy, Bex:(r) is the external rotational constant
determined by assuming that the molecular is a symmetric top, and J is assumed to
be the average rotational quantum number of a Boltzmann distribution calculated
using the external constant of the molecule at the equilibrium configuration. The
B parameter for the Morse function is expressed as g = 27211/ Do)V 2y, where
is the reduced mass of the bond atoms, De is the bond dissociation energy, v is the
vibrational frequency of the reaction coordinate in parent molecule.

Many hydrocarbon oxidation reactions are strongly exothermic and the ex-
cessive internal energy is retained and partitioned over the products, leading to
formation of chemically excited intermediated species. The statistical-dynamical
master equation in combination with standard RRKM or variational RRKM
(VRRKM) theory has been employed to assess the fate of the vibrationally excited
species governed by competition between collisional stabilization and consecutive
chemical reactions [48-50]. The excited species are stabilized by transferring their
energy to the surrounding bath gas. An exponential model is employed to model
the collision energy transfer with a specified average energy in the RRKM calcula-
tions. An example to illustrate the application of kinetic methods to elucidate the
oxidation mechanism of atmospheric hydrocarbons is presented in Figure 10.1,
showing the reaction diagram for the OH-isoprene alkoxy radicals formed in the
reaction of peroxy radical with NO. The reaction of peroxy radical (RO,) with
NO leads to the formation of a vibrationally excited peroxynitrite (ROONO*)
with an internal energy inherited from the thermal reactants [51,52]. The nascent
molecular population of the ROONO is described by a shifted thermal distribu-
tion [53],

FROONO(E) _ WroONO(E — E(_y)) exp[—(E — E(_y)/kpT]
Jo° Wroono(e) exp(e /kp T) de

for E > E(y with the energy being counted from the ground state of the
ROONO. Wroono is the sum of the states of the ROONO, E_y, is the bar-
rier height of the reverse reaction of x. Since the entrance channel is barrierless,
a Morse potential including the centrifugal barrier (as mentioned above) can
be used to variationally locate the transition states for NO addition to the hy-
droxyperoxy radical as a function of energy. The collisional energy loss of the
ROONO* prior to its dissociation into RO 4+ NO; modifies its internal energy
distribution to fRO(E) at dissociation by assuming only the energy in excess of
the activation barrier partitioning statistically between the dissociating fragments
[53,54],

@)

fRO(E) — PRO(E)WRO(Etot — E) , -
foEtOt PRO(€)WRO(Etot — €) de
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where Ey is the overall disposable energy and pro is the density of states of the
RO, that is the number of electron states per unit energy interval. The dissociation
of the ROONO* and partitioning of the disposable excess energy over two frag-
ments (RO +NO;) and over the degrees of freedom of their relative motion can be
calculated according to the separate statistical ensemble (SSE) theory [55,56]. The
probability of formation of RO radical with in a given vibrational (rotational) level
i is given by [55,56]

Etot—ERO
Pﬁt&(ERO) = (NROI-(ERO) / [NNO, (ENO,)Nrel mot(Etot — ERO — ENO, )] dEN02>

0
Eot Etot—ERO
X </ {(Z NROi(ERO)> / [NNOZ(ENOZ)Nrelmot
0 i 0
-1
X (Etot — ERO — ENOZ)] dENOZ} dERO> i 9)

where Nro,(Ero), NNO,(ENO,), and Nyel mot(Etot — ERO — ENO,) are the density of
state of the ith energy level for RO, the density of state of NO,, and the density
of state of relative motion, respectively. For the relative motion, Nye|mot(E) varies
with E? since the relative motion is treated as unhindered motion which N(E)
varies with its degrees freedom y as E¢/2)-1.

OH + ISOP

OONO 0}
fRON(E) 9 (B) NO, + Relative Motion

P R%:/ (Ero)

TS(r)

NO RO + NO,
\ RO

VRRKM/ME SSE R'OH

FIGURE10.1 An example of the application of the kinetic theory to the hydrocarbon oxidation:
the potential energy surface of OH-initiated isoprene system.
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The microcanonical rate constant at energy E can be expressed using the RRKM
theory [48],
Wi(E — Et1s(r))
ho(E)
where W, is the sum of states of the transition state for reaction r. The concentra-

tion of a relevant species is related to a balance over all gain and loss processes for
a given energy level i according to statistical dynamic master equation [48],

dn;
d_tl = Rf; —on; + Zpijnj - Z kiini, (11)
i 1

kr(E) = (10)

where n; is the concentration of the species having internal energy E;, R is the
overall formation rate, f; is the normalized energy distribution, P;; is the energy
transfer probability from j to i, kj; is the reaction rate constant for pathway /, and w
is the collision frequency. Assuming the steady-state condition, Eq. (11) becomes

RF = [a)(l P+ K,]NS = N®, (12)

where the vector/matrix symbols correspond to those in Eq. (11) and I denotes
the unit matrix. The steady-state population N® follows from N°® = RJ~!F, and
the rate of reaction r is D, = ) (K;N®);. The relative yields are then expressed by
Dr/R =Y (K] -1f )i, and the stabilization fraction follows from S/R = 1-)_ D, /R.
It should be pointed out that while most of the reactions can be solved using tra-
ditional RRKM approach, experimental and theoretical studies have shown that
non-RRKM dynamics is important for moderate to large-sized molecules with
various barriers for unimolecular dissociation [57,58]. In these cases, non-RRKM
behavior needs to be taken into account and direct chemical dynamic simulation
is suggested to serve this purpose [58].

3. THEORETICAL INVESTIGATION OF BIOGENIC HYDROCARBON
OXIDATION

3.1 Isoprene

Isoprene (2-methyl-1,3-butadiene, CH,=C(CH3)-CH=CH3) is one of the most
abundant hydrocarbons emitted by the terrestrial biosphere with a global average
production rate of 450 Tgyr~! and is sufficiently reactive to influence oxidation
levels over large portions of the continental troposphere [59,60]. An accurate and
complete knowledge of the atmospheric chemistry of isoprene is critical to elu-
cidate chemical mechanisms of atmospheric hydrocarbons in urban and regional
environments [15]. Atmospheric oxidation reactions of isoprene are initiated by at-
tacks from the atmospheric oxidants, including OH, O3, NO3, and halogen atoms.

311 OH-initiated oxidation
Since isoprene is emitted from vegetation only during daylight hours, the reac-
tion with OH is expected to be the dominant tropospheric removal pathway. The
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reaction between isoprene and OH occurs almost entirely by OH addition to the
>C=C< bonds, yielding four possible hydroxyalkyl radicals. Under atmospheric
conditions, the hydroxyalkyl radicals react primarily with oxygen molecules to
form hydroxyalkyl peroxy radicals (ROy). In the presence of nitric oxide NO, the
subsequent reactions of the hydroxyalkyl peroxy radicals lead to the formation of
hydroxyalkoxy radicals (RO). Alternatively, a small fraction of peroxy radicals will
react with NO to produce hydroxylalkyl nitrates (RONO,). Under low NO, con-
ditions, the peroxy radicals will undergo permutation reactions (e.g., self reactions
and cross reactions) or reaction with HO; to produce a variety of products (e.g.,
hydoxyalkoxy radicals, hydroperoxide, carbonyls, alcohol and carboxylic acids)
[61-64]. The dominant tropospheric reaction of g-hydroxyalkoxy radicals is be-
lieved to be decomposition, leading to the formation of various oxygenated (e.g.,
methyl vinyl ketone, methacrolein, 3-methyl furan) and nitrated organic com-
pounds while for §-hydroxyalkoxy radicals, the isomerization pathway has been
shown to be dominant over the decomposition, leading to the formation of hy-
droxycarbonyls, which have been detected and quantified experimentally [65-68].
Figure 10.2 depicts the mechanistic diagram of the OH-initiated oxidation of iso-
prene [69].

Organic Nitrate

L 2T T e

Orgamc Nitrate

OZ
Hv fg) < 4>4 + CH,OH
oH "oe (u) oH
a0 %—? Organlc Nitrate
< b 0, o ‘ +  HO;
o H

o e e ol

)Y NO Organic Nltrate
o}
)ﬁj < CHO + L )\//0
© OH

< Organlc Nitrate
)\W) )\K —_— )\/ + .CH,OH

A/’ NO Organic Nitrate
(a4 r&) <
0.
© ﬁ=> + HO;

{ Organic Nitrate
=

O  oH OiH 0}5
(W]

FIGURE10.2 Mechanistic diagram of OH-initiated isoprene oxidation: detailed reaction
pathways and major products.
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Systematic theoretical studies of OH-isoprene oxidation have been conducted
in recent years. Although the initial step of this reaction is relatively well un-
derstood, some discrepancies exist for the potential energy surface of the initial
step. In the previous work by Zhang, North, and co-workers (e.g., [51,69-72]),
a series of theoretical calculations have been performed to elucidate the mecha-
nisms of the OH-isoprene reactions. Isomeric branching ratios of the initial step
have been determined using density functional theory (DFT) and ab initio meth-
ods coupled to kinetic theories, e.g., CVTST and RRKM/ME. Density functional
and ab initio methods obtained geometry, frequency and energetic information of
the OH-isoprene adducts, which were then incorporated into CVTST to calcu-
late the branching ratios. Four adduct isomers have been globally located along
the potential energy surface by gradient corrected density functional theory (DFT)
in conjunction with a split valence polarized basis set (B3LYP/6-31G(d,p)). This
level of theory has been evaluated for many hydrocarbon oxidation systems and
has been shown to be quite robust in geometry optimization and frequency cal-
culations. High levels of ab initio methods (e.g., CCSD(T) and MP2 with various
basis sets) were then employed to perform single energy calculations to reevalu-
ate the relative energies and activation energies for the relevant reaction systems.
A correction factor (CF) term was introduced and defined as the energy difference
between the two MP2 levels: MP2/6-3114++G(d,p) and MP2/6-31G(d). Hence, the
highest level of theory corresponded to CCSD(T)/6-31G(d) + CF for most of ab
initio calculations. A branching ratio of 0.56:0.02:0.05:0.37 for the isomers A1-A4 is
obtained (labeling refers to Figure 10.2) and a high-pressure limit reaction rate of
1.0 x 10710 em 3 molecule ! s is calculated according to the CVTST calculations
[70,71]. In addjition, the results also show that the inter-conversions (e.g., Al <> A2
and A3 < A4) between OH-isoprene adducts are hindered due to very high ac-
tivation energies (Figure 10.3) [70]. The calculated rate constant is in agreement
with the experimental values [69,73-77], confirming the accuracy of the selected
levels of theory. Kinetic calculations employing RRKM/ME method show a con-
sistence of fall-off behavior for OH-isoprene reaction with the recent experimental
measurements at low pressure [70]. The branching ratio at the low-pressure limit
was predicted by Stevens [75], with values of 0.72 and 0.28 for isomer Al and A4,
respectively, and less than 1% for both isomer A2 and A3. The g-hydroxyl alkyl
radical from internal addition of OH has been suggested to undergo cyclization to
produce a-hydroxy radical [78] and result in the formation of C5 carbonyls, whose
yields have been estimated recently [68]. While Lei et al. [70,72] found that addition
of OH to isoprene proceeds without an activation barrier, Francisoco-Marquez et
al. [79] using both density functional theory and Moller-Plesset perturbation the-
ory to the second-order (MP2) showed the formation of pre-reactive complexes
and large activation energies for the internal carbon addition. They concluded
that the internal addition pathways are unlikely responsible for the formation
of 3-methyl furan; the likely pathways for the formation 3-methyl furan are via
external addition according to their recent theoretical calculations [80]. Francisoco-
Marquez et al. [80] also predicted negative activation energies for addition at the
terminal carbon atoms for the OH-isoprene reaction. In general, activation ener-
gies obtained using DFT are rather unreliable.
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FIGURE10.3 Schematic potential energy surfaces for the inter-conversions of OH—isoprene
adduct reactions calculated at the CCSD(T)/6-311G(d,p)//B3LYP/6-31G(d,p) level of theory.

Peroxy radicals involve in many reactions as key intermediates in propagating
catalytic cycles, which lead to ozone formation in the troposphere. The reactivity of
the peroxy radicals depends strongly on the structure of the radicals. The geome-
tries of six isoprene peroxy radical isomers (without Z-configuration isomers) are
obtained and the peroxy radicals are more stable than the separated reactants
(isoprene, OH and O,) by 47-53 kcalmol~! at CCSD(T)/6-31G(d) level of the-
ory [81]. The CVTST calculations predict branching ratios of 0.60:0.40 for isomer
A and B and 0.78:0.22 for isomer F and G [81]. The strong propensity for isomers
A, B and F is predicted in good agreement with the model of Jenkin and Hay-
man [82], but qualitatively different from the model of Paulson and Seinfeld [83].
Jenkin and Hayman suggested the branching ratios based on the assumption that
the peroxy radical center would form at the more substituted site. The predicted
high-pressure limit rate constants are significantly faster than the correspond-
ing rates associated with O, addition to aromatic-OH adducts, but slower than
the reaction of Oy with alkyl and hydroxyalkyl radicals. It is speculated that the
calculated branching ratios and rate constants of the peroxy radicals are mostly
dependent on their binding energies and the nature of the transition states, not
on their relative stability. Peroxy radicals have been detected and a rate constant
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of 7 x 10713 cm? molecule ™! s for the reaction of OH-isoprene adducts with O,
has been determined from the decay of the peroxy radicals detected by the chem-
ical ionization mass spectrometry (CIMS) [84], while Park et al. [85] reported a
rate constant of 2 x 10712 cm® molecule ™' s! for the same reactions using laser
photolysis/laser-induced fluorescence technique.

The reaction of hydroxy peroxy radicals (RO,) with NO represents one of
the most crucial tropospheric processes, leading to terrestrial ozone formation
or NO, removal and chain termination. The C-C bond fission of the resultant
OH-isoprene alkoxy radicals was investigated by Dibble [65]. It is found that the
low barrier heights (0.7-2.1 kcal mol~1 at B3LYP/6-311G(2df, 2p) level) for the
decomposition of four g-hydroxyalkoxy radicals allow this channel to be domi-
nant, while in contrast decomposition of -hydroxyalkoxy radicals possesses high
barrier heights and endothermic characteristics (16-20 kcal mol_l), rendering this
pathway unimportant in the atmosphere. The results from theoretical calculations
provide useful information to assess the potential detection of these alkoxy radi-
cals in the laboratory based on the stabilities and it has been pointed out that the
B-hydroxyalkoxy radical is difficult to be probed due to their short lifetime (pi-
coseconds). Lei and Zhang [66] carried out higher levels of ab initio calculations
to investigate the geometries and energetics of the alkoxy radicals and their de-
composition pathways. They found that activation energies for the preferable de-
composition pathway fall in the range of 6~7 kcal mol~! for the g-hydroxyalkoxy
isomers and 18-21 kcal mol ! for §-hydroxyalkoxy isomers, providing more accu-
rate and reliable activation energies. The activation barriers for decomposition of
alkoxy radicals calculated by Dibble are lower than those calculated by Lei et al.,
and the difference between the two studies is explained since the B3LYP level of
theory is notorious for under-prediction of barrier height. Thermal decomposition
of hydroxylalkoxy I and IV is mainly responsible for the formation of the ma-
jor isoprene-OH products: methyl vinyl ketone (MVK) and methacrolein (MACR)
(Figure 10.4) [66]. Ramirez-Ramirez et al. [86] investigated the formation and in-
terconversion of cis- and trans-isomer of the MVK from the alkoxy radical I at
MP2/6-31G(d)/ /B3LYP/6-31G(d,p) level and found that the barrier heights are
comparable to the ones reported by Lei and Zhang [66] at the similar level. Park
et al. performed kinetic calculations using RRKM/ME method to investigate the
temperature and pressure dependent rate constants between 220 and 310 K and
found similar features in the fall-off region for the g-hydroxyalkoxy radicals [87].
The high-pressure limit rate constants for the g-hydroxyalkoxy radicals obtained
from RRKM/ME calculations are close to the values from TST calculations [66].
The rapid decomposition of the energized S-hydroxyalkoxy radicals may play an
important role in the overall decomposition pathways since significant fraction
of them (except for isomer I) was found to undergo prompt reactions. However,
a rate constant of 3 x 10* s~! was reported using laser photolysis/laser-induced
fluorescence technique [88], which is significant lower than those values from Lei
and Zhang [66] and Dibble [65], in the range of 108-1010 s~1. A rate constant of
9 x 10712 cm® molecule ™ s~! for reactions of the peroxy radicals with NO was re-
ported from the decay of the peroxy radicals using the CIMS detection [84], which
is consistent with the predicted rate constant using the CVTST [66]. A higher
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FIGURE 10.4 Potential energy surfaces for the C—C bond fission of radicals | and IV obtained at
the CCSD(T)/6-31G(d) + CF//B3LYP/6-31G(d,f) level of theory.

value of 2.5 x 10~ em® molecule ™! s~! was obtained using laser photolysis/laser-
induced fluorescence technique [88]. For the B-hydroxy-peroxy radicals with an
unsaturated C=C bond, addition of one more oxygen molecule leads to unimole-
cular ring-closure (Figure 10.5) (forming a bridge between the oxygen of radical
center and the unsaturated terminal carbon), forming a 6-membered ring structure
radicals (cycloperoxide-peroxy radicals) with high oxygenated content, which po-
tentially alter the final product distribution of the OH-isoprene system and have
important implication for secondary organic aerosol (SOA) formation. For exam-
ple, Vereecken and Peeters presented a theoretical study of such reactions and
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FIGURE10.5 Mechanistic representation of the ring-closure reactions for the 8-hydroxy-
peroxy radicals arising from the OH-isoprene reactions.

found that in low NOy or even moderately polluted atmosphere (e.g., 1 ppbv NO)
the rates of ring closure dominate or are comparable to the reaction with NO [89].

The reactions of hydroxy peroxy radicals (RO;) with NO lead to major for-
mation of alkoxy radicals and minor production of organic nitrates. It has been
proposed that these two channels are bridged via a common hydroxy peroxy
nitrite intermediate. Similar to the scheme in Figure 10.1, the entrance channel
of the RO,-NO reaction is exoergic by about 20 kcalmol~!, leading to a vibra-
tionally excited hydroxyperoxy nitrite (ROONO*), which subsequently reacts via
unimolecular reactions or collisional stabilization [51]. The excited or thermal-
ized nitrite undergoes two possible prompt unimolecular reactions, isomerization
to the isoprene nitrate (RONO;) or decomposition to a hydroxyalkoxy radical
(RO) and NO;. The high-pressure limit rate constants for the formation of the
ROONO isomers at 300 K were calculated using CVTST method, with values of
3-10 x 10712 cm® molecule ™! s71 [51], consistent with the two experimental results
mentioned above (9 x 10712 and 2.5 x 10~ cm? molecule ™! s1) [84,88]. The fate
of the excited hydroxyperoxy nitrites was assessed using the steady-state mas-
ter equation (ME) formalism in conjunction with the variational-RRKM (vVRRKM/
ME) method [51]. The entrance channel and the exit channel (dissociation of the
nitrite to RO and NO;) were found to be barrierless according to the quantum
chemical calculations because the calculated energy relative to the equilibrium
peroxynitrite increased monotonically when the O-O bond length was succes-
sively increased at the B3LYP/6-31G(d,p) level. The results indicated that at all
energies above the entrance channel (20.2 kcal mol~1) the dissociation rates are
larger than the collision rate and the formation of thermalized nitrite is insignifi-
cant under ambient conditions. On average, loss of the nitrite internal energy due
to collisions is insignificant (14 kcal mol ).

Rearrangement of the peroxynitrite to nitrate has been a long outstanding is-
sue. A previous theoretical study suggested that this rearrangement proceeds via
a three-centered transition state, which for HOONO corresponds to an activation
energy of about 60 kcal mol~! [89-92]. However, the three-centered transition state
is likely hindered by the substitute of a carbon chain to the hydrogen atom, and
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the rearrangement of ROONO to RONO; may go through a partial O-O bond
fission followed by RO and NO; recombination at elongated O-O bond lengths
(Figure 10.6). Several experimental studies have reported the nitrate yield from
the OH-initiated oxidation of isoprene, ranging from 4 to 12% [93]. Using the
vRRKM/ME analysis and the experimentally determined nitrate yield, Zhang et
al. [51] predicted that the activation barrier of ROONO isomerization to RONO;
is between 0.4 and 1.1 kcalmol~! below and 3.3-3.7 kcalmol~! above the dis-
sociation energy of ROONO, significantly lower than the barrier height for the
three-center transition state in HOONO [89-92].

For both thermalized and activated f-hydroxyalkoxy radicals, the dominant
fate is decomposition, leading to the formation of various oxygenated organic
compounds. For the §-hydroxyalkoxy radicals, however, the decomposition chan-
nel is minor due to the high barrier height, and other channels (e.g., H-abstraction
and H-migration) are more important. Zhao et al. [94] investigated the competing
pathways of H-abstraction by oxygen molecules and 1,5 H-shift of the §-alkoxy
using multiple level calculations (B3LYP, CCSD(T), and MPWI1K with various ba-
sis sets) to obtain the geometries and energetic information of these two reactions.
The B3LYP significantly underestimates the activation barriers, while the CCSD(T)
and MPW1K give comparable results in predicting the activation barriers. Kinetic
calculations employing vVRRKM/ME formalism and separate statistical ensemble
(SSE) theory showed that a significant fraction of the chemically excited alkoxy
radicals undergo prompt 1,5 H-shift. The results revealed that 1,5 H-shift of ther-
malized §-alkoxy radicals dominates over H-abstraction by O, (see Figure 10.7).
The consecutive reactions of the dihydroxy radical intermediates with O, form
hydroxycarbonyls which have been qualitatively observed [95,96] and quanti-
fied [68], with a yield of about 19%. Ramirez-Ramirez et al. [97] performed ab
initio calculations of subsequent reactions of the dihydroxyl radicals and found
that these reactions occur quickly in atmospheric conditions and proceed without
an energy barrier, providing an explanation for the observed formation of hy-
droxylcarbonyls. Alternatively, the resonant allylic dihydroxyl radicals can form
dihydroxyperoxy radicals by O, addition and subsequently react with NO to pro-
duce the corresponding alkoxy radicals [98]. These second-generation of peroxy
and alkoxy radicals exhibit two intramolecular hydrogen bonds and the simulta-
neous transfer of two H-atoms across the hydrogen bonds with a barrier of only
about 5 kcalmol ™! in the alkoxy radicals, but about 20 kcalmol~! in the peroxy
radicals. These double H transfer reactions in the alkoxy radicals are exother-
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mic and their fates are governed by competition between collisional stabilization
and prompt decomposition. The thermalized alkoxy radicals are further decom-
posed to form C4-hydroxycarbonyls, which has been detected and quantified re-
cently [68].

3.1.2 Os-initiated oxidation

While reaction with OH is the dominant tropospheric removal pathway for iso-
prene, a substantial amount of isoprene is also degraded by reaction with ozone in
the troposphere. There exists increasing evidence that the OH radicals are formed
during the course of ozonolysis of isoprene, providing an important source of
nighttime OH radicals on the regional scale [99]. Ozonolysis of isoprene may also
play an important role in SOA formation since low volatile organic compounds
generated from this process are potential precursors of SOA [100,101]. The initial
ozonolysis reaction occurs primarily by cycloaddition of O3 to either one of the
>C=C< double bonds of isoprene, resulting in the formation of primary ozonide
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(POZ). The reaction enthalpy is retained as the internal energy of the products,
resulting in formation of the vibrationally excited ozonide, which subsequently
undergoes unimolecular decomposition to yield a chemically activated biradical,
known as the carbonyl oxide or Criegee intermediate (CI), and an aldehyde (e.g.,
MVK, MACR or formaldehyde). A total of nine carbonyl oxides (methyl vinyl
carbonyl oxide, derived from 1,2-ozonide; isopropyl carbonyloxide, derived from
3,4-ozonide and formaldehyde oxide, HyCOO from both ozonide) are formed and
a large fraction of these carbonyl oxides with ample internal energy facilitates
prompt unimolecular reactions or stabilization. Two primary reaction pathways
exist for the vibrationally excited carbonyl oxide, ring closure to form dioxirane
or H-migration to form a hydroperoxide intermediate. There are several path-
ways leading to the formation of OH radicals: (1) the resulting hydroperoxide
decomposes to form OH and RCO radicals; (2) decomposition of dioxirane may
lead to formation of vibrationally excited organic acids which may also dissoci-
ate to form OH; and (3) the cleavage of the O-O bond in the primary ozonides
results in formation of OH radicals via an unstable hydroperoxide intermediate.
Figure 10.8 [69] summarizes the mechanistic diagram of the ozonolysis of iso-
prene, which only consider the major reaction pathways. The OH formation yield
has been measured experimentally by several methods (e.g., indirect scavenger
method and direct laser-induced fluorescence detection) with values in a wide
range of 0.19-0.53 [102-106]. Theoretical investigation of isoprene ozonolysis fo-
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cuses on the formation of OH radicals and the subsequent reactions of the carbonyl
oxides.

The reaction of ozone with isoprene involves a series of reactions and interme-
diates, with excessive reaction energy propagating among the intermediates and
products. The reaction mechanism of ozone with isoprene is not as well under-
stood as that of OH with isoprene in both experimental and theoretical aspects.
In addition, since the lifetimes of most of the intermediates are very short, ex-
perimental detection of these intermediate species is extremely difficult. Hence,
theoretical methods provide an alternative tool to investigate the formation of the
intermediates and their fates in the ozone-isoprene system. Gutbrod et al. [107]
performed both experimental and theoretical investigation of the formation of
various syn and anti stereoisomers of the carbonyl oxides from ozonolysis of iso-
prene and reported their structures and energies at the B3LYP/6-31G(d,p) level of
theory. An OH formation yield of 19% was obtained and the OH radicals were pri-
marily from the decomposition of carbonyl oxides depending on a syn-positioned
methyl (alkyl) group and the interaction with the terminal O atom of a carbonyl
oxide. Quantum chemical calculations showed that the formation of hydroperox-
ide is more favorable than isomerization to dioxirane for carbonyl oxides, with a
barrier of 15.5 verse 23 kcalmol~! for the two channels at level of CCSD(T)/6-
31G(d,p)/ /B3LYP/6-31G(d,p), respectively. Zhang and Zhang [108] performed
density functional theory and ab initio calculations to investigate the formation and
unimolecular reactions of primary ozonides and carbonyl oxides from isoprene
ozonolysis and found no significantly preferential branching for the initial step
of O3 cycloaddition to the two double bonds of isoprene. Cleavage of thermalized
primary ozonides to form carbonyl oxides occurs with barriers of 11-16 kcal mol !
above the ground state of the primary ozonides. However, the collisional stabi-
lizations of the primary ozonides are negligible under atmospheric conditions.
Prompt dissociation of the excited primary ozonides leading to formation of syn
and anti conformations of carbonyl oxides should be considered due to the large
exothermicity associated with the formation of the primary ozonides. The OH for-
mation is shown to occur primarily via decomposition of the carbonyl oxides with
the syn-positioned methyl (alkyl) group, which is more favorable than isomeriza-
tion to form dioxirane (by 1.1-3.3 kcal mol~!). An OH formation yield of 0.25 from
prompt and thermal decomposition of the carbonyl oxides was estimated using
the transition state theory and master equation formalism. A calculated rate con-
stant of 1.58 x 10717 cm® molecule ™! s for the Os-isoprene is in agreement with
the experimental value (1.4 x 10~ cm® molecule ™' s~1). In another study, Zhang
et al. [109] evaluated the fate of primary ozonides and carbonyl oxides using a
statistical-dynamical master equation and transition state theory and the results
showed that excited carbonyl oxides promptly dissociate to produce OH (11%) or
isomerize to form dioxirane (32%), while the remaining (57%) are collisionally sta-
bilized. An OH formation yield of 0.25 obtained from previous study [108] was
distributed to prompt (0.11) and thermal (0.14) decomposition of the carbonyl ox-
ides. The results reveal slow thermal decomposition of the carbonyl oxide to form
OH due to high activation barriers. Except for OH radicals, the yields of the stable
products formaldehyde, MACR, and MVK are estimated to be 0.67, 0.21, and 0.12,
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respectively. A very recent study by Kuwata ef al. [110] provided a new insight into
the isoprene ozonolysis using CBS-QB3 calculations and RRKM/master equation
simulations. Kuwata et al. investigate the formation of the methyl vinyl carbonyl
oxides and the interconversion among four possible conformers, and their isomer-
ization. They predicted an OH formation yield of 19%, quantitatively consistent
with the experiment value assuming that all thermalized syn-methyl carbonyl ox-
ides form OH. A predicted MVK formation yield of 0.17 is in agreement with the
current recommended experimental MVK vyield of 0.16 [110-112]. Natural bond
order (NBO) analysis reveals that the effect of the vinyl group has profound im-
pact on the chemistry of the methyl vinyl carbonyl oxide by lowering the barrier
to rotation about the C=0 bond and allowing the carbonyl oxide to cyclize to
form a dioxole [110], which was not considered previously. Dioxole formation
with an activation barrier of 13.9 kcal mol~! at CBS-QBS3 level is predicted to be
favored over other channels (e.g., vinyl hydroperoxide formation, dioxirane for-
mation, and collisional stabilization). Kuwata et al. [110] also concluded that two
dioxole derivatives, 1,2-epoxy-3-butanone and 3-oxobutanal, are major products
of isoprene ozonolysis, which need to be investigated experimentally in the future
study. Hence, there still exists discrepancy among the above studies: it needs to be
verified that the complete basis set (CBS) employed in Kuwata et al. provide more
accurate prediction of the branching ratios and hence the OH yield than those in
the two previous studies.

An important fraction of carbonyl oxides are collisionally stabilized and fur-
ther react with other atmospheric species (e.g., water, sulfuric dioxide and sulfuric
acid [113]). The reaction with water vapor represents one of the most important
processes for the atmospheric degradation of the stabilized carbonyl oxides and is
known to lead to the formation of a-hydroxy hydroperoxide compounds, organic
acids, aldehydes, and HyO, [114-118]. Figure 10.9 shows the schematic mecha-
nisms for the reactions between carbonyl oxides and water. Two reaction pathways
have been proposed: (1) An a-hydroxy hydroperoxide is formed by addition of
the water molecule to the carbonyl oxide; (2) Water-assisted hydrogen migration
occurs to the terminal oxygen of the COO group and subsequent OO bond cleav-
age lead to the formation OH radicals. Aplincourt and Anglada [119] presented a
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FIGURE10.9 Schematic representation of reactions of carbonyl oxides with water.
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theoretical investigation of the stabilized isoprene carbonyl oxides with water and
found formation of a stable hydrogen-bond complex (about 6 kcal mol~! more sta-
ble than the reactants). The water addition involve in a five-membered ring transi-
tion state and is the most favorable reaction channel with the activation enthalpies
of about 14 kcal mol~! and 9 kcal mol~! at G2M-RCC5/ /B3LYP/6-311 + G(2d,2p)
level (a modified Gaussian 2 theory) of theory for carbonyl oxides derived from
1,2- and 3,4-ozonide, respectively. The water-assisted hydrogen migration path
corresponds to the water catalyzed reaction of the unimolecular decomposition
pathway involving in a seven-membered ring transition state and is a possible
source of atmospheric OH radicals. Furthermore, the water-catalyzed effect re-
duces the activation enthalpy by ~7 kcal mol~! (at CCSD(T)/6-31G(d) + CF level)
compared to the decomposition pathways reported by Zhang and Zhang [108].
However, the resultant activation barriers are still higher than those of the wa-
ter addition reaction, rendering this pathway unimportant compared to the water
addition reaction. Kinetic calculations employing transition state theory showed
that only two water-catalyzed reaction channels involving the hydrogen transfer
from the B-hydrogen (with respect to the COO group) in syn position to the ter-
minal oxygen of the COO group are accessible with a branching ratio of 13-20%
at temperature 273-298 K. Another theoretical study by Aplincourt and Anglada
[120] showed that the unimolecular decomposition of both a-hydroxy hydroper-
oxides requires very high activation enthalpies (~44 kcalmol~!), rendering this
pathway implausible in the atmosphere. On the other hand, lower activation en-
thalpies have been found for the water-assisted decomposition of these «-hydroxy
hydroperoxides. The reaction between a-hydroxy hydroperoxides derived from
1,2-0zonide and H,O leads to the formation of MVK and H,O; exclusively. The re-
action between a-hydroxy hydroperoxides derived from 3,4-ozonide and H>O has
two possible reaction channels, MACR+H;O; and methacrylic acid (MTA)+H;0O,
respectively. However, the activation enthalpies and the computed unimolecular
reaction constants reveal that the reaction is almost exclusively MACR + HO;.
Ryzhkov and Parisa [121,122] presented theoretical studies of the reactions of car-
bonyl oxides with water and its clusters. They found that the most kinetically
favorable pathway is the reaction with water dimer, which involves a seven-
member ring transition state. The authors also found that the relative humidity
may influence the rates and reaction mechanisms. For example, the rate constants
of the carbonyl oxides and water clusters are increasing with relative humidity.
The results indicate that the reaction mechanisms may be different under different
humidities.

3.1.3 NOs-initiated oxidation

The nitrate radical, formed by the reaction of NO; and ozone, is a major tro-
pospheric nighttime oxidant and its mixing ratio can reach up to several hundred
ppt at night [123]. The nighttime reaction between isoprene and nitrate radical
contributes significantly to the degradation of isoprene [124,125]. The reaction
between isoprene and NOj3 occurs by NO;3 addition to the >C=C< bonds, form-
ing thermodynamically favored nitrooxyalkyl radicals. Under atmospheric condi-
tions, the nitrooxyalkyl radicals react primarily with oxygen molecules to form
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FIGURE10.10 Mechanistic diagram of NO3-initiated oxidation of isoprene.

nitrooxyalkyl peroxy radicals. Similarly to the OH-isoprene reaction, addition
of Oy occurs only at the carbons g to the NO3 position for the NOs—isoprene
adducts of internal NO3 (C2- and C3-position) addition, but takes place at two
centers (8 or § to the NO;3 position) for terminal NO3 (C1- and C4-position) ad-
dition, leading to the formation of - and §-nitrooxyalkyl peroxy radicals. The
8-nitrooxyperoxy isomers include both E and Z configurations. The nitrooxyalkyl
peroxy radicals can further react with NO or engage in a self-reaction or cross-
reaction with other peroxy radicals to form nitrooxyalkoxy radicals, or react with
HO; to form nitrooxyperoxide. The nitrooxyalkoxy radicals can undergo isomer-
ization or decomposition, or abstraction by O, leading to various oxygenated or
nitrated organic species. Figure 10.10 represents the mechanistic diagram of the
NOgs-initiated oxidation of isoprene. Current, only a few theoretical studies have
been reported in the literature on the NOjs initiated isoprene oxidation. Suh et al.
[126] reported the structures and energies of the NOs—isoprene adduct isomers
employing density functional theory and ab initio calculations and the rate con-
stants of the formation of the NOz-isoprene adducts and their isomeric branching
have been calculated using the canonical variational transition state theory. The
calculated isomeric branching suggested preferential addition of NOj3 to C1 posi-
tion (a ratio of 0.84), consistent with previous product studies of the NO3—isoprene
reaction system [127,128]. Zhang and Zhang [129] investigated unimolecular de-
composition of nitrooxyalkyl radicals from NOz—isoprene reaction using quantum
chemical calculations, CVTST, and master equation analysis. The results indicated
that the channel leading to the formation of the two oxiranes proposed by Berndt
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and Boge [128] is negligible. Instead, the chemically activated nitrooxyalkyl radi-
cals become stabilized by collision and the thermal nitrooxyalkyl radicals mainly
react with O, to form the nitrooxyalkyl peroxy radicals, which contribute to the
formation of MACR and MVK. Zhao and Zhang [130] presented the structures
and energetics of the eight peroxy radicals arising from NOs—isoprene reactions
using density functional theory and ab initio methods and the rate constants for
addition of O, to the NO3z-isoprene adducts using CVIST. The results provided
the isomeric branching ratios between the NO3—O,—isoprene peroxy radicals and
predicted a ratio of 7.4 of 1,2-addition to 4,3-addition, in agreement with the exper-
imental value reported by Berndt and Boge [128], almost two fold higher than the
experimental values by Skov et al. [127]. No explanation was given for the discrep-
ancy between the two experimental results. Zhao and Zhang [131] also investi-
gated the structures and energetics of the alkoxy radicals and their decomposition
pathways. For both thermalized and activated g-alkoxy radicals the dominant fate
is decomposition, but for §-hydroxy alkoxy radicals the decomposition channel is
minor due to a large barrier and the H-abstraction and H-migration channels are
more important, similar to the alkoxy radicals of OH-isoprene systems.

314 Cl-initiated oxidation

The reaction between isoprene and chlorine atoms may play an important role
both in the continental troposphere and in the marine boundary layer [132-135].
The initial reaction between isoprene and Cl is believed to proceed mainly by Cl
addition to the C=C bond, forming a Cl-isoprene adduct radical. Alternatively, Cl
can abstract one hydrogen atom from methyl group of isoprene to form HCI and
an allylic radical. Under the tropospheric conditions, the adduct reacts primarily
with oxygen molecules to form the 8-chloroalkenylperoxy radicals. In the presence
of nitric oxide NO, initial Cl radical addition at the C1-, C2-, C3-, or C4-positions
with subsequent addition of O, at the C2-, C1-, C4-, and C3-positions, respec-
tively, leads to the formation of S-chloroalkenylalkoxy radicals. The dominant
tropospheric reaction of S-chloroalkenylalkoxy radicals is unimolecular decom-
position or bimolecular reaction with oxygen molecule, leading to the formation
of various oxygenated and nitrated organic compounds (Figure 10.11). A rate con-
stant of (3.4-4.6) x 1071 cm® molecule ™! s~! has been determined experimentally
for the reaction between Cl and isoprene [136-140] and the branching ratio for the
initial addition and abstraction reaction has been inferred from the HCI formation
yield, with values between 13% and 17% [136,137]. Various final products have
been identified including CO, CO,, formyl chloride, formic acid, methylglyoxal,
hydrogen chloride, and 1-chloro-3-methyl-3-buten-2-one (CMBO, a tracer for chlo-
rine radicals) [136,137]. However, direct experimental data concerning intermedi-
ate processes of the oxidation reactions of isoprene with ClI are very limited, due
to the lack of sensitive detection schemes for these species. Lei and Zhang [141] re-
ported the first quantum chemical calculations on the Cl-isoprene oxidation and
found the isomers with Cl addition to the terminal Cl-position are the most en-
ergetically favorable. The activation energies for interconversion between isomers
are low (~2.8-4.7 kcal mol™!), indicating that thermal equilibrium between the iso-
mers is easily established. The formation rates and isomeric branching ratios were
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FIGURE10.11 Mechanistic diagram of Cl-initiated oxidation of isoprene.

calculated using CVTST [142]: a rate constant of 4.2 x 1071° ¢m3 molecule ! s™1

is determined and a strong preference is found for Cl addition to the terminal
carbon, with an amount of ~90% for the terminal addition. RRKM/ME calcula-
tions show that almost all of the adducts from the terminal addition are collision
stabilized, while adducts from internal addition undergo exclusively prompt iso-
merization and the collisional stabilization can be negligible under atmospheric
conditions. No activation barrier is found for Cl addition to isoprene and the
Morse potential well represents the energetics along the reaction coordinate. Brana
and Sordo [143] investigated the abstraction channel and found that the reaction
proceeds through an association-elimination mechanism in which a weakly bound
intermediate is formed via a six-membered ring transition state, followed by HCl
elimination leading to the final the allylic radical formation. DFT and ab initio
molecular orbital calculations have been performed to investigate the structures
and energetics of the Cl1-Oy-isoprene peroxy radicals: the peroxy radicals are ~39
to 43 kcal mol~—! more stable than the separated reactants at the CCSD(T)/6-31G(d)
level of theory [144]. The O, addition is found to be barrierless and the rate con-
stants are calculated using CVTST based on the Morse potential to describe the
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reaction coordinate, in agreement with the experimental values [145]. The results
indicate that the two B-chloroalkenylperoxy radicals with initial Cl addition at C1
and C4 positions and subsequent O; addition at C2 and C3 positions, respectively,
play an important role in determining the reaction pathways and final product
distributions of the Cl-isoprene reaction system. The predicted branching ratio
facilitates the application of CMBO as a tracer to deduce chlorine radical concen-
trations in the urban and regional atmosphere. Density-functional theory and ab
initio calculations have been employed to explore the structures and energetics of
the chloroalkenyl alkoxy radicals and their decomposition pathways [146]. The
activation and reaction energies of C-C bond scission of the alkoxy radicals are
in the ranges of 12-25 and 23-22 kcal mol~!, respectively. The results indicate that
C—C bond decomposition of the chloroalkenyl alkoxy radicals is rather slow and
likely plays a minor role in the Cl-isoprene reactions, consistent with laboratory
studies which show small MVK and MACR yields but significant CMBO forma-
tion. A yield of 30% is predicted for CMBO formation from Cl-initiated oxidation
of isoprene. Considering the potential importance of the Cl-isoprene reactions,
more studies of Cl-initiated isoprene oxidation are needed to assess the product
distribution of the Cl-isoprene reactions in the future.

Recently, the explicit oxidation mechanism of isoprene initiated by OH, O3,
NO3z, and Cl, incorporating the most recent laboratory and theoretical studies,
has been evaluated using a box model [69]. The updated mechanism provides
explicit reaction steps and detailed intermediates for isoprene oxidation and facil-
itates more accurate modeling of isoprene photochemistry in the atmosphere.

3.2 Pinenes

Monoterpenes account for ~10% of the total biogenic hydrocarbons globally, with
a- and B-pinene being the most abundant monoterpenes emitted in North Amer-
ica [1]. The pinenes («- and B-pinene) are removed from the atmosphere primarily
by reactions with OH radicals, NOj3 radicals and O3 [12]. Due to their high reac-
tivity toward oxidants, atmospheric oxidation of the pinenes contributes signifi-
cantly to ozone and SOA formation in the troposphere. The OH reactions dom-
inate during daytime while reactions with NO3; and Oj are significant at night.
The OH reactions proceed mainly by initial addition to the endocyclic (for a-
pinene) or exocyclic (for S-pinene) C=C double bond, resulting in the formation
of B-hydroxylalkyl radicals. Subsequent reaction of g-hydroxylalkyl radicals with
other atmospheric constituents (e.g., O, and NO) or isomerization leads to mul-
tifunctional products (e.g., aldehydes, ketones and carboxylic acids) in both gas
phase and particulate phase. Alternatively, H-abstraction can account for ~10-
20% of the total reaction rate, forming allyl resonance stabilized a-pinenyl radicals.
Figure 10.12 shows an overview of the OH-initiated oxidation of a-pinene.

The initial step of the OH—pinenes reaction has been investigated using density
functional theory and ab initio methods by Fan et al. [147] (for a- and B-pinenes)
and Ramirez-Ramirez et al. [148] (for B-pinene). Both studies considered site-
specific and stereo-specific (anti and syn position relative to the -C(CH3),—bridge)
addition of OH to the pinene C=C bond, forming four adducts for each pinene.
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FIGURE10.12 Mechanistic diagram of the reactions between OH and «a-pinene (RO1-RO5
represent the various alkoxy radicals formed in the reactions).

Fan et al. [147] found that the OH addition to both pinenes proceeds without an
activation barrier, in contrast to a well-defined transition state (for S-pinene only)
with level-of-theory dependent barriers reported by Ramirez-Ramirez et al. [148].
Fan et al. [147] pointed out that the bond lengths (2.7-2.8 A) of the reaction coor-
dinate in the loose transition states determined by the CVTST is much longer than
those (2.1-2.2 A) in the tight transition states reported by Ramirez-Ramirez et al.
for B-pinene [148]. The transition states reported by Ramirez-Ramirez et al. suffer
from high spin contamination so that the geometries of the transition states and
the activation energies of the reactions are less reliable. Fan et al. reported a rate
constant of 5.0 x 10711, 6.1 x 10~ cm? molecule ' s~! at B3LYP/6-31G(d,p) level
for a- and B-pinene respectively, consistent with the recommended experimental
rate constants [149-152]. Peeters et al. [153] presented a detailed mechanism for the
OH-initiated oxidation of a-pinene in the presence of NOy using various theoret-
ical methods, e.g., structure—activity relationship (SAR) (It is wide used to model
the correlation between the chemical activity and the structure of a family com-
pounds. Such models can be used to predict the activity of an unknown compound
based on its structure), quantum chemical methods, transition state theory (TST),
and RRKM/master equation analysis. OH addition to the C=C bond accounts
for 88% of the reaction, leading to two chemically activated g-hydroxylalkyl rad-
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icals with nearly equal branching ratios. H-abstraction channel is found to be a
minor route (~12%), but contributes significantly to the overall yield of formalde-
hyde. The overall product distribution under the simulation conditions are pre-
dicted on a molar basis: 35.7% pinonaldehyde, 18.8% formaldehyde, 19% organic
nitrates, 17.9% acetone, 25.9% other (hydroxy)carbonyls, 17.2% C1 and C2 car-
boxylic acids, and 30.7% CO,, in general agreement with experimentally measured
yields. However, under low NOy conditions the theoretically predicted yields dif-
fer significantly, with 59.5% pinonaldehyde, 12.6% formaldehyde, 13.1% organic
nitrates, 11.9% acetone, 16.4% other (hydroxy) carbonyls, 8.7% CO,, and a negligi-
ble fraction of C1 and C2 carboxylic acids, possible due to the dominance self- and
cross-reactions of the peroxy radicals under low NO, conditions, which current
mechanisms are not able to accurately represent. This theoretical study outlined a
comprehensive mechanism and provided a detailed product distribution for the
OH-initiated oxidation of ¢-pinene.

The gas-phase products and mechanisms of OH-initiated oxidation of the
pinenes have been explored by numerous experimental studies. Pinonaldehyde
from «-pinene and nopinone from B-pinene are observed and quantified as the
most abundant products in the gas phase, with a yield of 6% to 87% for pinon-
aldehyde [154-162] and 17% to 25% for nopinone [160,161,163], respectively.
Significant discrepancy exists regarding the reported pinonaldehyde yield from
a-pinene, with different analytic techniques and photochemical conditions. The
mechanisms leading to the formation of pinonaldehyde and nopinone have been
proposed. The resultant 8-hydroxylalkyl radicals from addition of OH radicals to
the C=C double bond of a-pinene results react rapidly with O, and subsequent
reactions with NO form g-hydroxylaloxy radicals. The C-C bond fragmentation
and subsequent abstraction by O, produce pinonaldehyde. For nopinone from §-
pinene, a primary and a tertiary B-hydroxylaloxy radical are formed in a similar
way as «a-pinene, followed by C-C bond scission and subsequent abstraction by
O3, leading to the formation of nopinone, with formaldehyde as co-product. Sev-
eral studies have reported theoretically predicted yields of pinonaldehyde, with
a value of 67% by Fan et al. [147], 60% by Peeters et al. [153]. A nopinone yield
of 23% is predicted by Fan et al [147]. The subsequent oxidations of pinonalde-
hyde and nopinone by OH radicals have been investigated theoretically. Fantechi
et al. [163] developed a detailed mechanism of product formation in atmospheric
conditions for six H-abstraction sites of pinonaldehyde-OH reaction using SARs,
quantum chemistry methods, and TST or RRKM/ME analysis. They found that
the overall predicted product yields under high-NO conditions are 22.9% (4-hy-
droxynorpinonaldehyde), 9.9% (acetone), 12.9% (formaldehyde), 30.3% (organic
nitrates), 73.8% (CO»), 11.4% (HC(O)OH), 16.6% (norpinonaldehyde and CO), and
16.6% (other (hydroxy)(poly)carbonyls). Under lower NO conditions, the theoret-
ically predicted yields differ only regarding 4-hydroxynorpinonaldehyde (38.2%),
HC(O)OH (0.3%), and nitrates (26.2%). Lewis ef al. [164] presented a theoretical
study of OH-nopinone reaction and obtained branching ratios of H-abstraction
from seven different positions. They found that the most preferable abstraction is
at the bridgehead position, with a branching ratio of 23%, inconsistent with the one
derived from SARs, which suggests much less oxidation in this position. However,
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the results are in agreement with available experimental evidence [165], suggest-
ing formation of significant amounts of products such as 1-hydroxynopinone dur-
ing terpene oxidation. Calculated rate coefficients using density functional theory
with the KMLYP functional are surprisingly in good agreement with the experi-
mental results, possibly because the KMLYP method is a hybrid DFT method with
a combination of exchange and correlation functional to minimize the errors for
the hydrogen atoms, while preserving the correct asymptotic values.

Another important product from both pinenes oxidation is acetone, an impor-
tant source of HOy in the upper troposphere [166] and low stratosphere and also
an important precursor for peroxyacetyl-nitrate (PAN) in the atmosphere [167].
Acetone formation from both pinenes has been experimentally determined, with
a yield of 5-18% from «-pinene [157-159,168-170] and 2-13% from B-pinene [159,
160,168-170]. Several mechanisms have been proposed for the formation of ace-
tone from OH-initiated oxidation of «- and pB-pinene. A theoretical study by
Vereecken and Peeters [171] showed that the initial OH-addition reaction leads
to the formation of chemically activated tertiary B-hydroxylalkyl radicals with
an initial internal energy of 32 kcal mol~!. Subsequent prompt isomerization of
the activated radicals to 6-hydroxymenthen-8-yl is comparable to the thermal
stabilization according to the kinetic calculations using RRKM/ME. The resul-
tant radical (6-hydroxymenthen-8-oxy) reacts with O, and NO and subsequent
decomposition of the § C=C bond provide one possible route for formation of ace-
tone. Figure 10.13 shows the major formation mechanism of acetone from OH-«a-
pinene reactions. The authors reported an acetone yield of 8.5%, in agreement with
available experimental data [157-159,168-170]. This channel is also confirmed by
Dibble [172] in a theoretical study: the activation energy of ~8-12 kcalmol~! is
obtained for the rearrangement of the tertiary S-hydroxylalkyl radical, which is
crucial for subsequent formation of acetone. An alternative pathway for acetone
formation has been proposed, involving C—C (either one of C-C bonds connected
to the radical center) scission of the tertiary -hydroxylalkoxy radical, followed
by alkoxy radical formation via reaction with O, and NO and subsequent de-
composition, leading to the formation of acetone. A less possible pathway for the
formation of acetone is suggested via OH abstraction, which has been demon-
strated to be implausible in a theoretical study by Vereecken and Peeters [171]

ooy §

a-pinene adduct

6-hydroxymenthen 6-hydroxymenthen acetone
-8-yl -8-oxy

FIGURE10.13 Major channel of acetone formation from OH-a-pinene reactions.
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due to the constraints of the bicyclo skeleton. Fan et al. [147] predicted a yield
of 9.5% for acetone from OH-w-pinene reaction. Similar mechanisms for the for-
mation of acetone from B-pinene have been proposed via OH-addition channel
(tertiary OH-g-pinene adduct). Several other gas-phase products (e.g., formalde-
hyde, nitrates, hydroxycarbonyls) are also observed and quantified with various
yields. For example, formaldehyde is quantified with a molar yield of 19% and
23% [158,170] for a-pinene and 45% and 54% for B-pinene [155,170]. Organic ni-
trates have been quantified only in two experiments, with the yield of 1% [154] and
18% [157], showing significant disagreement. The mechanisms leading to these
products have been proposed, although remain to be scrutinized. A detailed gas-
phase mechanism [173] for the degradation of a-pinene by OH has been proposed
based on box model simulations of laboratory measurements performed in the
presence as well as in the absence of NO by Noziere et al. [158]. The results showed
that the levels of OH, NO, NO; are well reproduced in the model and the model
succeeds in reproducing the average apparent yields of pinonaldehyde, acetone,
total nitrates and total PANs in the experiments performed in the presence of NO.
In the absence of NO, pinonaldehyde is fairly well reproduced, but acetone is
largely underestimated. The results also showed that the main oxidation channels
differ largely according to photochemical conditions. The pinonaldehyde yield is
estimated to be about 10% in the remote atmosphere and up to 60% in very pol-
luted areas. This finding explained the large existing discrepancy for the measured
pinonaldehyde yield reported previously [154-161].

As previously mentioned in the OH-isoprene reaction, the ring-closure reac-
tion in both unsaturated peroxy- and oxy radicals are expected to be important
pathways in the atmospheric chemistry of the OH-pinenes system. Vereecken and
Peeters [89] predicted a peroxy ring-closure rate constant of 2.6 s~! at 298 K, well
above the rate of the NO reaction even at 1 ppbv NO and those with HO, /RO, at
the atmospheric concentrations. The formation of ring closure peroxide not only
changes the product distribution, e.g., reducing acetone formation, but also these
peroxides are highly oxygenated and hence low volatile, contributing to SOA for-
mation. For the unsaturated structures discussed above, the resulting oxy radical
RO likely undergoes ring closure, forming cyclic ether structures. For example,
the oxy radicals form from «-pinene after opening of the 4-membered ring and
subsequent reactions with O, and NO. The oxy radical site can attack the dou-
ble bond, forming a cyclic ether radical which can in turn react quickly with O,
to form a cycloetherperoxy radical. However, this new channel is not currently
well-understood and more systematic investigation is needed in order to better
understand this unique channel.

Ozonolysis of pinenes contributes to OH radical and SOA formation. The lat-
ter has been speculated to be responsible for the formation of “blue haze”. Hence,
it is of vital importance to quantitatively understand the roles of ozonolysis of
a- and B-pinenes on both OH and SOA formation in the troposphere. The O3
reaction with both pinenes follows the Criegee mechanism, similar to that of iso-
prene. The initial step proceeds through cycloaddition of O3 to the C=C double
bond of each pinene, forming a primary ozonide (POZ). The available reaction
energy is retained as the internal energy of the product, resulting in formation
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FIGURE10.14 Mechanistic diagram of ozonolysis of a-pinene.

of the vibrationally excited primary ozonide. The excited primary ozonide sub-
sequently undergoes unimolecular isomerization (for «-pinene) or decomposition
(for B-pinene) to yield chemically activated carbonyl oxides and/or aldehydes (for
B-pinene). A large fraction of the carbonyl oxides have ample internal energy and
are subjected to prompt unimolecular reactions or collisional stabilization. Two re-
action pathways were proposed for the carbonyl oxide, ring closure to form dioxi-
rane or H-migration to produce a hydroperoxide intermediate. The hydroperoxide
subsequently undergoes isomerization or decomposition, leading to formation of
OH, carbonyls, CO;, and a variety of other products, some of which are potential
SOA precursors. Thermally stabilized CIs may react with other atmospheric com-
pounds (e.g., H,O, SO, HCHO, H;S04). Numerous experiments have been car-
ried out to investigate the products and SOA formation from ozonolysis of pinenes
[174-179]. However, only one theoretical study has been reported for ozonolysis of
pinenes. Zhang and Zhang [180] presented a comprehensive theoretical study of
the reactions of ozone with «- and g-pinenes using combined quantum-chemical
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methods (e.g.,, DFT and CCSD(T)) and RRKM/ME to determine the structures
and energetics of relevant species in the reaction systems and to predict the ki-
netics and mechanisms of pinenes ozonolysis. Figures 10.14 and 10.15 represent
the mechanistic diagrams of the ozonolysis of «-, f-pinene, respectively. The for-
mation of POZs occurs with the activation barriers of 0.3 kcal mol~! for «-POZ and
2.0 kcalmol~! for B-POZ. The addition reactions are highly exothermic, with the
reaction energies of 55.1 and 51.1 kcal mol~! for - and S-pinenes, respectively. The
results indicate a negligible collision stabilization of the POZs. Cleavage of both
POZs forms two carbonyl oxides along with aldehyde or ketone, respectively. For
both activated and stabilized Cls from «- and B-pinene ozonolysis, H-migration
to hydroperoxides dominates over ring closure into dioxirane. Significant frac-
tions of Cls are stabilized with 0.34 for «-Cls and 0.22 for 8-CI, consistent with
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the experimental observations. The theoretical calculations suggest that stabilized
ClIs contribute significantly to previously measured high yield of OH for «-pinene,
but stabilized CIs contribute negligibly to the experimental OH yield for g-pinene
because of the reaction with formaldehyde.

Reaction with NOjz radicals represents another important gas phase loss path-
way for a-pinene during the night time. Under elevated NOy conditions, reaction
with NOg3 can also be significant during the daytime and contribute substantially
to the monoterpene decay. However, only a few studies have been performed on
NOgz-initiated oxidation of pinenes [181-184]. To our knowledge, no theoretical
studies have been performed to investigate the mechanistic behaviors of these re-
actions.

3.3 Other monoterpenes and sesquiterpenes

The a- and S-pinenes with other monoterpenes (CioHj6) naturally-emitted into
the troposphere from vegetation is comparable to or can even exceed the emis-
sions of nonmethane organic compounds from anthropogenic sources on a re-
gional and global scale. There are evidences that show significant amounts of OH
radicals formed from reaction of monoterpenes with ozone. The monoterpene is
very reactive toward OH radical with a typical lifetime of about several hours
in the atmosphere. The intermediates and products produced from monoterpene
oxidation also contribute to the ozone and secondary aerosol formation in the tro-
posphere. Theoretical studies on other monoterpenes than pinenes are sparse in
the literature and only a few are discussed in this review. Carrasco et al. [185]
performed both experimental and theoretical study to investigate gas phase OH-
initiated sabinene reaction. Three primary carbonyl products (acetone, sabinake-
tone and formaldehyde) have been observed and quantified in the absence and
presence of NOy. Quantum chemical DFT-B3LYP calculations reveal that both
abstraction and addition channel need to be taken into account for acetone produc-
tion and sabinaketone and formaldehyde are the mainly products of the addition
channels. The results also indicate that DFT is an appropriate level of theory with
reasonable reliability and computational cost for such a large reaction system.
Their previous studies showed that barrier heights calculated at the DFT-B3LYP
are good agreement with experimental results and the high level ab initio calcula-
tions. Semi-empirical parameters obtained from correlation between Cl and simple
monoalkene and dienes were used to predict the rate constants of Cl atom and
a series of monoterpenes including a-pinene, 2-carene, 3-carene, myrcene, and
y-terpinene, based on the framework of perturbation molecular orbital (PFMO)
theory [186]. The HOMO energies were calculated using ab initio and DFT quan-
tum chemical methods. The calculated rate constants were found to be generally in
agreement with available literature values. Ramirez-Ramirez and Nebot-Gil [187]
carried out ab initio calculations to investigate the initial step of the gas-phase OH-
d-limonene reaction by considering eight different possibilities for OH addition to
the endo and exo C=C double bonds with syn or anti configuration (Figure 10.16).
Activation energies calculated at the QCISD(T)/6-31G(d)//UMP2/6-31G(d) level
show that OH is preferably added to endocyclic C=C bond under atmospheric
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FIGURE10.16 Schematic diagram of the eight OH-d-limonene adduct isomers.

conditions. The gas-phase basicity (GB) and proton affinity (PA) of limonene were
calculated based on the density functional methods with best predicted values of
869.6 and 873.9 k] mol~! for PA at B3PW91/6-31G* and BLYP/6-31G* respectively,
in agreement with the measure value (875.5 k] mol~!) [188], providing valuable in-
formation for the measurement of this compound in the atmosphere.

In recent years, increasing interests have arisen for sesquiterpenes (C15Ha4) due
to the fact that oxidation of these terpenes has potentially significant contribu-
tion to biogenic SOA formation. However, theoretical studies of sesquiterpenes
are very limited and only one study concerning the molecular conformations of
B-caryophyllene has been reported [189]. Four conformations of g-caryophyllene
(xer, af, B, and BB) were investigated by means of ab initio calculations at sev-
eral levels of theory (e.g., HF/6-31G*, MP2/6-31G*, and B3LYP/6-31G*) to in-
vestigate their relative thermodynamic stabilities. The results predicted that the
aa conformer corresponds to the most stable geometry, in agreement with low-
temperature NMR measurements.

4. CONCLUSIONS AND FUTURE RESEARCH

During the past two decades there has been significant progress in the applica-
tion of quantum chemical calculations to the field of atmospheric chemistry. In this
article, we have presented an overview of the application of quantum chemical cal-
culations and kinetic methods to elucidate the mechanism of atmospheric biogenic
hydrocarbon oxidations. Recent advances in isoprene and «-, f-pinenes are dis-
cussed in this review. The mechanism of isoprene oxidation is better understood
than those of other biogenic hydrocarbons. The initial isoprene-oxidant adducts,
the peroxy radicals, the alkoxy radicals and the first generation products are inves-
tigated by means of quantum chemical calculations. The roles of the intermediate
species are assessed using kinetic methods and the overall picture of the isoprene
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oxidation mechanism is obtained. For pinenes, monoterpenes, and sesquiterpenes,
there have been limited theoretical studies on the kinetics and mechanism of these
systems initiated by oxidants such as OH and O3. Consequently, large uncertainty
exists on the atmospheric oxidation of these biogenic VOCs.

Typically, several aspects need to be considered for application of quantum
chemical calculations and kinetic methods to the atmospheric biogenic hydrocar-
bons:

(1) The accuracy of the geometries of the species. A reliable potential energy sur-
face depends on reliable geometries of reactants, transition states, intermedi-
ates, and products. For biogenic hydrocarbons (e.g., isoprene, a-, f-pinenes),
it is difficult or formidable to determine their geometries experimentally. In
most of the hydrocarbon oxidation systems, density functional methods have
been proven to be an efficient approach, which accurately predicts structural
parameters (e.g., bond length, bond angle, and dihedral angle) considering the
relatively low computational cost of the methods and have been validated in
many applications. Higher level theories have been employed to obtain more
accurate structural requirement by balancing between accuracy and compu-
tational efficiency. The MP2 and G2 levels are also frequently employed in
geometry optimization of species from atmospheric hydrocarbons oxidation.

(2) The accuracy of the reaction energy and activation energy. Quantum chemical
calculations provide a simple way to compute the reaction energy/enthalpy
and activation energy for a reaction in the biogenic hydrocarbon oxidation
system. The theoretical results are needed to be compared with available ex-
perimental values. In most cases, higher levels of calculations than DFT calcu-
lations (e.g., Gaussian series of theory) are required to obtain accurate energy
profiles, especially for the activation energy, which is needed in predicting
the reaction rate constant. Once the reaction energy and the activation energy
are accurately defined, a reliable potential energy surface is established. For
reactions proceeding without barriers, accurate reaction energy, geometry, vi-
brational frequencies are required to model the potential energy surface using
variational transition state theory.

(3) Other thermochemical data (e.g., heat of formation and proton affinity). These
thermochemical data are very helpful to atmospheric modeling to understand
the complex chemical reactions. Thermochemical data can be obtained by high
levels of calculations, e.g., CCSD(T), Gn series, CBS, QCI, etc.

(4) Kinetic theories. The high-pressure limit rate constants can be determined us-
ing classic kinetic theory, e.g., TST for tight transition states and CVTST for
loose transition states. Kinetic methods such as RRKM or vVRRKM can be em-
ployed to investigate the temperature and pressure dependent behaviors in
fall-off region. RRKM (or vRRKM) in conjunction with master equation is
used to evaluate the competition between prompt chemical reactions and col-
lisional stabilization of the excited species. Separate statistical ensemble (SSE)
approach can be used to determine the energy partitioning from the parent
species into its fragments. The accuracies of the rate constants determined
from various kinetic rate methods strongly depend on the accuracies of the
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predicted barrier height and vibration frequencies of the transition states and

the reactants.

(5) The fates of chemically activated intermediate species. For many oxidation re-
actions encountered in biogenic hydrocarbon oxidation, especially ozonolysis
of isoprene and monoterpene, large excessive energy is released, resulting in
the formation of highly excited intermediate species. The fates of these species
can be evaluated by RRKM or vRRKM/ME formulism and the energy can be
further partitioned into the decomposition products according to the SSE the-
ory.

As the late Nobel laureate John A. Pople [190] pointed out almost ten years
ago that “the reaction mechanisms with pollutants in the atmosphere could be
studied using computational chemistry”. Today, more studies have been under-
taken by exploiting quantum chemical calculations and chemical kinetic methods
to investigate the oxidation mechanisms of volatile organic compounds in the at-
mosphere. Quantum chemical calculations and theoretical kinetic models serve as
the guidance and support for experimental research. The theoretical framework
has been developed over many decades and the maturation of concepts, methods,
and algorithms have been validated in the field of atmospheric chemistry. High-
level calculations for large organic molecular systems are still computationally
demanding and extremely challenging for atmospheric theoretical investigators.
However, with the development of high-performance computational facility and
better mathematical algorithms, such difficulties and challenges will be overcome
in the near future.
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1. INTRODUCTION

Under the agreements of the Montreal Protocol on Substances that Deplete the
Ozone Layer, the production of chlorofluorocarbons (CFCs), halons and several
other halocarbons has been prohibited [1,2]. Consequently, there is an interest
in replacing these compounds [3]. As part of the development of such replacing
compounds, it is necessary to consider and evaluate the potential environmental
effects of their use, especially on stratospheric ozone [2].

Although the emphasis has been on chlorine-containing compounds, other
halogenated compounds, such as bromine-containing compounds, play a role in
the interaction between tropospheric and stratospheric chemistry [4,5]. Both nat-
ural and anthropogenic processes contribute to the brominated organics emitted
into the troposphere [5]. Through sea-salt aerosols produced by bursting of small
air bubbles near the sea surface, the ocean contributes a great part of the halo-
genated substances that are present in the atmosphere [6]. Marine biological ac-
tivity is believed to be the major natural source of brominated organics producing
methyl bromide, the major bromine-containing organic in the remote troposphere
[7,8]. Anthropogenic sources include soil fumigants (CH3Br), gasoline additives
(CoH4Br), and flame retardants (e.g. CBrFs3) [5,9].

Gas phase reactions involving bromine are related to ozone decrease at the
ground level [10,11]. Measurements in the Arctic have shown the destruction of
boundary-layer ozone from 30—40 ppb to undetectable levels in less than a day
[12-16]. This destruction of ozone is strongly linked to high levels of filterable
bromine occurring since the beginning of polar sunrise until April [12,17]. Mech-
anisms, involving aerosol particles or reactions on the snow pack, have been pro-
posed for the regeneration of photochemically active bromine [12,18-20]. McCon-
nell and coworkers suggested in 1992 that the concentration of sea-salt Br~ in
the snow pack is high during the long polar night, which is released into the at-
mosphere during polar sunrise as Br, [12]. Numerical simulations were performed
proposing that Br, was released to the atmosphere by heterogeneous reactions
among scavengers (i.e. ambient aerosols and ice crystals) and bromine containing
compounds (i.e. HBr and brominated organic compounds (BOCs)). The authors
claim that this bromine cycling between the aerosol and the gas phase, main-
tains the high levels of Br atoms and BrO radicals necessary to destroy ozone,
as observed previously in Arctic measurements [12-16]. Fan and Jacob [19] pro-
posed a mechanism for such aerosol-phase production of active bromine species,
since McConnell did not specified one. In 1996, Sander and Crutzen developed
a model describing the chemistry of the marine boundary layer at midlatitudes,
where autocatalytic cycles involving sea salt particles generate photochemically
active gases such as Bro, BrCl and Cl, [21]. These types of reactions in the con-
densed phase lead to the formation of photochemically active halogens in the gas
phase.

Bromine compounds, when diffused to and photolyzed in the stratosphere,
can produce Br atoms that participate in catalytic ozone destruction that can reach
efficiencies that are 40-50 times more effectively than Cl atoms [9,22-24]. The
stratospheric chemistry of brominated organic compounds is similar to that of
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chlorine-containing organics with a few exceptions: (1) the abstraction of a hy-
drogen atom from Hy and CHy is too slow to be of interest in the stratosphere, as
it is a highly endothermic reaction; (2) radical-radical processes play a more im-
portant role in Bry chemistry than in Cl, chemistry; and (3) the photolysis rate of
BrO is ~10? faster than for ClO [25].

An important aspect of stratospheric bromine chemistry is the possibility of
synergistic interactions between bromine and chlorine cycles via the following re-
action,

BrO + ClIO — Cl + Br + Os.

It has been suggested that this ClO,—BrO; interaction could lead to enhanced
ozone destruction in the lower stratosphere [2,25].

Long lived compounds in the troposphere are transported into the stratosphere,
where they decompose providing a source of inorganic stratospheric bromine [25].
Even short-lived halocarbons such as bromopropane can have significant ozone
depletion potentials (ODP) due to rapid transport to the stratosphere by tropi-
cal convection [26]. Bromopropane molecules release bromine atoms 2-3 times
more effectively than some CFCs would release chlorine atoms in the lower
stratosphere [27].

Reactions with hydroxyl radicals are considered one of the most efficient
ways used by the atmosphere to remove natural and anthropogenic trace gases
in the atmosphere [28,29]. Previous kinetics [27,30-32] and modeling studies [2,
33-35] have shown that the primary atmospheric sink of bromopropane is the
reaction with OH and that it has an atmospheric lifetime of 10-16 days. Fur-
ther studies have determined that the lifetime of short-lived species, such as
1-bromopropane, is dependent on the geographic distribution of surface emis-
sions; therefore it depends mostly on local concentrations of the scavenger rather
than its tropospheric average [27,31,34,35]. Based on this assertion, Wuebbles et
al. [35] divided the modeling study in three regions and found the atmospheric
lifetime of 1-bromopropane (nPB) to be 9 days and an ODP range of 0.087 to
0.105 for the emissions in the tropical Southeast Asia, 19 days and 0.021 to 0.028
for the emissions of the industrialized regions of the Northern Hemisphere, and
19 days and an ODP range of 0.033 to 0.040 for the global emissions over land-
masses, respectively [35]. On the contrary, Bridgeman et al. [34] determined the
value to be 19-33 days and an ODP range of 0.0109-0.0033. The calculated ODP
for 1-bromopropane (1-BP) is 0.027 using a fixed mixing ratio boundary condi-
tion [27,33]. Previously Wuebbles and coworkers [2], as well as Teton et al. [32],
determined that photolysis has an insignificant effect on the residence time of
1-bromopropane in the atmosphere. Also, Wuebbles et al. [2] arrived at the same
conclusion for an estimated ocean sink.

Kinetic studies of the reaction of 1-bromopropane with OH radicals have
been previously performed [27,30,32,36,37]. Donaghy et al. [30], using the relative
rate technique, found a rate constant of (11.8 & 3.0) x 10~13 ¢m?® molecule ™' s~!
while using c¢-C¢Hjpp as the reference compound. The obtained atmospheric
lifetime was 11-16 days. Teton et al. [32] via pulsed laser photolysis followed
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by laser induced fluorescence obtained a temperature-dependent rate constant
of 528 x 10712¢7091/RT cmd molecule 's~! at a 100 torr pressure and 233-
372 K temperature range. The authors calculated an atmospheric lifetime of
10 days. Using the same technique and total pressure, Herndon et al. [36]
found the temperature-dependent rate constant for the OH reaction to be 9.1 x
10~ 14795¢=157/T ¢m3 molecule ™ s~ for a temperature range of 230-298 K. Ko-
zlov et al. [31] used flash photolysis followed by resonance fluorescence de-
tection in order to report a temperature-dependent rate constant measurement
of 3.08 x 10712e=0-66/RT cm3 molecule ' s~! for a temperature range of 210-
480 K. The results led to a 14 days estimation of the atmospheric lifetime of
1-bromopropane. Nelson et al. [27] determined a temperature-dependent rate con-
stant of 5.75 x 10~12e=100/RT ¢m3 molecule ™ s~!, while performing the studies
in a range of 1.1 to 2.3 torr of pressure and 271 to 263 K with a discharge flow
followed by laser induced fluorescence detection. They estimated a tropospheric
lifetime of 15 days for 1-bromopropane, and with that a global warming potential
of 1.0, 0.3 and 0.1 for integration time horizons of 20, 100, and 500 years, respec-
tively [27].

Gilles and coworkers [37], via pulsed laser photolysis followed by laser in-
duced fluorescence, found the temperature-dependent rate constant for the OH
reaction at 50 torr pressure to be 6.6 x 1071872~ 15%/T ¢m3molecule s~ for
a temperature range of 230-360 K. The group developed a fit for all the pub-
lished data previously mentioned [27,30-32,36,37], resulting in the expression
k(T) = (7.40 + 1.07) x 107'8T? exp[—(—140 + 45)/T]. They recommend this ex-
pression for atmospheric modeling. In their paper, the rate coefficient and product
branching ratios for the reaction were reported [37,38]. The S abstraction was
determined the most favorable reaction pathway, with a 56% yield at room tem-
perature. The « abstraction from the substituted carbon had a 32% yield, while the
y abstraction had a 12% yield [37,38]. The experiments showed bromoacetone and
propionaldehyde as stable degradation products of both the reaction in discussion
and in the reaction with Cl atom. For the reaction with Cl atom, no rate constant
was reported in the studies of Gilles et al. [37]. The only experimental study is that
of Donaghy et al. [30], where a rate constant of (614 18) x 10~'2 molecule ! s~! rel-
ative to CoHg was determined for the reaction of 1-bromopropane with CI atoms
at room temperature. An atmospheric lifetime of 95 days was estimated. It was
observed that the rate constant value is lowered by the presence of a halogen sub-
stituent. The reaction of Cl atoms with non-methane hydrocarbons (NMHC) is a
significant atmospheric process. Despite the low abundance of Cl atoms in the at-
mosphere (~103 molecules cm™2), Singh and Kasting [39] showed that 20 to 40%
of the NMHC oxidation in the troposphere (0-10 km) and 40 to 90% of NMHC
oxidation in the lower stratosphere (10-20 km) is caused by Cl atoms. The photo-
chemical activity of NMHC not only depends on their reaction with OH radicals
but also on Cl atom reactions.

Ab initio calculations were performed to obtain the bond strength and the rel-
ative rate coefficients, using the Gaussian-3 methodology previously extended to
brominated compounds by Curtiss et al. [40,41]. The results of the calculations
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showed that, by adding Br to the « site, the C-H bond energies decreased at the
other sites. As well, the calculated energies of the transition states decreased as
suggested by the experimental observations (y > o > B).

Hydrogen abstraction reactions in the atmosphere, initiated by OH radicals
and Cl atoms, are some of the mechanism to trigger the production of free photo-
chemically active bromine from bromine-containing compounds. To gain a better
understanding of the fate of n-bromopropane as an atmospheric species [10], and
to establish global warming and climate change potentials, this paper approaches
the atmospheric impact of n-bromopropane which is proposed as a replacement
for CFCs used as the active component of industrial cleaning solvents [2,27,31,37],
more specifically HCFC-141b [36]. The following work intends to relate the previ-
ously discussed experimental results [27,30-32,36,37] with theory, by performing
ab initio calculations of the 1-bromopropane reaction with OH radicals and with
Cl atoms to determine energetics of both reactions.

2. COMPUTATIONAL METHODS

Gaussian 03 suites of programs [42] were utilized to perform ab initio molecular
orbital calculations on n-bromopropane, radicals, transition states, and complexes
structures. Geometry optimizations and frequency calculations were performed
using the levels of theory of Hartree-Fock (HF) and second-order Moller-Plesset
perturbation (MP2) [43], with 6-31G(d) basis set to find equilibrium geometries, vi-
brational frequencies and zero point energies. All optimizations were carried out
to better than 0.001 A for bond lengths and 0.1° for angles, with a self-consistent
field convergence criteria of at least 1077 on the density matrix and a residual rms
force of less than 10~* atomic units. Harmonic vibrational frequencies, obtained
with analytical second derivatives for the optimized minimum energy geometries,
confirmed true minima and first-order saddle points. Global minima had all pos-
itive frequencies. One imaginary frequency was found for each transition state,
confirming their location as maxima in one reaction coordinate. The proper con-
nectivity between reactants, pre- and post-reactive complexes, transition states,
and products were verified for all pathways by intrinsic reaction coordinate calcu-
lations (IRC) [44]. To refine energy values of equilibrium geometries, two single-
point calculations of high level electron correlation of coupled cluster including
singles and doubles with approximate triples were performed using CCSD(T)
with 6-311G(2d,2p) and 6-3114++G(2df,2p) basis sets. The degree of spin conta-
mination was monitored because of the possible production of inaccurate total
energies. For open shell systems the (S?) value did not have major deviations
from 0.75.

Gaussian-2 [45-47] and Gaussian-3 [40,41] calculations were also performed
for calibration purposes. G2 and G3 theories are composite techniques in which
a series of ab initio molecular orbital calculations, optimization/frequency and
single-points, is performed to arrive at a total energy of a given molecular species.
Since third-row heavy atoms have not been defined in the G3 theory basis sets
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in the Gaussian 03 set of programs, basis sets defining bromine atom were in-
corporated in the ab initio sequence of calculations. The G3 energy is defined
as,

Eo(G3) = MP4/6-31G(d) + [QCISD(T)/6-31G(d) — MP4/6-31G(d)]
+ [MP4/6-31+G(d) — MP4/6-31G(d)]
+ [MP4/6-31G(2df,p) — MP4/6-31G(d)]
+ [MP2(FU)/G3Large — MP2/6-31G(2df,p)
— MP2/6-31+G(d) + MP2/6-31G(d)]
+ E(SO) + E(HLC) + E(ZPE).

The zero-point energy correction (ZPE) [48] is determined at the HF/6-31G(d)
level of theory with a harmonic frequency scaling factor of 0.8929. In this study
we have modified the procedure by calculating the ZPE at the MP2(FU) /6-31G(d).
The harmonic frequencies were scaled by 0.9427 to account for any deficiencies at
this level [49].

Enthalpies of reaction (ArxnH29s) and energy barriers (E;), corrected with
zero-point energies (ZPE), were calculated to characterized the energetics of
primary, secondary, and tertiary hydrogen abstractions during the reaction of
BrCH,CH,CHj; with OH radical and Cl atoms. The BrCH,CH,CHj3 + OH reaction
serves as a calibration method for the characterization reaction of n-bromopropane
with Cl, since little is known about the latter.

3. RESULTS AND DISCUSSION

The potential energy surface of hydrogen abstractions during the reaction of n-
bromopropane with OH radicals and Cl atoms is explored in detail. 1-Bromopro-
pane contains three different reactive sites from where hydrogen atoms can be
abstracted: «, 8, and y carbon atoms. The « carbon (primary) atom is defined as
the carbon to which the substituent, in this case the bromine atom, is attached. The
adjacent carbon atom is called the S-carbon. The three resulting reaction channels
proceed as follows, where X = OH/C],

BrCH,CH,CH3; + X = BrCHCH,CH3 + HX
%, BrCH,CHCH; + HX
% BrCH,CH,CH, + HX.

The results will be discussed and analyzed in terms of these three reaction
branches.

Table 11.1 shows the enthalpies of reaction and activation barriers for the for-
mation of primary radicals and transition state structures. Binding energies for
the formation of pre- and post-reactive complexes are listed in Table 11.2. The
minimum energy structures (closed- and open-shell systems) are illustrated in
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TABLE 111 Enthalpies of isomerization (gauche — trans) and formation of the 1-bromo-
propane—trans isomer

Level of theory AHp 1.G% AHoy BP-trans®’
HF/6-31G(d) —0.0067 —-20.2
MP2(full)/6-31G(d) 0.47 224
CCSD(T)/6-311G(2d,2p) -0.12 -215
CCSD(T)/6-311++G(2df,2p) —0.065 214

G2 —0.088 -21.5
Experimental value - —20.1+0.1%

a  Inkcalmol~1.

b Based on isodesmic reaction: BrCHp, CHp CH3 + CHy — CH3CHpCH3 + CH3Br.

Figure 11.1 (n-bromopropane and primary radicals), Figure 11.2 (nBP + OH com-
plexes), Figure 11.3 (nBP 4+ OH transition states), Figure 11.4 (nBP + Cl complexes),
and Figure 11.5 (nBP + Cl transition states). The energetics of the potential en-
ergy surface are depicted in Figures 11.6A, 11.6B, and 11.6C for the reaction of
bromopropane + OH radical and in Figures 11.7A, 11.7B, and 11.7C for the reac-
tion of bromopropane with Cl atom.

3.1 Mechanistic analysis

3.11 Stability of 1-bromopropane and bromopropyl alkyl radicals

In this study, we explored the stability of the n-bromopropane trans and gauche
isomers by calculating the isomerization enthalpy at the levels of theory of in-
terest. The results are summarized in Table 11.1. The values vary from —0.12 to
0.47 kcalmol~!. Only the MP2/6-31G(d) calculation predict that the gauche isomer
is the most stable. The MP2 determination (0.47 kcal mol~1) seems overestimated.
Only high-level quantum calculations made predictions in accordance with exper-
imental findings.

The heat of formation of n-bromopropane is determined in this study via
the isodesmic reaction of BrCH,CH,CH; + CHy — CH3CH,CHj3; + CHj3Br.
Isodesmic reactions are those in which the number of bonds of equal type is
conserved [50]. The energies of isodesmic reactions are usually well reproduced,
which allow for high-accuracy determination of reaction enthalpies. The heat
of formation of n-bromopropane is determined from literature values of experi-
mental heat of formations (AHy) for the remaining species in the reaction, and
these are: —16.0 4 0.1 kcal mol ™! (CHy) [51], —8.96 + 0.36 kcal mol ! (CH3Br) [52],
—25.0 + 0.15 kcal mol ! (CH3CH,CHj) [53]. n-Bromopropane was found to have
a heat of formation at 0 K of —21.4 kcal mol~! at the CCSD(T)/6-311++G(2df,2p)
level of theory. The literature value of —20.2 4= 0.1 kcal mol~! deviates from ours
by 6%.



TABLET.2 Enthalpies of reaction (AH, ) and energy barriers (EB) for the reaction of bromopropane with OH radicals and Cl atoms (kcal mol )T

Theory BrCH,CH,CHj3 + OH —

BrCHCH,CHj3 + H,0 BrCH,CHCHj3 + H,0 BrCH,CH,CH; + H,0

AH,o  EBY EBY AH,, EB* EB® EB* AH,, EB*® EB® EB*
HF/6-31G(d) —-0.02 262 264 36 246 248 247 07 275 271 267
MP2/6-31G(d) -132 6.9 69  -165 62 5.0 56 116 9.6 8.8 7.8
CCSD(T)/6-311G(2d,2p) -163 1.8 24 1838 14 1.6 14 -138 5.2 42 3.8
CCSD(T)/6-311++G(2df2p) ~ —18.9 0.9 12 -216 0.2 04 03 -165 32 3.1 27
G2 -19.3 08 12 =220 03 04 02 -16.8 32 3.0 29
G3 -15.7 04 05 -183 -02 —06 —03 —130 3.0 2.7 2.0
G3 (Gilles et al.) - - 1.0 - - - 0.0 - - 29 24
Theory BrCH,CH,CHj3 + Cl —

BrCHCH,CHj; + HCl BrCH,CHCHj3 + HCl BrCH,CH,CH, + HCl

AH,,  EBY EBY AH,, EB¥ EB*® EB* AH,y EB* EB¥® EB¥*
HF/6-31G(d) 6.2 196 194 26 176 176 - 69 186 183 205
MP2/6-31G(d) 5.6 7.1 6.7 23 6.7 62 - 7.2 9.8 88 104
CCSD(T)/6-311G(2d,2p) -27 -12 -10 -52 -10 -08 - -0.2 15 14 3.0
CCSD(T)/6-311++G(2df2p) ~ -33  —-22 -19 —-60 20 -19 - —0.9 0.7 0.5 2.0
G2 -38 28 -26 —66 -24 22 - -13 0.4 0.3 17
G3 -57  —48 —46  —83 —44 44 - -30 -13 -17 05

1 Include MP2(full)/6-31G(d) zero point energy correction.

(444
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a) BrCH,CH,CHj;

b) BrCHCH,CH3

¢) BrCH,CHCH3
1.882

d) BrCH,CH,>CH;

FIGURETI1 Geometries of n-bromopropane, primary, secondary, and tertiary alky! radicals.
Parameters are calculated at the MP2(full)/6-31G(d) level of theory.

The geometry of n-bromopropane in the trans conformation is illustrated in
Figures 11.1a. The resulting alkyl radicals from the hydrogen abstraction reactions
are shown in Figures 11.1b, 11.1c, and 11.1d. The « radical (BrCHCH,CH3, Fig-
ure 11.1b), keeps the same C-atom backbone and H-atom arrangement. At the



224 C.M. Rosado-Reyes et al.

radical site (¢C), the remaining H atom forms an angle of 121.8° with the adja-
cent C-atom, being stretched by ~10°, and the Br atom is positioned closer with
respect to the «C at 1.882 A, after the transition of n-bromopropane geometry from
a close to an open-shell structure. Figure 11.1c illustrates the S-alkyl radical. With
the removal of a secondary hydrogen atom the C-atom backbone forms an angle
of 120.3° and the C-C bonds shorten by roughly 0.05 A. Also the Br atom bends
outside the C-C~C plane while the C-Br bond elongates by ~0.06 A. Figure 11.1d
illustrates the y n-bromopropyl alkyl radical (BrCH,CH,CHb). The remaining two
terminal H atoms accommodate 90.0° out of plane with respect to C-C-C back-
bone, forming an angle of 117.6° with the yC.

3.1.2 n-Bromopropane with OH radical reaction

The most recent experimental study of the OH + n-bromopropane reaction, sup-
ported with ab initio calculations, was performed by Gilles ef al. [37]. The deter-
mination of the activation barriers at the G3 level was performed with respect to
the n-bromopropane—trans isomer. We have explored the stability of both trans
and gauche conformers of n-bromopropane, and only high-level ab initio calcula-
tions predicted that the gauche form was the most stable by 0.15 kcal mol~!. For
comparison and calibration purposes with the Gilles et al. [37] study, the energet-
ics in this study were determined with respect to the —trans form. On the other
hand, since all experimental studies to date have agreed in observing both iso-
meric forms in liquid and gas phases, we anticipate that alkyl radicals, complexes,
and transition state structures in the trans and gauche forms are participating si-
multaneously in the dynamics of the reactions under study. In the following sec-
tions, we show how the trans and gauche forms of the different species contribute
to the overall reaction in very good agreement with experimental determina-
tions.

Hydrogen abstraction reactions by OH radicals are known to be characterized
by strongly bonded complexes where the hydrogenated compound approached
by OH radical is stabilized by hydrogen bonds. This trend is not an exception for n-
bromopropane. Figure 11.2 shows the pre- and post-reactive complexes (preceding
and succeeding the formation of the transition state, respectively) throughout the
reaction of n-bromopropane with OH radicals. The respective transition structures
are shown in Figure 11.3. In total, eight transition states were found and fully opti-
mized. Gilles et al. [37] previously found and reported four of these eight transition
states. The removal of the o hydrogen is described by two different transition state
structures, TS1a (Figure 11.3a) and TS1b (Figure 11.3b). The main difference be-
tween these two is the orientation of the Br atom and the leaving H atoms with
respect to the C-atom backbone. TS1a resembles more closely the trans conforma-
tion of n-bromopropane on its global minimum structure, where the Br atom is
coplanar to the carbon atoms. On the other hand, the C-Br coordinate has rotated
120° away from the carbon atoms plane in the TS1b structure and the leaving H
atom is now oriented coplanar to the C-atom chain. In both structures, TS1a and
TS1b, the OH group is oriented perfectly coplanar with the C—Br bond. The inter-
action of Br atoms with the H atom on OH radicals seems to stabilize the transition
states. The complex structure preceding TS1a (pre-CX1a) is shown in Figure 11.2a.
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a) pre-CXla b) post-CXla

d) post-CXl1b

FIGURET.2 Geometries of pre- and post-reactive complexes involved in the
BrCH;CH;CH3 + OH reaction. Parameters are calculated at the MP2(full)/6-31G(d) level of
theory.

The hydrogen bonding interaction is taking place between OH radical, Br atom,
and one of the o hydrogen atoms. In contrast, pre-CX1b, complex structure pre-
ceding TS1b, shows that OH radical prefers stabilization with the secondary g
hydrogen atoms (Figure 11.2c). After the removal of the « H atom through any
of the two different conformations, water molecule stabilizes the formed primary
radical, by forming hydrogen bonds of approximately 2.6 and 2.5 A with bromine
and secondary hydrogen atoms, respectively.

The abstraction of secondary g hydrogen atoms proceeds via three different
transition states, TS2a, TS2b, and TS2c. The transition state TS2c was originally
proposed by Gilles et al. [37] and it is illustrated in Figure 11.3e. It involves the
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FIGURET.2 (Continued.)

abstraction of the g hydrogen from bromopropane at its minimum energy con-
figuration. The OH radical is oriented toward the Br atom. This orientation is
preserved from the configuration of the pre-reactive complex (Figure 11.2g) where
also the OH radical is stabilizing the precursor via the interaction with the H
atom subjected to be abstracted. The transition state structures found in this study
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FIGURET.2 (Continued.)

for the B abstraction are illustrated in Figures 11.3c (TS2a) and 11.3d (TS2b). In
both configurations the bromine atom is oriented in a dihedral angle of ~120°
with respect to the C-atom chain. OH radicals are removing the secondary H-
atom oriented in opposite direction to Br in TS2a, while removing the H-atom
oriented toward the Br in TS2b. The post-reactive complexes for the § abstrac-
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b) TSIb

FIGURE11.3 Transition state structures involved in the BrCH,CH;CH3 + OH reaction.
Parameters are determined at the MP2(full)/6-31G(d) level of theory.

tions resemble similar structures, as shown in Figures 11.2f (post-CX2a and 2b)
and 11.2h (post-CX2c), where water complexes with bromine, «H and gH in post-
CX2a and 2b while the H-bonding interaction takes place via Br atom and «H in
post-CX2c.

Three different transition states describe the abstraction of y hydrogen atoms,
by TS3a (Figure 11.3f) proposed in this study, and TS3b & 3c (Figures 11.3g
and 11.3h) previously proposed by Gilles et al. [37]. TS3a involves the removal
of the hydrogen atom in the trans orientation with respect to the C-chain and
cis with the bromine atom. TS3b and 3c involves the abstraction of the trans
and cis (with respect to Br) H atoms from bromopropane on its 120° Br-C-C-C
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e) TS2¢ f) TS3a

FIGURE 1.3 (Continued.)

dihedral angle configuration, respectively. TS3c is stabilized by an intramolecu-
lar hydrogen bond 2.617 A in length between bromine and the H atom on OH
radical. The complex structure preceding TS3a is shown in Figure 11.2i, where
OH radical is stabilizing the precursor through interaction via bromine atom
and a 8 hydrogen atom. Figure 11.2e also resembles the pre-reactive complex
preceding TS3b and TS3c. Figures 11.2j and 11.21 shows complex structures fol-
lowing the y hydrogen abstraction reaction where H,O stabilizes the resulting
radical via bromine and g hydrogen atoms on bromopropane two different con-
formations, while it is also stabilized via yC and a SH as illustrated in Fig-
ure 11.2k.
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a) pre-CXla

b) post-CXla

¢) pre-CX1b
pre-CX3b

1.286

N 1180 '_.,-""2'1505

d) post-CX1b

FIGURE11.4 Geometries of pre- and post-reactive complexes involved in the
BrCH»CH;CH3 + Cl reaction. Parameters are calculated at the MP2(full)/6-31G(d) level of theory.

3.1.3 n-Bromopropane with Cl radical reaction
Figure 11.4 shows the pre- and post-reactive complexes (preceding and succeed-
ing the formation of the transition state, respectively) throughout the reaction of
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FIGURE 1.4 (Continued.)

n-bromopropane with CI atoms. The respective transition structures are shown
in Figure 11.5. In total, seven transition states were found and fully optimized,
inspired by those obtained from the reaction with OH radical. The removal of
the a hydrogen is described by two different transition state structures, TSlac
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FIGURE11.4 (Continued.)

(Figure 11.5a) and TS1bc; (Figure 11.5b). In any case, the abstraction of the hy-
drogen atom takes place in a C-H-Cl angle of approximately 180°. The pre- and
post-reactive complexes for TSla are shown in Figures 11.4a and 11.4b. Cl atom
complexes around Br atom, «H, and pH before it abstract the «H. The produced
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b) TS1b

------

d) TS2b

FIGURE11.5 Transition state structures involved in the BrCH,CH;CH3 + Cl reaction.
Parameters are determined at the MP2(full)/6-31G(d) level of theory.

HCI forms a hydrogen bond with Br atom of 2.605 A. Figures 11.6c and 11.6d show
the pre- and post-reactive complexes predicted by the IRC calculation of TS1b.
Both complexes describe the reaction being bromopropane in the gauche confor-
mation, complexing Cl at the Br-«H-gH side of bromopropane in the pre-complex
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FIGURET.5 (Continued.)

and HCI toward Br atom by hydrogen bonding in the post-reactive complexes.
These stabilizing interactions are very similar in nature. Interestingly, their dis-
tances are kept within the same range throughout the reaction.

The abstraction of g hydrogen atoms is represented by TS2a and TS2b in Fig-
ures 11.5¢ and 11.5d. In the gauche conformation (TS2b) the C—C—C angle in the
gauche conformation is found to be larger than that in the trans conformation by
approximately three degrees due to the steric interaction between Br atom and
the methyl group in the gauche rearrangement. Figures 11.4f and 11.4h show the
complex structures preceding transition states TS2a and TS2b. The stabilization
interactions are basically the same, Cl atom complexing with Br atom, «H, and
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BH in the two different trans and gauche n-bromopropane conformations, with the
closest distance headed for the Br atom. Both transition states share a common
post-reactive complex since the g radical will be produced in its most stable con-
figuration, the gauche (Figure 11.4g). Again, HCl will complex toward bromine
atom.

The y hydrogen abstraction is described by TS3a, 3b, and 3¢, shown in Fig-
ures 11.5e, 11.5f, and 11.5g, respectively. Structural differences between the trans
(TS3a) and the gauche (TS3b and TS3c) conformations are observed, mainly based
on steric hindrance. The C-Br bond distances of the gauche conformations are
longer than that of the trans conformation. This is because the steric effect makes
the C-Br bond less stable. For the similar reason as in o and B abstractions,
the C-C-C angle in gauche is larger by 3 to 5 degrees than in the trans confor-
mation. The complex prior to TS3a (Figure 11.4f) resembles the structure of all
pre-reactive complexes where the transition state under discussion is on the trans
configuration. Regarding the pre-reactive complexes in the gauche conformation
(Figures 11.4c and 11.4j), Cl atom lies on top and bottom of the Br-C—C plane on
CX3b and CX3c, respectively. The post-reactive complexes CX3a and CX3b show
that HCI stabilizes the radical in the direction of the yC atom with an interac-
tion distance of 2.256 A and 2.221 A, respectively. On the other hand, post-reactive
complex CX3c shows that the stabilization interaction is taking place between HCl
toward bromine atom at a distance of 2.545 A.
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The complexation commonly occurs on the bromine atom. This type of adduct
formation in halogenated systems has also been observed during the reaction of Cl
with iodoethane, in which the CI.ICH,CHj adduct structure where Cl atom com-
plexes ICH,CHj3 toward iodide, has been identified at the B3LYP/ECP level of
theory [54]. It should be noted that similar CI-I distances of ca. 2.9 A are involved
in the Cl 4+ ICH,CHj; reaction as to the Cl-Br distance for the Cl + BrCH,CHjs
reaction. Because iodine is larger than bromine, this implies a weaker Cl interac-
tion with Br. Consistent with this is the calculated Cl-I bond strength [54] of ca.
14 kcal mol~!, which is twice that found for Cl-Br in this work.

3.2 Energetics of the reaction of n-bromopropane with OH radical and
Clatom

3.2.1 BrCH;CH,;CH3 + OH

Figures 11.6A, 11.6B and 11.6C summarize the energetics of the potential en-
ergy surface for the BrCH,CH>CHj3 + OH reaction determine at the CCSD(T)/6-
311++G(2df,2p)/ /MP2(full) / 6-31G(d). Table 11.2 shows the calculated enthalpies
of reaction and activation barriers, corrected for zero-point energies, for the vari-
ous reaction channels for the abstraction of a hydrogen atom from bromopropane
by OH radicals. The binding energies of pre- and post-reactive complexes are
listed in Table 11.3. To recall, the hydrogen abstraction from bromopropane can
take place at the o (primary), 8 (secondary), y (tertiary) carbon atoms. A de-
scription of the potential energy surface of the abstraction of a & hydrogen from
n-bromopropane by OH radicals is shown in Figure 11.6A. The CCSD(T)/6-
311++G(2df,2p) calculations predict that the o hydrogen abstraction proceeds
via the formation two different pre-reactive complexes, CXla and CX1b, both
with binding energies of —1.8 kcalmol~!, respectively, as shown in Table 11.3.
The reactants can rearrange into two different transition structures, TSlapy and
TS1b, with energy barriers of 0.8 and 1.2 kcalmol~!. Both transition states are
first order saddle-points with imaginary frequencies at 2242i cm~! for TSla and
2289 cm~! for TS1b. After the & hydrogen is transfer from n-bromopropane to
OH, the products stabilize each other in a complex arrangement with binding
energies (with respect to the reactants) of —20.3 (post-CXla) and —20.1 (post-
CX1b) kcalmol~!. The hydrogen abstraction at the o carbon is exothermic by
—18.9 kcalmol~!. The G3 energy barriers determined at 0 K by Gilles et al. [37] are
included in Table 11.2. These values represent approximately an average between
our CCSD(T)/6-3114++G(2df,2p) and G3 values, and are within 0.2-0.3 kcal mol~!
from the G3 energy barriers determined in this study.

The B hydrogen abstraction pathway (Figure 11.6B) is exothermic by —21.6
kcalmol~! at the CCSD(T)/ 6-311++G(2df,2p) / /MP2(full) /6-31G(d) level of the-
ory. Three transition state structures were located for this secondary hydrogen
abstraction reaction. TS2a, 2b, and 2c, are positioned at 0.2, 0.4, and 0.3 kcal mol !
above the reactants level, respectively. One imaginary frequency was found for
each transition state at 1858i cm~! (TS2a), 2120i cm~! (TS2b), and 2101i cm™!
(TS2c), frequencies that characterized the C-H stretching motion against OH radi-
cal. Pre- and post-reactive complexes were located from each transition state by
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TABLET.3 Binding energies (BE) in kcal mol™' of complexes

Complex X=0H,CCl

BE;Bp+0H? BE,sp+c1®

BrCH,CH,CH3 + X — BrCHCH,CHj3; + HX

pre-CXla -1.8 —5.7
post-CXla -20.2 -53
pre-CX1b -1.8 —5.7
post-CX1b —20.0 —52
BrCH,CH,CH3 + X — BrCH,CHCHj; + XH
pre-CX2a -1.9 -5.7
post-CX2a —24.8 -9.3
pre-CX2b -1.8 —5.7
post-CX2b —24.8 —8.6
pre-CX2c =15 -
post-CX2c —24.7 -
BrCH,CH,CHj3 + X — BrCH;CH,CH, + XH
pre-CX3a -1.8 —5.7
post-CX3a -19.4 —24
pre-CX3b -1.8 -5.7
post-CX3b -16.7 -2.0
pre-CX3c -1.8 -5.3
post-CX3c —-18.3 -3.5

2 Determined at CCSD(T)/6-311++G(2df, 2p)//MP2 (full) /6-31G(d).

IRC calculations. For this reaction, the gauche-like structures, CX2a and CX2b,
have the largest binding energies. Preceding the transition states, these binding
energies were determined to be —1.8 and —1.9 kcalmol~!; and —24.8 kcal mol !
after the transition barrier. The trans structure, CX2c, have smaller binding ener-
gies, —1.5 kcalmol~! and —24.7 kcal mol !, before and after passing through the
transition barrier. The abstraction of  hydrogen atoms results in the most kineti-
cally and thermodynamically favorable pathway, specifically through TS2a. Gilles
et al. [37] predicted an activation barrier of 0.0 kcal mol~! for TS2c at the G3 level
of theory, compared to —0.3 kcal mol~! predicted by this study at the G3 level with
MP2 scaled zero-point energy correction.

The potential energy surface of the abstraction of the terminal methyl (y) hy-
drogen is depicted in Figure 11.6C. The enthalpy of reaction is predicted to be
—16.50 kcalmol ! at the CCSD(T)/6-311++G(2df,2p)/ /MP2(full) /6-31G(d). The
reaction proceeds via three possible transition states. Vibrational frequency analy-
sis shows that TS3a is a first-order saddle point characterized by one negative
frequency of 2129i cm~!. The formation of a pre-reactive complex, pre-CX3a, is
observed with binding energy of —1.8 kcalmol~!. A product-like complex, post-
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CX3a, is formed involving hydrogen bond interaction between water and bromine
atom and a y-hydrogen atom with binding energy of —19.4 kcal mol~!. TS3b and
TS3c were originally predicted by Gilles et al. [37], whose activation barriers were
predicted to be 2.9 and 2.4 kcalmol~! at the G3 level. The frequency analysis in
this study attributed one imaginary frequency to TS3b and TS3c, of values of 2093i
and 2254i cm~!, respectively, indicating that they are first-order saddle points.
Given the magnitude of the imaginary frequencies for TS3b and TS3c, for exam-
ple, suggest that these barriers could be quite narrow, and hence tunneling could
be important factors in these reactions. Pre- and post-reactive complexes CX3b
resemble the gauche-like conformation of TS3b, with binding energies of —1.8
and —16.7 kcal mol~?, respectively. TS3c pathway has the smallest barrier height
of 2.7 kcal mol~!. The formation of the respective reactant-like and product-like
complexes is also observed with binding energies of —1.8 and —18.3 kcal mol 1.
Among the three possible y branches, the abstraction of terminal hydrogen will
proceed via TS3c. Its lowest barrier height is attributed to the fact that the tran-
sition state structure is stabilized by an intramolecular hydrogen bond between
OH radical and Br atom with a value of 2.617 A. The y hydrogen abstraction re-
action involves the higher energy barriers and smaller reaction enthalpy, making
this channel the least kinetically and thermodynamically favorable.

3.2.2 BrCH,CH,CHs + Cl

The potential energy surface of the BrCH,CH,CH3 + Cl is depicted in Fig-
ures 11.7A, 11.7B, and 11.7C. The « hydrogen abstraction is characterized by two
different branches as shown in Figure 11.7A. The enthalpy of reaction is predicted
to be —3.3 kcalmol ™! at the CCSD(T)/6-311++G(2df,2p)/ /MP2(full) /6-31G(d)
level of theory. The pre-reactive complexes that were found, trans and gauche, have
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FIGURE11.7 Potential energy surface of the (A) «, (B) B, and (C) y hydrogen abstraction during
the reaction of 1-bromopropane with Cl atoms (kcal mol™).
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similar relative energetics. Despite the fact that there are conformational differ-
ences, both have a binding energy of —5.7 kcalmol~!. On the other hand, such
differences lead to two differences transition states, TS1a (trans) and TS1b (gauche),
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with activation barriers of —1.9 and —2.2 kcal mol~!, respectively. The respective
post-reactive complexes keep the same structural features along the chemical re-
action. Post-CX1a and 1b differ in their binding energies by 0.07 kcal mol~!, being
post-CX1a with the largest stabilization.

Figure 11.7B describes the energetics of the abstraction of 8 hydrogen atoms
from n-bromopropane by chlorine atoms. The SH as well as the «H abstrac-
tion reaction share the same reactant-like complexes, with binding energy of
5.7 kcalmol~!. Two transition state structures characterized the energetics of the
p hydrogen abstraction. TS2a and TS2b lie at —2.0 kcalmol~! and —1.9 kcal mol !
below the reactant level, respectively. TS2a structure resembles a trans configura-
tion while TS2b involves the transference of the hydrogen atom in a gauche confor-
mation. The post-reactive binding energies are in accordance with those observed
at the reaction barriers, the complex proceeding TS2a in the trans conformation is
more stable than the gauche complex, which proceeds TS2b, by 0.7 kcal mol~!. The
overall reaction is slightly exothermic by —6.0 kcal mol .

Figure 11.7C shows the energy profile along the reaction path of the abstrac-
tion of y hydrogen from n-bromopropane by chlorine atoms. Three different
branches were explored. To recall, the pre-reactive complexes CX3a and CX3b
involve stabilization within Br and g hydrogen atoms, in trans and gauche con-
formations, respectively. These features result in the same binding energy relative
to the free reactants, —5.7 kcalmol~!. On the other hand, pre-reactive complex
CX3c involves the stabilization of bromine and one y hydrogen atom in a gauche
configuration with Cl atom. Pre-CX3c is less stable than pre-CX3a and pre-CX3b
by 0.4 kcal mol~!. True first-order saddle point transition state structures were lo-
cated, TS3a, TS3b, and TS3c, with imaginary frequencies of 1168i cm~1 10761 em™1,
and 1291i em !, and activation barriers of 0.7, 0.5, and 2.0 kcal mol 1, respectively.
TS3b represents the most kinetically favorable structure for the abstraction of y
hydrogen atoms, and to recall, it involves the arrangement of Br and Cl atoms op-
posite to each other. TS3b results in the formation of the least stable product-like
complex, with binding energy of —2.0 kcal mol~!. The remaining post-complexes
are 0.4 kcalmol~! and 0.7 kcalmol~! below post-CX3b. It is not surprising that
post-CX3c has the largest stabilization energy since HCl interacts with the alkyl
radical in the direction of the bromine atom, in contrast to the other two com-
plexes where the stabilization between HCI and the gamma alkyl radical occurs
toward the radical y carbon atom. The y hydrogen abstraction reaction is slightly
exothermic by only —0.9 kcal mol 1.

4. ATMOSPHERIC IMPLICATIONS

Bromine-containing compounds have the potential to released Br atoms upon
degradation in the atmosphere. Once in the stratosphere, Br atoms are about
45 times more effective than chlorine in destroying stratospheric ozone [22]. An
important example of Br-containing compounds is 1-bromopropane, which is cur-
rently utilized as a industrial solvent and have been proposed as a replacement for
CFCs, controlled under the agreements of the Montreal Protocol.
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The stability of n-bromopropane has also been explored by ab initio meth-
ods. The majority of the ab initio methods predicted that, between the trans and
gauche bromopropane isomers, the trans isomer is the most stable. Only high-level
calculations predict that the gauche form is the most stable, in accordance with ex-
perimental observation where an abundance of approximately 64% (gauche) and
36% (trans) have been determined of the two isomers.

Two major bromopropane atmospheric degradation routes have been ex-
plored: hydrogen abstraction reactions initiated by OH radical and Cl atoms. The
energetics of the potential energy surface of both reactions are described by pre-
and post-reactive complexes and transition states. In total, eight and seven transi-
tion state structures supported the characterization of the nBP + OH and nBP + Cl
reactions, respectively. The transition state structures resemble both the trans and
gauche forms. The trans isomeric forms of the transition states contributed the
most to the & and B hydrogen abstraction in the reactions of n-bromopropane
with OH radical and Cl atom, while the gauche form contributed significantly
to the abstraction of y-hydrogen atoms in both reactions, with an internal sta-
bilizing Br—OH(CI)-H interaction. From the perspective of the energy barriers,
the reaction of n-bromopropane with OH radicals will proceed via the abstrac-
tion of B hydrogen atoms, while the reaction with Cl atoms should proceed via
the abstraction of @ and 8 hydrogen atoms. A difference of at most 3 kcal mol~!
between the energy barriers in the reaction of nBP + OH versus those in the
nBP + Cl reaction was observed. This energy barrier difference suggests that the
nBP + ClI should be faster than the nBP + OH reaction. Although it is expected
for the reaction with Cl atoms to be faster, the atmospheric concentrations of Cl
atoms (10* molecules cm~2) are approximately two orders of magnitude smaller
than those of OH (10° molecules cm~3). These data suggest that the reaction of n-
bromopropane with Cl atoms is just as important as the reaction with OH radicals.
Even though the nature of the reaction is the same, the n-bromopropane oxida-
tion chemistry, whether initiated by OH radicals or Cl atoms, will lead to different
by-products. According to previous modeling studies by Wuebbles et al. [35] the
removal of the o hydrogen will produce BrCH,CH,C(O)H. Removal of the g hy-
drogen yields CH3C(O)CH,Br, CH;CH=CH, and Br are expected as products.
CH3CH,C(O)H and Br are proposed to be produced from the abstraction of y hy-
drogen atoms from n-bromopropane.

5. CONCLUSION

Results from this study confirms the experimental findings that the reaction of n-
bromopropane with OH radicals should be slower than the reaction with Cl atoms.
The present results show that pre- and post-reaction complexes are important in
the hydrogen abstraction reactions. A detailed study of these rate constants that
incorporates the contribution of pre-reactive complexes, the multi-channel nature
of these reactions, and temperature dependence is necessary. The results also find
that there are subtle reaction preferences for the abstraction of site specific hy-
drogen on n-bromopropane. While knowledge of the dominant products of the
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OH reaction is experimentally known, the information for the ClI reaction is new.
For the OH reaction, the g hydrogen atom is preferred while the reaction with
Cl atoms both « and B hydrogen are favored. This suggests that the oxidation by-
products of n-bromopropane is going to be different for the OH versus Cl initiation
chemistry. The results presented in this computational study should provide use-
ful insight for modeling n-bromopropane global cycle in atmospheric reactivity
models.
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Abstract In the last few decades there has been an increasing concern for the en-
vironment, worldwide. The scientific community has actively contributed
to the efforts to understand the chemical processes that impact our sur-
roundings, as the vast amount of publications in this area shows. There is
considerable current interest in the high levels of oxygenated compounds
which are both emitted and formed in the troposphere. Their main sink in-
volves in most cases their reactions with OH radicals, at least at daytimes.
Since the OH radical has a rather large electric dipole moment it is clearly
capable of forming strong hydrogen bonds. In this work, we examine the
relevance of such interactions in the reactions of this radical with different
oxygenated volatile organic compounds (VOCs). According to the available
data, at the present time, it seems well established that these reactions
take place through a complex mechanism, with a first step involving the
formation of reactant complexes, caused by hydrogen bond like interac-
tions. These interactions can also be present in the transition states and
play a relevant role in the branching rations of the studied reactions. The
reliability of Quantum Chemistry to predict and reproduce the kinetics of
oxygenated VOCs reactions, as well as its capability to explain unusual ex-
perimental findings, is discussed.

1. INTRODUCTION

Nowadays ab initio quantum chemical calculations can provide results approach-
ing benchmark accuracy for small molecules in the gas phase [1], and they have
proven to be very useful to complement experimental studies. Small molecules in
the gas phase are typically addressed by high-level methods such as CCSD(T),
QCISD(T) and MRCI, which in many cases are equally accurate than experi-
ments [2]. A wide variety of properties such as: structures [3]; thermochemistry [4];
spectroscopic quantities [5,6], and kinetics [7] can be effectively computed.

At the same time, in the last few decades there has been an increased interest on
different environmental issues. One of them is the degradation of volatile organic
compounds (VOCs) in the troposphere leading to the production of a wide range
of secondary pollutants such as ozone, peroxyacyl nitrates, and secondary organic
aerosols VOCs are directly emitted into the atmosphere from anthropogenic and
biogenic sources [8-12]. In urban air oxygenated compounds represent about 20%
of the emitted VOCs [13,14]. They are also formed in situ in the atmosphere from
the oxidation of other VOCs [15].

There is a variety of processes that act to remove a trace gas from either the
troposphere or the stratosphere. For oxygenated VOCs the main tropospheric loss
occurs via gas phase oxidation reactions involving OH, O3, NOy and Cl radicals,
and photolysis. However, the hydroxyl radical is the most important oxidizing
species in the global troposphere [16-19]. As a result of its role in initiating the
majority of oxidation reaction chains, the OH radical is the primary cleansing
agent for the lower atmosphere and has been called the “tropospheric vacuum
cleaner” [20]. The dominant production cycle for tropospheric OH involves the
reaction of O(!D), produced from the photolysis of O3, with HyO:
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O3 + hv = O('D) + O, (R1)
O('D) + H,O — 20H. (R2)

Its subsequent reactions with O3, CO, and other VOCs, in the presence of nitro-
gen oxides (NOy) lead to the formation of HO;, hydrogen peroxide, alkyl peroxy
radicals, and ultimately to the production of ozone via the conversion of NO; to
NO [8,21].

The reactions of oxygenated VOCs with the OH radical proceed mainly by H-
atom abstraction from C-H and, to a much lesser extent, from O-H bonds, or by
addition to the carbon atoms of any C=C bonds [19,22]. Many of these reactions
exhibit apparent negative activation energies, especially at temperatures below
room temperature, i.e. the rate constants are observed to decrease with increasing
temperature

The behavior of such reactions has been successfully described by Mozurke-
wich and Benson [23,24] for systems at low pressures, and by Singleton and Cveta-
novic [25] for systems at high pressures. In this case, several explanations have
been proposed, which are summarized in Ref. [26]. Three of them support the idea
of an elementary reaction but suggest a modification of the pre-exponential factor
in the Arrhenius equation including a T~!® term. On the other hand Singleton
and Cvetanovic [25] propose a complex mechanism and explain the occurrence of
such negative activation energies by the reversible formation of a loosely bound
reactant complex (RC) which is formed without activation energy, followed by a
second reaction, which is irreversible, and whose transition state energy is lower
than the energy of the separated reactants.

Reactant complexes seem to be common in radical-molecule reactions, and
they are mainly formed through long-range Coulombic interactions between the
reactant molecules. Recent theoretical studies [27-32] have proposed that oxy-
genated and unsaturated compounds react with OH radicals through a complex
mechanism, involving a reactant complex. The role of these intermediates in bi-
molecular reactions has been recently reviewed [33,34]. Reactant complexes in-
volving OH radicals have also been studied experimentally [35,36]. Moreover, it
has been established that the presence of an attractive well at the entrance channel
of a potential energy surface can influence the dynamics, and hence the course of
the reaction [33]. If the reaction occurs at high enough pressures for these com-
plexes to be collisionally stabilized, and if the overall energy barriers are small,
they are likely to play an important role. In the present work the role of such com-
plexes as well as the influence of hydrogen bond like interactions in transition
states are reviewed for tropospheric VOCs + OH radicals reactions. The reactions
reviewed in this work include the following VOCs: aliphatic alcohols, aldehydes,
ketones, carboxylic acids and multifunctional VOCs.

2. KINETICS

Since the presence of reactant complexes (RC) and stabilizing interactions in tran-
sition states can directly affect the kinetic parameters of the reactions, we present
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here a brief overview on the methodology used to compute the rate constants
in the examples that are going to be discussed later. For a chemical reaction that
occurs through a stepwise mechanism involving the formation of a reactant com-
plex in the entrance channel at least two steps must be considered in the kinetics,
namely: (1) the formation or the reactant complex from the isolated reactants, and
(2) the formation of the products from the reactant complex. For VOCs + OH reac-
tions that mechanism can be written as:

0
VOC +OH' 5 [voc. - -oH] @ voC: 4; + H,0.
1)

Provided that k_1 + k» > kj, i.e., the complex rapidly disappears, a steady-state
analysis leads to a rate coefficient for each overall reaction channel which can be
written as:
k=2 (1)
ko1 +ko
For the studied reactions in general the energy barrier for k_; is about the same
size as that for ko, in terms of enthalpy. However, the entropy change is much
larger in the reverse reaction than in the formation of the products. The activation
entropy AS; is small and negative because the transition state structure is tighter
than the reactant complex, while AS_; is large and positive because six vibrational
degrees of freedom are converted into three translational plus three rotational de-
grees of freedom. This leads to k_; values that are much larger than k. Based on
this assumption, first considered by Singleton and Cvetanovic [25], the overall rate
coefficient (k) can be rewritten as:

k=— :Keq'kZ/ (2)

where kj is the rate constant corresponding to the second step of the mechanism,
i.e., transformation of the reactant complex into products; and Keq is the equilib-
rium constant between the isolated reactants and the reactant complex. Applying
basic statistical thermodynamic principles the equilibrium constant (k1 /k_1) of the
fast pre-equilibrium between the reactants and the reactant complex may be ob-
tained as:

Keq = % exp[(Er — Erc)/RT], 3)

where Qrc and Qg represent the partition functions corresponding to the reactant
complex and the isolated reactants, respectively.

Let us emphasize that when it is claimed that the reactant complexes are lower
in energy than the isolated reactant, this statement is made on terms of enthalpy
or ZPE corrected electronic energies. On the other hand, the Gibbs free energy
associated with step 1, i.e. the formation of the reactant complex (AG1; = Grc—Gr),
for the formation of radical-molecule complexes is always positive in a wide range
of temperatures, around 300 K. The expression for the equilibrium constant can
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also be written as:
k
Keq = k—l = exp(—AG1 /RT). )
-1

From this expression, it is evident that Keq < 1 for endergonic processes
(AG1 > 0),i.e. k_1 > k1, which validates the steady state hypothesis.

On the other hand k; can be calculated within the frame of the Transition State
Theory.

2.1 Conventional Transition State Theory (CTST)

From a phenomenological point of view, numerous experiments have shown that
the variation of the rate constant with temperature can be described by the Arrhe-
nius equation [37]:

k = Aexp(—E./RT), 5)

where E, is the activation energy and A is the pre-exponential or frequency fac-
tor, which may have a weak dependence on temperature. If a reaction obeys the
Arrhenius equation, then the Arrhenius plot (Ink versus 1/T) should be a straight
line with the slope and the intercept being —E, /R and A, respectively.

In a unimolecular process, under high-pressure conditions, an equilibrium dis-
tribution of reactants is established and the Transition State Theory formula can be
applied [38] to calculate kj:

o = 02 2L IS s (Enc — Exs)/RT], ©)
Qrc
where o is the symmetry factor, which accounts for the number of equivalent re-
action paths, «; is the tunneling factor, kg and & are the Boltzmann and Planck
constants, respectively, Qs is the transition state partition function, and the en-
ergy difference includes the ZPE corrections. In this approach the reactant complex
is assumed to be in its vibrational ground state.

In a classical treatment the influence of the complex exactly cancels in Eq. (2)
and the overall rate coefficient depends only on the properties of OH, VOCs, and
the transition states. However, when there is a possibility of quantum mechanical
tunneling, the existence of the complex means that there are extra energy levels
from where tunneling may occur so that the tunneling factor, «, increases. Since
it has been assumed that a thermal equilibrium distribution of energy levels is
maintained, the energy levels from the bottom of the well of the complex up to the
barrier might contribute to tunneling.

2.2 Canonical Variational Theory (CVT)

The Canonical Variational Theory [39] is an extension of the Transition State The-
ory (TST) [40,41]. This theory minimizes the errors due to recrossing trajectories
[42-44] by moving the dividing surface along the minimum energy path (MEP)
so as to minimize the rate. The reaction coordinate (s) is defined as the distance
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along the MEP, with the origin located at the saddle point and is negative on the
reactants side and positive on the products side of the MEP. For a canonical en-
semble at a given temperature T, the canonical variational theory (CVT) thermal
rate constant is given by:

KVI(T, 5) = min{kT(T, 5)}, 7)

where s is the reaction coordinate, k°T(T,s) is the rate constant for the passage
through the generalized transition state (GTS) [39,45-48] that intersects the MEP
ats:

keT Qor(Ts) |:_ VMEP(S):|. ®)

GT
k=" (T,s) = o(s) 1 Or(D) P
In this expression, Qgr and QR are the partition functions of the generalized tran-
sition state and of the reactants, and Vgp(s) is the potential energy of the MEP
ats.

The vibrational (gv) and rotational (g) partition functions may be calculated
within the harmonic and rigid rotor approximations, respectively. In addition, in
this work, the gy values were corrected by replacing some of the large amplitude
vibrations by the corresponding hindered internal rotations, when necessary.

The quantum mechanical effect on the motion along the reaction coordinate
is included in the kinetics calculations by multiplying the CVT rate constant by
a temperature-dependent transmission coefficient « (T) which accounts for tunnel-
ing and non-classical reflexion. Therefore, the final expression for the rate constant
is given by:

k(T) = k(DKV(T, ), 9)

where k(T) may be computed using the Small-Curvature Tunneling (SCT) method
[49,50], which constitutes a generalization of the Marcus—Coltrin method [51]. In
SCT it is assumed that the tunneling path is displaced from the MEP to a concave-
side vibrational turning point in the direction of the internal centrifugal force. In
this method, the probability that a system be transmitted through the ground-state
level of the transition state is approximated by the Centrifugal-Dominant Small-
Curvature Semiclassical Adiabatic Ground-state method (CD-SCSAG) [49,50]. The
SCT transmission coefficient includes the effect of the reaction path curvature on
the ground-state transmission probability at total energy E, P(E), which is calcu-
lated as:

P(E) = 1/{1 + exp[26(E)]}, (10)
where 6(E) is the imaginary action integral evaluated along the tunneling path:
S2
0€) = - [ 2ueaeE - VO oy
S1

The integration limits S; and S; are the reaction coordinate classical turning
points; feff is the reduced mass, which introduces the reaction path curvature;
and V$(s) is the adiabatic ground-state potential.
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3. ENERGIES

3.1 The B//A approach

To the MEP of chemical reactions there is a procedure for that has become com-
mon in the study of polyatomic systems because it is relatively inexpensive from a
computational point of view and it usually reproduces correctly the main features
of the reaction path. It is known as B/ /A approach, and it consists of geometry
optimizations at a given level (A) followed by single point calculations, without
optimization, at a higher level (B). Espinosa-Garcia and Corchado [52] argue that,
when the MEP is constructed using the B//A approach, the energy maximum
is artificially located away from the saddle point corresponding to the level of
optimization (A). This shift, that is simply a numerical effect, could be mistaken
with a variational effect and mislead the kinetic calculations. Consequently, in our
calculations we have used the modification proposed by Espinosa-Garcia and Cor-
chado [52], which consists of simply moving the maximum of the single-point cal-
culation curve, B/ /A, to its original position (s = 0) at the A/ /A level. It should be
noticed that according to this procedure the frequencies are not shifted, i.e., to each
geometry at the A/ /A level there corresponds a set of original frequencies (calcu-
lated at the A/ /A level) and a shifted energy (calculated at the B/ / A level). Based
on our previous experience, the use of B/ /A approach at BHandHLYP/ /CCSD(T)
level of theory properly describes the energetic and kinetics features of VOCs+OH
hydrogen abstraction reactions. In addition, for this kind of reactions it has been
proved that the differences in geometries between several DFT methods compared
to CCSD and QCISD are minimal for BHandHLYP [53]. However in some of our
earlier works other methods were used.

3.2 On the Basis Set Superposition Error (BSSE) dilemma

One issue of concern when modeling weak bonded systems is the BSSE, which
is caused by the truncation of the basis set. From a theoretical point of view its
existence has been well established [54-56]. It is especially important in weakly
bond complexes such as van der Walls and hydrogen bonded complexes and tran-
sition states because for such systems the BSSE and the binding energies are of the
same order. The most widely used and simplest way to correct BSSE is the counter-
poise procedure (CP) [57,58]. In CP, for a dimer system formed by two interacting
monomers: CP?, the BSSE is corrected by calculating each monomer with the basis
functions of the other (but without their nuclei or electrons), using the so-called
“ghost orbitals”. However, the use of this method is polemic since several authors
have proposed that it overestimates the BSSE [59-65].

It has been pointed out by Dunning [66] that “It is quite possible and even
probably that the binding energies computed without the counterpoise correction
are closer to the complete basis set limit than the uncorrected values. This sit-
uation is due to the fact that BSSE and basis set convergence error are often of
opposite sign”. Since it cannot be established a priori if that is the case, we have
modeled the closest system to our reactant complexes with known experimen-
tal binding energy: the water dimer. The experimental value for the electronic
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dissociation energy (DE) of water dimer is 5.4 kcal/mol. We have modeled the
water dimer at CCSD(T)//BHandHLYP/6-311++4G(d,p) and DE values of 5.2 and
3.9 kcal/mol are obtained without and with CP? corrections, respectively. The CP
uncorrected value is closer to the experimental one, suggesting that for the water
dimer, at this level of calculation, the BSSE and Basis set truncation errors can-
cel each other. Since the reactant complexes between oxygenated VOCs and OH
radicals are formed in an equivalent chemical way, i.e they are formed trough the
interaction of the H atom in the OH radical and an oxygen atom in the VOCs, and
as it will be discussed later they also have electronic binding energies that are very
similar in magnitude to that of the water dimer, it is reasonable to assume that the
same cancellation of errors occurs in our systems.

4. ALIPHATIC ALCOHOLS

There are over 70 alcohols in the atmosphere as a result of biogenic and anthro-
pogenic emissions [67]. For example methanol and ethanol [68-70] have been
used as fuels additives to reduce automobile emissions of carbon monoxide and
hydrocarbons [71], in particular ethanol has been used in Brazil as a fuel for
over 20 years [72]. 1-Propanol is widely used as a solvent in the manufactur-
ing of different electronic components. The high volatility of these compounds
causes their relative abundance in the troposphere and makes it relevant to de-
termine their degradation pathways. During daytime the major loss process for
alcohols is their reaction with OH radicals [68]. Accordingly, several experimen-
tal [69,70,73-84] and theoretical [85-88] kinetic studies of alcohols + OH reactions
have been performed.

Two of the theoretical works [85,88], dealing with alcohols + OH reactions
have not included weakly bonded complexes in the modeling. In the work on
methanol + OH reaction, by Jodkowski et al. [86], it has been proposed the exist-
ence of a complex in the exit channel but none in the entrance channel. On the
other hand reactant complexes have been modeled by Galano et al. [87]. The rele-
vance of such inclusion on the tunneling corrections can be shown by comparing
the corresponding results from both approaches [85,87], for 2-propanol. When
the hydrogen abstractions take place from beta sites the tunneling corrections are
about 3 to 6 [85] and 30 [87], and for abstractions from the OH group in the alcohol
the values of k95 are about 3 [85] and 96 [87], respectively. These values illustrate
the relevance of reactant complexes in H abstraction reactions.

The ZPE corrected energies of the complexes, relative to isolated reactants,
reported for different aliphatic alcohols [87] (R-OH) are equal to —5.73, —6.55,
—6.29, —6.50, and —6.00 kcal/mol for R = CHj, CoHs5, n-C3Hy, i-C3Hy and n-
C4Ho, respectively. These energies were obtained within the B/ /A approach, at
CCSD(T)/ /BHandHLYP/6-311G(d,p) level of theory. Their large magnitude sup-
ports the formation of stable reactant complexes (RC) and unambiguously shows
that the mechanism is complex with a first step leading to the RC formation, pre-
vious to the yielding of the corresponding radical and water. The structures of the
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FIGURE 121 Structure of ethanol- - -OH complex.

complexes [87] show that for all the studied reactions the main stabilizing interac-
tion involves the H in the OH radical and the O atom in the alcohols, with O- - -H
distances of 1.84, 1.86, 1.85, 1.86 and 1.85 A for R = CHs, C;Hs, n-C3Hy, i-C3Hy
and n-C4Ho, respectively. A less important interaction was also found between the
O atom in the OH radical and one of the hydrogens in the side chain of the alco-
hols with interaction distances from 2.6 to 2.9 A. To illustrate this kind of complex,
the structure corresponding to ethanol- - -OH complex is shown in Figure 12.1.

Intramolecular interactions in the transitions states (TS) are also relevant to
properly predict or reproduce experimental rate constants, since they directly af-
fect the TSs energies and small variations in reaction barriers have relative large
impact on k since they enter exponentially in the rate constant equation. A detailed
discussion on such interactions, in the TSs of different H abstraction paths, for 2-
propanol 4+ OH reaction has been provided by Luo et al. [85]. These authors have
also discussed the influence of the interactions on the reaction barriers and rate
coefficients.

In the case of 1-butanol 4+ OH reactions the situation is even more drastic: the
intramolecular hydrogen bond like interactions in the transition states structures
are responsible for the branching ratios. It was found that while for methanol,
ethanol, 1-propanol and 2-propanol the main reaction channels is that involving
alpha abstractions, for 1-butanol the rate coefficient corresponding to the gamma
channel (k, ) is larger than those of the other competing channels over a tempera-
ture range from 290 to 350 K, while the alpha channel was found predominant over
the range 350-500 K [87]. The alpha (TS-1B,), beta (TS-1Bg) and gamma (TS-1B,)
transition states showed hydrogen bond like stabilizations. However, the shortest
distance in TS-1B,, (Figure 12.2) causes a larger stabilization, i.e.: it shows a lower
energy barrier and a larger rate coefficient.

The gamma predominance at room temperatures, for 1-butanol + OH reaction,
also suggests an additional explanation to the findings of Oh and Andino [77], that
the presence of ammonium sulfate aerosols promote the reactions of OH radicals
only with aliphatic alcohols containing fewer than four carbon atoms. The fact that
the preferred site for the hydrogen abstraction, at this temperature, is the gamma
one, implies that the interaction of the aerosol with the functional group of the
alcohols is apart enough to provoke any appreciable effect on the rate coefficient.
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FIGURE12.2 Intramolecular hydrogen bond like interactions in the transition state structures
of channels o, B and y of the 1-butanol 4+ OH reaction.

TABLE 121 Calculated rate coefficients (cm3/(molecule s)) for alcohols + OH radical gas phase
reactions at 298 K, compared to the recommended ones

Methanol Ethanol 1-Propanol  2-Propanol  1-Butanol
Ref. [85] - - - 8.2 x 10712
Ref. [86] 65x 10716 — - - -
Ref. [87] 6.82x10713 240x10712 4.04x10712 4.19x10712 6.88x 10712
Ref. [88] 198 x10"% 3.08x10"1 550%x10"12 — 8.56 x 10712
Recomm. [89] 9.30x 10" 320x10712 550x10712 510x10712 8.10x 10712
Ak [89] +25% +25% +30% +22% +30%

A comparison between the overall rate coefficients, calculated in different
ways, and those recommended by Atkinson et al. [89] is provided in Table 12.1
and Figure 12.3. All the theoretical calculations were performed within the CTST
approach. As these results show, taking into account the reactant complexes and
the intramolecular interactions in the transition structures in the modeling of
alcohols + OH radical reactions in gas phase, improve the agreement of the theo-
retical calculations with the experimental data.

4. Structure—activity relationship

The higher reactivity of 1-butanol gamma site [87] is in line with the results of
Wallington and Kurylo [90] who have proven that in ketones there is a signif-
icant enhancement of the group reactivity toward OH for both CH3 and CH;
when moved from the alpha to beta positions. This has been taking into ac-
count in the Structure-Activity Relationship (SAR) method [91,92] by factors of
F[-CH,C(O)] = F[>CHC(O)] = F[>CC(O)] = 3.9 [22]. In this improved version of
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FIGURE12.3 Comparison between experimental and theoretical rate coefficients.

SAR [22] also a new factor was included for abstractions from beta sites in alcohols:
F[-CH,OH] = 1.6. Beta carbons in ketones and gamma carbons in alcohols are
both two carbon atoms apart from the oxygen atom, in fact the distance Hg- - -O in
ketones and H, - - -O in alcohols were reported to be equal to 2.69 and 2.63 A [87],
respectively, in BHandHLYP/6-311G(d,p) fully optimized geometries. Based on
this similarity, Galano et al. [87] proposed the following new corrections to SAR
for alcohols. The proposed values are F[-CH,CH,OH] = F[>CHCH;OH] =
F[»CCH,0H] = 3.9, which are equivalent factors to those for beta sites in ke-
tones. Another set of SAR substitution factors for hydroxyl compounds have also
been proposed by Bethel et al. [93], assuming that beta sites are more reactive, to-
wards OH radicals, than gamma sites. These authors considered the effects of the
OH substituents on H atom abstraction at the « and 8 positions, with new factors
of F[-OH] = 2.9 and F[-CH,OH] = F[>CHOH] = F[>COH] = 2.6.

Very recently Mellouki et al. [83] have determined the overall rate coefficient
for the reaction of 3-methyl-1-butanol (3M1B), and 3-methyl-2-butanol (3M2B).
Taking into account this new data an improved corrections for gamma sites in
alcohols is proposed in this work: F[-OH] = 3.3, F[-CH,OH] = F[>CHOH] =
F[>COH] = 1.5 and F[-CH,CH,0H] = F[>CHCH,OH] = F[>CCH,0H] = 3.7.
The rate constants estimates by different SAR approaches are compared to the
most recent experimental values in Table 12.2. As these estimated values show,
the best agreement with the experimental data is obtained when the sets of factors
proposed in this work are used. The relevant sets of factors used in the differ-
ent approaches are reported in Table 12.3. The main structural difference between
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TABLE12.2 Comparison between rate constants estimated using SAR method with experimen-

tal values
1B 3M1B 3M2B

Ref. [92] 7.21 x 10712 8.68 x 10712 1.17 x 10711
Ref. [22] 6.92 x 10712 8.33 x 10712 1.14 x 10711
Ref. [93] 7.81 x 10712 9.21 x 10712 1.28 x 10711
Ref. [87] 8.73 x 10712 1.28 x 10711 1.07 x 10~1
This work 9.30 x 10712 132 x 10~ 11 1.22 x 1071
Exp? 9.31 x 10712 145 x 10711 1.23 x 1071

a  Average from the available experimental data.

TABLE 12.3 Sets of SAR substitution factors for OH abstractions from hydroxyl compounds

Factors Ref. [92] Ref. [22] Ref. [93] Ref. [87] This work
—CHj; 1.00 1.00 1.00 1.00 1.00
—CHj,- 1.29 1.23 1.23 1.23 1.23
>CH- 1.29 1.23 1.23 1.23 1.23
>C< 1.29 1.23 1.23 1.23 1.23
-OH 3.40 3.50 2.90 2.90 3.30
—-CH,-OH 1.29 1.23 2.60 1.23 1.50
>CH-OH 1.29 1.23 2.60 1.23 1.50
>C-OH 1.29 1.23 2.60 1.23 1.50
—-CH,-CH,-OH 1.29 1.23 1.23 3.90 3.70
>CH-CH,-OH 1.29 1.23 1.23 3.90 3.70
>»C-CH,-OH 1.29 1.23 1.23 3.90 3.70

these compounds is that in 1B the gamma and beta carbons are secondary, while
the tertiary carbon is gamma in 3M1B and beta in 3M2B. Accordingly, the fact that
k(3M1B) [83] is actually almost twice k(1B) [89] supports the higher reactivity of
gamma sites in alcohols.

Please notice that the set of SAR substitution factors proposed in Ref. [87], and
those from the present work, are meant for OH abstractions from alcohols with
central chain formed by four or more carbon atoms, since in these cases gamma
carbons are secondary o tertiary and their contributions to the overall rate coeffi-
cient become significant.

5. ALDEHYDES

Aldehydes are of crucial importance in atmospheric chemistry since they are pri-
mary biogenic and anthropogenic pollutants and also secondary pollutants due
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to partial oxidation of VOCs [26]. Moreover the reaction of aldehydes with OH
radical are among the fastest initial oxidation of VOCs [94-101], leading to a fast
oxidation and consequently to very short lifetimes.

A few years ago there were several open questions about aldehydes + OH re-
actions:

e There was not a clear explanation to the close to zero and negative Arrhenius ac-
tivation energies, experimentally observed for formaldehyde and acetaldehyde,
respectively [95-97].

o It was not clear if they occur by hydrogen abstraction, by addition or if both
channels significantly contribute to the overall reaction.

e It was unknown if the mechanism was elementary or involves a reactant com-
plex formation.

e The structure of this hypothetical complex was unknown.

Quantum Chemical calculations played an important role in the elucidations
of these questions.

Pioneering theoretical work on the formaldehyde + OH reaction has been re-
ported by Dupuis and Lester [102] using multiconfiguration self-consistent-field
(MCSCF) and configuration interaction (CI) wave functions. These authors [102]
predicted a large positive activation barrier of 5.5 kcal/mol. Using the ab initio
Moller-Plesset method up to fourth order (MP4), Francisco [103] determine the
barriers and energetic of this reaction. He obtained a small but positive barrier of
1.2 kcal/mol and a rate constant in very good agreement with experiment. The
formation of a reactant complex was not considered in that work. The weakly
bound complexes of the hydroxyl radical with formaldehyde and acetaldehyde
were calculated later [29] using a density functional approach, but the mechanistic
implications were not discussed.

Taylor et al. [104] investigated the reaction of hydroxyl radicals with acetalde-
hyde in a wide temperature range using a quantum RRK model to describe the
competition between addition and abstraction. They conclude that different re-
action mechanisms occur, depending on the temperature, and that OH addition
followed by CHj3 elimination is the dominant reaction pathway between 295 and
600 K. Moreover, they claimed that the H-atom elimination pathway is largely in-
significant, except possibly at the lowest temperatures.

A complex mechanism, involving the formation of a reactant complex, was
postulated for addition reactions to C=C double bonds several years ago to ex-
plain negative activation energies [25]. The possible role of such reactant com-
plexes, for the reaction of OH radical with aldehydes, was studied for the first time
at CCSD(T)/6-311++G(d,p)/ /MP2/6-311++G(d,p) level of theory [27]. The pro-
posed structure of the reactant complexes for formaldehyde and acetaldehyde are
shown in Figure 12.4. They are weakly bonded complexes formed through hydro-
gen bond like interactions between the hydrogen atom in the OH radical and the
oxygen in the carbonyl group of the aldehyde. In the same paper it was concluded
that the magnitude of the stabilization energy is large enough to assure that the
reaction is complex at 298.15 K. The apparent barrier of reaction, calculated as the
difference in energy between the transition state and isolated reactants (Ets — ER),
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FIGURE12.4 Optimized geometries of reactant complexes and transition states of the
reaction of formaldehyde and acetaldehyde with OH radical.

was found to be close to zero for formaldehyde: 0.03 kcal/mol, and slightly nega-
tive: —1.71 kcal /mol for acetaldehyde.

The calculated rate coefficients at 298 K are 1.10 and 1.45 x 10~ L/(cm?s)
for formaldehyde and acetaldehyde, respectively [27]. These values are in excel-
lent agreement with the experimental data. The structure of the transition states
are shown in Figure 12.4. Both are early transition states consistent with reactions
with very low barriers. The transition state of OH hydrogen abstraction from ac-
etaldehyde is earlier than the one of formaldehyde. Additionally, the possibility
of the addition channel was excluded due to the large barrier associated to this
process. The temperature dependence of the rate coefficient was not studied. In a
more recent work [105] the level of the calculations was increased, the temperature
dependence of the rate coefficient and the role of direct abstraction were studied.
All the main conclusions from these articles are now accepted in recent works
[106-108], and it is well known that the hydrogen abstraction is the main reaction
channel if not unique [108,109].

6. KETONES

The experimental evidence [22,89,90,110-115] suggests that ketones react with OH
radicals via a hydrogen abstraction mechanism, leading to a water molecule and
a new radical. Nevertheless, there is a peculiarity in the ketones + OH reactions:
hydrogen atoms attached to carbon atoms in beta positions to the carbonyl group
are the most likely to be abstracted [110-113,115]. However, if the beta carbon is a
primary carbon, its contribution to the total reaction is much less important. The
contribution is about 66% [116] to 67% [117] for secondary beta carbons, while it is
only about 11% [116] to 17% [117] for primary ones. To explain the large contribu-
tion of the beta abstractions, Wallington and Kurylo [90] have proposed a complex
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mechanism that involves the formation of a short-lived six-member ring complex.
Alternatively, a seven-member ring has been proposed by Klamt [117].

Another important experimental finding for the propanone+OH reaction [118]
is that the temperature dependence is not described by a simple Arrhenius expres-
sion but by ko 395k = 8.8 x 10712 exp(—1320/T) + 1.7 x 10~ * exp(423/T) cm3/s,
indicating that a simple H atom abstraction may not be the only reaction path.
The first term is assumed to correspond to a direct abstraction and the second one,
with small negative activation energy, to a complex mechanism. According to the
results from that work, the complex mechanism should proceed through an asso-
ciation complex prior to final reaction which is absolutely correct as will be shown
latter. However, it was also assumed that this complex evolves to addition prod-
ucts (to the carbon atom in the carbonyl group) in the same way that OH radical
reacts with C=C double bond. The C=0O double bond is not as electron rich as
C=C due to the large electronegativity of oxygen atom. For this reason ketones
react with nucleophiles instead of electrophiles in most of their reaction in solu-
tion. When they react with electrophiles, as in acid catalyzed reactions, the target
is the negative charged O atom, creating a high energy intermediate that later or
concertedly stabilizes due to a nucleophilic attack to the carbon atom.

Quantum mechanical calculations show that the barrier of the OH addition to
C=0 double bond is positive and larger than that corresponding to H abstrac-
tion [27,119] in several kcal /mol, which is in contradiction with the small negative
activation energy proposed for the complex reaction [118]. This indicates that as-
suming that the reaction is complex because the addition path also contributes to
the overall reaction is not a valid hypothesis. Since it is a fact that the mechanism is
complex, there must be another path, in addition to direct H abstraction, contribut-
ing to the overall reaction. The obvious candidate for this mechanism is the com-
plex hydrogen abstraction previously proposed by Wellington and Kurylo [90].

This alternative has been addressed theoretically in three kinetic studies. Two
of them deals only with propanone [120,121], and were performed using the
state of the art for quantum chemical calculations and variational transition state
theory. In the third one a series of ketones was studied using high level meth-
ods (CCSD(T)/6-311g(d,p)/ /BHandHLYP/6-311g(d,p)) and conventional transi-
tion state theory [122]. Masgrau et al. [121] have used the low pressure limit case
to calculate the rate constant for propanone. Despite of the high level of theory
used, they did not reproduce the temperature dependence, especially at low tem-
peratures. On the other hand, Yamada et al. [120,123] properly reproduced the
experimental temperature dependence of the rate coefficient by using the high
pressure approach, CVT, and almost the same level of calculation that was used
by Masgrau et al. [121]. Figure 12.5 shows Arrhenius plots from the experimental
data [118], compared to different theoretical approaches, assuming low and high
pressure limits. There is also new data from our group, in Figure 12.5, that was
not previously published. The main difference between high and low pressure ap-
proaches is that in the first one tunneling is calculated from the vibrational ground
state of the reactant complex whereas in the low pressure approach it is calculated
from the isolated reactants.
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FIGURE12.5 Comparison between experimental and theoretical Arrhenius plots for
propanone + OH reaction.

It is clear from Figure 12.5 that both “high pressure” approaches (reference
120 and this work) adequately reproduce the temperature dependence of k. This
strongly suggests that the reactant complex is in its vibrational ground state, even
if it is not collisionally stabilized, which was recently suggested for this kind of
complex reactions [124]. It seems surprising that the theoretical results that best
agree with the experimental data are those obtained from conventional TST and
not those from variational transition state theory and higher level of electronic
calculations. There are several reasons for that outcome. The highly sophisticated
method used in reference 120 for electronic calculations (quadratic complete basis
set, CBS-QB3 [125,126]) was developed to predict excellent thermodynamic heats
of reactions, not kinetic parameters. The one we used was selected among a large
number of trials for frequency/geometry/energy combinations aiming the best
reproduction of hydrogen abstraction reactions by OH radical. Concerning rate
constants calculations, there are two major disadvantages related to CTST /Eckart
scheme. The first one is the recrossing effect which leads to overestimations of k,
mainly at high temperatures. The second one is related to tunneling corrections,
which are larger than those from CVT/SCT approach, and this is especially im-
portant at low temperatures. However, around 298 K none of these drawbacks
are critical. Figure 12.5 shows that our values actually lay above the experimental
ones. It is significant that the Arrenius plots from reference 120 and from this work
are parallel, i.e. the same activation energies are predicted by both approaches. Ac-
cordingly their differences are related to the pre-exponential factors. Since in the
variational TST the dividing surface is moved to the maximum in Gibbs free en-
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FIGURE12.6 Arrhenius plots showing the contribution of direct and complex abstraction
channels to the overall propanone + OH reaction.

ergy, the entropy of activation increases and the pre-exponential factor decreases.
Evidently, in the conventional approach there is a fortunate cancellation of er-
rors that leads to k values closer to the experimental ones. It should be taken into
account that thermodynamic corrections were calculated at similar levels of the-
ory [120] and in this work.

Figure 12.6 shows the Arrhenius plots for the different reaction channels con-
tributing to propanone 4+ OH overall reaction. None of the rate constants of the
individual paths matches the experimental ones in the studied temperature range.
Only at the highest temperature (440 K) the contribution of the direct abstraction is
larger than that of the complex abstraction. At the lowest temperatures the direct
abstraction is negligible; while at intermediate temperatures both are important.
This is in excellent agreement with the proposal of two channels: one complex and
one direct H abstraction.

Let us insist on the nature of the path used to calculate the previous rate co-
efficients. Direct abstractions refer to elementary reactions with the reactants are
converted into abstraction products without any intermediate step. On the other
hand, in the complex path a weakly bonded complex is formed in the entrance
channel. For H abstraction from alpha sites in ketones it is important to distin-
guish between eclipsed and alternated hydrogens [122]. The transition state of the
abstractions from eclipsed alpha sites are the only one directly connected to the
reactant complex.

2-Pentanone and methyl butanone were also studied, in addition to propa-
none [122]. All the reactant complexes show ring-like structures, and they are
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FIGURE 12.7 Fully optimized geometry of 2-pentanone- - -OH reactant complexes, involved in
primary alpha (A) and secondary beta (B) abstractions.

caused by two attractive interactions. The strongest one occurs between the H
atom in the OH radical and the O atom in the carbonyl group (Figure 12.7). The
weakest one is formed between the O in OH and one of the hydrogens in the
ketone. For non-symmetric ketones two reactant complexes were found: one for
eclipsed alpha abstraction and another involving beta hydrogens (A and B in Fig-
ure 12.7).

The eclipsed transition states which correspond to the complex mechanism,
present an intramolecular interaction between the H atom in the OH radical and
the O atom in the carbonyl group (Figure 12.8A). This interaction stabilizes the TS
that present such interactions and lowers the reaction barrier. Additionally since
for this channel the tunneling correction is calculated from the reactant complex
the tunneling corrections are larger than for direct abstractions. Both effects are es-
pecially important at low (tropospheric) temperatures. However, these transition
states are tighter than those corresponding to direct hydrogen abstractions (Fig-
ure 12.8B), leading to a larger entropy loss. At high temperatures the entropy loss
becomes more important and the direct abstraction channel turns out to be the
dominant path.

The strongest intramolecular interaction was found for transition states corre-
sponding to beta sites [122]. This feature was found responsible for the “anom-
alous” higher reactivity of beta sites. The ratios between the complex/direct nor-
malized rate coefficients were found to be 7 and 20 for alpha and beta abstractions,
respectively, at room temperature (Table 12.4). As a rough approximation, this
means that tunneling is responsible for increasing k in a factor of 7 and the ad-
ditional stabilization of the TS increases the rate coefficient in a factor of 3.
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FIGURE12.8 Fully optimized geometry of selected transition states for 2-pentanone + OH
reaction, corresponding to secondary beta (A) and secondary alpha (B) abstractions.

TABLE12.4 Comparison between eclipsed and alternated calculated rate coefficients at 298 K,
corresponding to mixed abstractions, normalized to one H atom

Site Ketone Rate coefficients (cm?3/(molecule s))
Eclipsed Alternated

Primary alpha Propanone 7.51 x 10714 1.05 x 10714

2-Pentanone 9.06 x 1014 126 x 1071

Methyl-butanone 3.09 x 10713 432x 1071

Primary beta Methyl-butanone 4.02 x 10713 1.97 x 10714

Finally, although the reactant complexes formation enhances the tunneling fac-
tor and increases the rate coefficients, diminishing the expected deactivating effect
of the carbonyl group, this effect was found in all the studied paths and cannot
be accounted for the higher reactivity of beta sites. The experimentally observed
enhanced reactivity of beta sites was found to be caused by the hydrogen bond
interactions in the transition states corresponding to beta abstractions.

A good agreement was obtained between experimental rate coefficients and
those calculated assuming a complex/direct mixed mechanism, including TS in-
tramolecular interactions (Table 12.5). The largest discrepancies were of 15%, 52%
and 24% for propanone, 2-pentanone and methyl butanone, respectively. This
agreement supports the used theoretical approach and validates the relevance of
reactant complexes and hydrogen-bond like interactions on ketones + OH reac-
tions.
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TABLE 12.5 Experimental and calculated rate coefficients (cm3/(molecule s)) of ketones + OH
radical gas phase reactions, at 298 K

Propanone Ref. 2-Pentanone  Ref. Methyl butanone  Ref.

kexp  1.90x 10712 [89]
221x1071%  [114] 4.00x 10712 [69]

3.02 x 10712 [115]
1.90x 10713 [115] 4.98x10°12  [112]
227x10°13  [69]
keale  192x10713  [122]  238x10712  [122] 2.30x 10712 [122]

7. CARBOXYLIC ACIDS

It has been reported that formic acid is the most abundant carboxylic acid in
the troposphere [127]. In wet deposition, along with acetic acid, it accounts for
up to 18% of the total acidity in rain in some areas [128]. The main chemical
sink for atmospheric carboxylic acids is their reaction with the hydroxyl radi-
cal.

Formic acid + OH reaction has been extensively studied from an experimental
point of view [129-134]. It was determined from some of these studies [129-131]
that, at room temperature, the reaction pathway involving the abstraction of the
acidic hydrogen is dominant over the abstraction of the formyl hydrogen despite
of the fact that the C-H bond strength is weaker than the O-H bond strength by
about 14 kcal/mol. Accordingly, the need of quantum mechanical modeling of the
mechanism was pointed out [130,131], since such studies could help explaining the
reason of such apparent contradiction. About the mechanism, Wine et al. [129] and
Jolly et al. [130] proposed a mechanism in which OH forms a hydrogen-bonded
complex with formic acid, followed by transfer of the hydroxylic hydrogen within
the adduct.

There are also several experimental studies dedicated to the acetic acid + OH
reaction [133-138]. According to the primary kinetic isotope effect (KIE) carried
out by Singleton et al. [136], the preferential pathway in this case is also the
H-atom abstraction from the carboxyl group. From the theoretical modeling on
this reaction [137,138], it seems that the acidic H-abstraction, is greatly enhanced
and largely controlled by the formation of very stable H-bonded reactant com-
plexes.

Two different theoretical approaches have been published to explain the dom-
inance of formyl abstraction in formic acid. Anglada [139] explained it by a mech-
anism involving a proton coupled electron-transfer process, which can compete
with the conventional hydrogen abstraction. On the other hand, Galano et al. [140]
proposed that large tunneling effects for the acidic path that appears as conse-
quence of a high and narrow barrier, are responsible for the larger rate coefficient
of this channel. Stabilizing intramolecular interactions in the transition states were
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FIGURE12.9 Structure of the HCOOH- - -OH complex with the lowest energy. The geometrical
parameters are those from Ref. [140].

TABLE 12.6 Overall rate coefficients (cm3/(molecules)) and formyl branching ratio (I'cn) at
298.15 K, for HCOOH + OH reaction

koverall FCH

Theoretical

Ref. [139] 6.24 x 10713 0.07

Ref. [140] 3.55 x 10713 0.08
Experimental

Ref. [129] (4.62 £0.78) x 10713

Ref. [130] (4.93 +0.28) x 10713

Ref. [131] (4.47 £ 0.28) x 10713 0.08-0.15

Ref. [132] (3.70 + 0.40) x 10~13

Ref. [142] (45+1.8)x 10713

found in both approaches. Both works also invoke a complex mechanism involv-
ing reactant complexes. An exhaustive computational study on the different re-
arrangements of the possible complexes between formic acid and OH has been
provided [141]. The most stable complex from this work shows a six-member ring
like structure, where both moieties (HCOOH and OH) act as donor and accep-
tor simultaneously. This structure actually corresponds to the acidic abstraction in
Ref. [140], and explains the high barrier found for the second step of this channel
(Figure 12.9).

In summary, both theoretical approaches have shown the importance of in-
cluding the formation of the reactant complex, as well as the intramolecular in-
teractions in the transition state, to properly describe the experimental behavior
of the studied reactions. The experimental and theoretical overall rate constants
and formyl branching ratios for HCOOH + OH reaction is shown in Table 12.6.
This channel is predicted to occur in significant less extent than that involving
the abstraction of the acidic hydrogen. The calculated values not only repro-
duce this experimental fact but also quantitatively agree with the experimental
data.
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8. MULTIFUNCTIONAL OXYGENATED VOLATILE ORGANIC
COMPOUNDS

It has been established that simple a-dicarbonyl compounds are key intermediate
products in the atmospheric oxidation of several hydrocarbons, e.g., OH radi-
cal initiated reactions of aromatic compounds and dienes [143-151]. However,
there are very few studies concerning their subsequent fate, other than photo-
dissociation. The tropospheric oxidation of dienes leads to the production of multi-
functional oxygenated species, which can be highly reactive themselves. Thus, the
elucidation of the oxidation rates and mechanisms for these oxygenated species
is crucial to the assessment of the overall environmental impact of dienes emis-
sions. Some of these species are glycolaldehyde (HOCH,;CHO), methylglyoxal
(CH3C(O)CHO), and hydroxyacetone (HOCH,C(O)CH3z) [152,153], which arise
from the isoprene oxidation. Unfortunately there is rather scarce data available
in the literature dealing with the tropospheric fate of some of these compounds.

From an experimental point of view there is only one work dealing with
glyoxal + OH reaction [154] and three with methylglyoxal [154-156], while glycol-
aldehyde [157-162] and hydroxyacetone [163-167] have attracted more attention.
The negative temperature dependence as well as the products yield have been
interpreted in terms of formation and stabilization of reactant complexes [161,166—
168] and tunneling effects [161]. In addition Kwok and Atkinson [22] have listed
glycolaldehyde as one of the molecules for which the measured rate coefficient dif-
fers, by more than a factor of two, from the one estimated using structure-activity
relationships.

In recent works our group has investigated the reactions of glycolalde-
hyde [169], glyoxal and methylglyoxal [170] and hydroxyacetone [171] with hy-
droxyl radicals. Ochando-Pardo et al. [172] have also study the mechanism and
kinetics of glycolaldehyde + OH reactions using a computational approach. Reac-
tant complexes formed through hydrogen bond interactions have been character-
ized in all these studies. They show ZPE corrected energies that lies significantly
below the energies of the corresponding isolated reactants. The structures of the
complexes between these multifunctional oxygenated compounds (MO-VOC) and
OH show two different kind of rearrangements. In the first one the complexes
are formed through the interaction between the H atom in the OH radical and
one of the oxygen atoms in the MO-VOC [169,171,172]. The second rearrange-
ment corresponds to ring-link structures formed by the same interaction just
described and another one between the O atom in the OH radical and one of
hydrogen atoms in the MO-VOC [169-171]. One example of each type, with MO-
VOC = hydroxyacetone, is shown in Figure 12.10.

At his point, it seems worthwhile to revisit the peculiar intramolecular bond
that appears in the most abundant isomer of glycolaldehyde, which shows an OO-
s-cis configuration, since it is relevant to SAR predictions. The glycolaldehyde +
OH rate constant that predicted by SAR is 2.3 x 107! cm3/(molecules), while
the average obtained from the available experimental data is 9.25 x 1072 cm3/
(molecules). The reaction profiles of the acetaldehyde, ethanol and glycol-
aldehyde + OH reactions have been modeled at the same level of theory,
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FIGURE1210 Two typical rearrangements reported for hydroxyacetona + OH reactant
complexes.

TABLE12.7 Overall rate coefficients (cm3/(molecule s)) at room temperature for different MO-
VOC + OH reactions

Theoretical Ref. Exp?
Glyoxal 5.35x 10712 [170] 1.10 x 10711
Methylglyoxal 1.35 x 10711 [170] 1.25x 1071
Glycolaldehyde 7.29 x 10712 [169] 9.25 x 10712
3.83x 10~ 1 [172]
Hydroxyacetone 3.15x 10712 [171] 3.69 x 10712

a  Average value, from all available experimental data.

CCSD(T)/6-3114++G(d,p)/ /BHandHLYP/6-311++G(d,p) [169]. The authors
found that he ZPE corrected barriers for H abstractions from the alpha position
in ethanol and from the aldehydic site in acetaldehyde are 0.2 kcal/mol lower
than those corresponding to the equivalent abstractions in glycolaldehyde. This
difference is responsible for the decrease in k. In SAR, the deactivation of the
—CH; site by the >C=0 substituent is taken into account by introducing a factor
F(>C=0) = 0.75. However, no deactivation is considered for the aldehydic ab-
straction. This deactivation occurs because of the intramolecular hydrogen bond
in OO-s-cis glycolaldehyde, which is a very specific characteristic of this molecule.

The features of the intramolecular hydrogen bonds interactions in the transi-
tion states, corresponding to the OH hydrogen abstraction reactions from these
compounds, have been discussed in details [169-172]. The associated reaction bar-
riers are quite low and it becomes necessary to use Variational Transition State
Theory to avoid significant recrossing effects. The only exception is hydroxyace-
tone, in this case the barrier of the second step of reaction, that starting at the
reactant complex, is high enough to safely use conventional TST. Using the proper
approach the theoretical predictions of the rate coefficients of MO-VOCs 4+ OH
reaction are in very good agreement with the experimental available data (Ta-
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ble 12.7). By proper approach we mean not only the correct choice between TST
and CVT, but also the modeling of the complex mechanism involving reactant
complexes in the entrance channel of the MEP. As discussed in the above men-
tioned references the tunneling effect increases in a significant extent when the RC
are taken into account. The rate coefficients calculated for direct reactions are in
larger disagreement with the experimental values.

9. CONCLUDING REMARKS

As discussed above, the reactions of OH with oxygenated compounds seem to
proceed via formation of complexes that involve one or two hydrogen bonds. Sev-
eral theoretical studies on these complexes show binding energies large enough to
overcome any inaccuracy of the calculation method (Table 12.8).

TABLE12.8 Binding energies (kcal/mol) of oxygenated VOCs + OH radical complexes, obtained
from electronic energies + ZPE corrections

vVOC Binding energy® Ref.
Methanol -5.73 [87]
Ethanol —6.55 [87]
1-Propanol —6.29 [871]
2-Propanol —6.50 [871]
1-Butanol —6.00 [87]
Formaldehyde -3.03 [27]
-3.0 [29]
Acetaldehyde —4.18 [27]
—4.0 [29]
Propanone —6.06 [122]
—4.6 [29]
2-Pentanone —6.08 [122]
Methyl butanone —6.00 [122]
Formic acid —4.83 [140]
—6.12 [139]
—6.63 [141]
Acetic acid -7.3 [137]
-7.3 [138]
Glyoxal —4.42 [170]
Methylglyoxal —5.16 [170]
Glycolaldehyde —4.6 [169]
-3.89 [172]
Hydroxyacetone —4.77 [171]

a Corresponding to the highest level of theory, and the most stable adduct, if more than one value is reported.
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FIGURE 1211 Comparison between recommended, experimental, and calculated rate
coefficients, at 298 K.

The relevance of including such complex in the modeling of oxygenated
VOCs + OH reactions has been discussed in detail in this work. Taking them into
account, together with any possible intramolecular interaction in the transition
states structures, leads to very reliable theoretical values of the rate coefficients.
To prove this statement, Figure 12.11 shows a comparison between calculated rate
coefficients, at 298 K [27,87,122,140,169-171] for several MO-VOCs + OH reactions
and recommended values [89]. For 2-pentanone and methylbutanone there are no
recommendations, therefore the average from the experimental values was used
instead for 2-pentanone, and the only experimental value available for methylbu-
tanone. As this figure shows, the calculated rate coefficients are in excellent agree-
ment with the available experimental data. The calculated values are within the
error range from experimental determinations in most of the studied cases. The
largest discrepancies were found for glyoxal and 2-pentanone, which differ from
the recommended values in 51 and 48%, respectively. Even for them the agreement
is very good, since an error of 1 kcal/mol in energies represent about one order of
error in the rate constant, and in all the cases the discrepancies are smaller than
that. Accordingly, the calculated results in Figure 12.11 can be considered within
the error inherent to the most accurate quantum mechanical calculations, or even
smaller.
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In summary, the utility of quantum chemical calculations to elucidate the
detailed mechanisms of OH radical reactions with oxygenated VOCs has been
proven. The importance of including reactant complexes in such modeling, to ob-
tain accurate values of the rate coefficients, has also been shown. The best results
are those obtained when it is assumed that such complexes are in their vibrational
ground state. The relative site reactivity of the studied compounds towards OH
radicals has been shown to be strongly influenced by intramolecular hydrogen-
bond-like interactions that arise in the transition states.

Since the main tropospheric sink of oxygenated VOCs seems to be their re-
actions with OH radicals, at least at daytimes, the mechanistic and kinetic infor-
mation discussed in this work is relevant to fully understand the tropospheric
chemistry of such compounds, as well as their subsequent fate. Hopefully, the
large amount of experimental and theoretical work that has been revisited here,
which has been devoted to chemical reactions of environmental significance, could
contribute in some extent to act in the right directions and prevent more damage
to our atmosphere.

REFERENCES

[1] JM.L. Martin, G. de Oliveira, ]. Chem. Phys. 111 (1999) 1843.

[2] R.A. Friesner, Proc. Natl. Acad. Sci. 102 (2005) 6648.

[3] J.R. Thomas, B.]. Deeleeuw, G. Vacek, T.D. Crawford, Y. Yamaguchi, H.E. Schaefer III, ]. Chem.
Phys. 99 (1993) 403.

[4] V. Guner, K.S. Khuong, A.G. Leach, P.S. Lee, M.D. Bartberger, K.N. Houk, . Phys. Chem. A 107
(2003) 11445.

[5] J.E. Stanton, R.]. Bartlett, |. Chem. Phys. 98 (1993) 7029.

[6] J. Gauss, J.E. Stanton, J. Chem. Phys. 104 (1996) 2574.

[7] A. Fernandez-Ramos, J.A. Miller, S.J. Klippenstein, D.G. Truhlar, Chem. Rev. 106 (2006) 4518, and
references therein.

[8] Scientific Assessment of Ozone Depletion: 2002, Report No. 47, Global Ozone Research and Monitor-
ing Project, World Meteorological Organization, Geneva, 2003.

[9] A. Guenther, C.N. Hewitt, D. Erickson, R. Fall, C. Geron, T. Graedel, P. Harley, L. Klinger, M. Ler-
dau, W.A. McKay, T. Pierce, B. Scholes, R. Steinbrecher, R. Tallamraju, J. Taylor, P. Zimmermann,
J. Geophys. Res. 100 (1995) 8873.

[10] A. Guenther, C. Geron, T. Pierce, B. Lamb, P. Harley, R. Fall, Atmos. Environ. 34 (2000) 2205.

[11] R.F. Sawyer, R.A. Harley, S.H. Cadle, ].M. Norbeck, R. Slott, H.A. Bravo, Atmos. Environ. 34 (2000)
2161.

[12] M. Placet, C.O. Mann, R.O. Gilbert, M.]. Niefer, Atmos. Environ. 34 (2000) 2183.

[13] EW. Lurmann, H.H. Main, Analysis of the Ambient VOC Data Collected in the Southern California
Air Quality Study, Final Report to California Air Resources Contract A832-130, Sacramento, CA,
1992.

[14] ].G. Calvert, R. Atkinson, K.H. Becker, R.M. Kamens, ].H. Seinfeld, T.J. Wallington, G. Yarwood,
The Mechanisms of Atmospheric Oxidation of Aromatic Hydrocarbons, Oxford Univ. Press, New York,
2002.

[15] A. Mellouki, G. Le Bras, H. Sidebottom, Chem. Rev. 103 (2003) 5077, and references therein.

[16] H. Levy, Science 173 (1971) 500.

[17] D.H. Ehalt, H.P. Dorn, D. Poppe, Proc. R. Soc. Edinburgh 97B (1991) 17.

[18] A.M. Thompson, Science 256 (1992) 1157.

[19] R. Atkinson, Atmos. Environ. 34 (2000) 2063.

[20] T.E. Graedel, Chemical Compounds in the Atmosphere, Academic Press, New York, 1978.



Atmospheric Reactions 271

[21] N. Donahue, R. Prinn, J. Geophys. Res. 95 (1990) 18387.

[22] E.S.C. Kwok, R. Atkinson, Atmos. Environ. 29 (1995) 1685.

[23] M. Mozurkewich, S.W. Benson, J. Phys. Chem. 88 (1984) 6249.

[24] M. Mozurkewich, J.J. Lamb, S.W. Benson, J. Phys. Chem. 88 (1984) 6435.

[25] D.L. Singleton, R.J. Cvetanovic, J. Am. Chem. Soc. 98 (1976) 6812.

[26] B.J. Finlayson-Pitts, N. Pitts, Atmospheric Chemistry: Fundamentals and Experimental Techniques,
Wiley-Interscience, New York, 1986.

[27] J.R. Alvarez-Idaboy, N. Mora-Diez, R.J. Boyd, A. Vivier-Bunge, J. Am. Chem. Soc. 123 (2001) 2018.

[28] ].R. Alvarez-Idaboy, N. Mora-Diez, A. Vivier-Bunge, . Am. Chem. Soc. 122 (2000) 3715.

[29] S. Aloisio, ].S. Francisco, J. Phys. Chem. A 104 (2000) 3211.

[30] V. Vasvari, I. Szilagyi, A. Bencsura, S. Débe, T. Berces, E. Henon, S. Canneaux, F. Bohr, Phys. Chem.
Chem. Phys. 3 (2001) 551.

[31] E. Henon, S. Canneaux, F. Bohra, S. Débe, Phys. Chem. Chem. Phys. 5 (2003) 333.

[32] T. Yamada, P.H. Taylor, A. Goumri, P. Marshall, J. Chem. Phys. 119 (2003) 10600.

[33] LW.M. Smith, A R. Ravishankara, ]. Phys. Chem. A 106 (2002) 4798.

[34] J.C. Hansen, ].S. Francisco, Chem. Phys. Chem. 3 (2002) 833.

[35] R.A. Loomis, ML.L. Lester, J. Chem. Phys. 103 (1995) 4371.

[36] M.I. Lester, B.V. Pond, D.T. Anderson, L.B. Harding, A.F. Wagner, . Chem. Phys. 113 (2000) 9889.

[37] S. Arrhenius, Z. Phys. Chem. 4 (1889) 226.

[38] M.]. Pilling, PW. Seakins, Reaction Kinetics, Oxford Univ. Press, New York, 1996.

[39] G.K. Schenter, B.C. Garrett, D.G. Truhlar, ]. Chem. Phys. 119 (2003) 5828.

[40] H. Eyring, ]. Chem. Phys. 3 (1935) 107.

[41] D.G. Truhlar, W.L. Hase, ].T. Hynes, ]. Phys. Chem. 87 (1983) 2664.

[42] D.G. Truhlar, B.C. Garrett, Acc. Chem. Res. 13 (1980) 440.

[43] D.G. Truhlar, B.C. Garrett, Annu. Re. Phys. Chem. 35 (1984) 159.

[44] D.G. Truhlar, A.D. Isaacson, B.C. Garrett, Generalized Transition State Theory, vol. 4, CRC Press,
Boca Raton, FL, 1985.

[45] B.C. Garrett, D.G. Truhlar, J. Phys. Chem. 83 (1979) 1052.

[46] B.C. Garrett, D.G. Truhlar, J. Phys. Chem. 83 (1979) 1079.

[47] B.C. Garrett, D.G. Truhlar, J. Am. Chem. Soc. 101 (1979) 4534.

[48] B.C. Garrett, D.G. Truhlar, J. Phys. Chem. 83 (1979) 3058.

[49] D.-H. Lu, T.N. Truong, V.S. Melissas, G.C. Lynch, R.-P. Liu, B.C. Garrett, R. Steckler, A.D. Isaacson,
S.N. Rai, G.C. Hancock, ].G. Lauderdale, T. Joseph, D.G. Truhlar, Comput. Phys. Commun. 71 (1992)
235.

[50] Y.-P. Liu, G.C. Lynch, T.N. Truong, D.-H. Lu, D.G. Truhlar, B.C. Garrett, ]. Am. Chem. Soc. 115
(1993) 2408.

[51] R.A. Marcus, M.E. Coltrin, J. Chem. Phys. 67 (1977) 2609.

[52] J. Espinosa-Garcia, J.C. Corchado, J. Phys. Chem. 99 (1995) 8613.

[53] M. Szori, C. Fittschen, I.G. Csizmadia, B. Viskolcz, J. Chem. Theory Comput. 2 (2006) 1575.

[54] I. Mayer, Int. ]. Quantum Chem. 23 (1983) 341.

[55] R. Vargas, J. Garza, D.A. Dixon, B.P. Hay, . Am. Chem. Soc. 122 (2000) 4750.

[56] 1. Mayer, . Phys. Chem. 100 (1996) 6332.

[57] H.B. Jansen, P. Ros, Chem. Phys. Lett. 3 (1969) 140.

[58] S.F. Boys, F. Bernardi, Mol. Phys. 19 (1970) 553.

[59] M.]. Frisch, ].E. Del Bene, ].S. Binkley, H.E. Schaefer I1I, J. Chem. Phys. 84 (1986) 2279.

[60] D.W. Schwenke, D.G. Truhlar, ]. Chem. Phys. 82 (1985) 2418.

[61] K. Morokuma, K. Kitaura, in: P. Politzer (Ed.), Chemical Application of Atomic and Molecular Elec-
tronic Potentials, Plenum, New York, 1981.

[62] J.C. Lopez, J.L. Alonso, EJ. Lorenzo, V.M. Rayon, J.A. Sordo, J. Chem. Phys. 111 (1999) 6363.

[63] S.W. Hunt, K.R. Leopold, J. Phys. Chem. A 105 (2001) 5498.

[64] H. Valdés, J.A. Sordo, ]. Comput. Chem. 23 (2002) 444.

[65] H. Valdés, ].A. Sordo, J. Phys. Chem. A 106 (2002) 3690.

[66] T.H. Dunning Jr., ]. Phys. Chem. A 104 (2000) 9062.

[67] T.E. Graedel, D.T. Hawkings, L.D. Claxton, Atmospheric Chemical Compounds, Academic Press,
Orlando, 1986.



272 A. Galano and JR. Alvarez-Idaboy

[68] ].H. Seinfield, ].M. Andino, EM. Bowman, H.J. Frostner, S. Pandis, Adv. Chem. Eng. 19 (1994) 325.
[69] TJ. Wallington, M.]J. Kurylo, Int. J. Chem. Kinet. 19 (1987) 1015.
[70] B. Picquet, S. Heroux, A. Chebbi, J. Doussin, R. Durand-Jolibois, A. Monod, H. Loirat, P. Carlier,
Int. J. Chem. Kinet. 30 (1998) 839.
[71] Guidance on Estimating Motor Vehicle Emission Reduction from the Use of Alternative Fuels and Fuel
Blends, U.S.E.P.A., Report No. 1 APA-AA-TSS-PA-87-4, Ann Arbor, Michigan, 1998.
[72] E. Grosjean, D. Grosjean, R. Gunawardena, R.A. Rasmussen, Environ. Sci. Technol. 32 (1998) 736.
[73] R. Overend, G. Paraskevopoulos, J. Phys. Chem. 82 (1978) 1329.
[74] A.R. Ravishankara, D.D. Davis, ]. Phys. Chem. 82 (1978) 2852.
[75] W.P. Hess, E.P. Tully, J. Phys. Chem. 93 (1989) 1944.
[76] M. Yujing, A. Mellouki, Chem. Phys. Lett. 333 (2001) 63.
[77] S. Oh, ].M. Andino, Int. |. Chem. Kinet. 33 (2001) 422.
[78] M. Sorensen, M.D. Hurley, T.J. Wallington, T.S. Dibble, O.]. Nielsen, Atmos. Environ. 36 (2002)
5947.
[79] S.A. Chemma, K.A. Holbrook, G.A. Oldershaw, R.W. Walker, Int. ]. Chem. Kinet. 34 (2002) 110.
[80] E. Cavalli, H. Geiger, I. Barnes, K.H. Becker, Environ. Sci. Technol. 36 (2002) 1263.
[81] E. Jimenez, M.K. Gilles, A.R. Ravishankara, ]. Photochem. Photobiol. A Chem. 157 (2003) 237.
[82] H. Wu, Y. Mu, X. Zhang, G. Jiang, Int. J. Chem. Kinet. 35 (2003) 81.
[83] A. Mellouki, F. Oussar, X. Lun, A. Chakir, Phys. Chem. Chem. Phys. 6 (2004) 2951.
[84] G. Kovacs, T. Szasz-Vadasz, V.C. Papadimitriou, S. Dobe, T. Berces, F. Marta, React. Kinet. Catal.
Lett. 87 (2005) 129.
[85] N. Luo, D.C. Kombo, R. Osman, J. Phys. Chem. A 101 (1997) 926.
[86] ]J.T. Jodkowski, M.-T. Rayez, J.-C. Rayez, ]. Phys. Chem. A 103 (1999) 3750.
[87] A. Galano, J.R. Alvarez-Idaboy, G. Bravo-Perez, M.E. Ruiz-Santoyo, Phys. Chem. Chem. Phys. 4
(2002) 4648.
[88] A. Hatipoglu, Z. Cinar, . Mol. Struct. THEOCHEM 631 (2003) 189.
[89] R. Atkinson, D.L. Baulch, R.A. Cox, R.E. Hampson Jr., J.A. Kerr, M.]. Rossi, J. Troe, J. Phys. Chem.
Ref. Data 28 (1999) 191.
[90] T.J. Wallington, M.J. Kurylo, J. Phys. Chem. 91 (1987) 5050.
[91] R. Atkinson, Chem. Rev. 86 (1986) 69.
[92] R. Atkinson, Int. J. Chem. Kinet. 19 (1987) 799.
[93] H.L. Bethel, R. Atkinson, J. Arey, Int. J. Chem. Kinet. 33 (2001) 310.
[94] D.H. Semmes, A R. Ravishankara, C.A. Gump-Perkins, PH. Wine, Int. . Chem. Kinet. 17 (1985)
303.
[95] R. Atkinson, D.L. Baulch, R.A. Cox, R.E. Hampson Jr., J.A. Kerr, M.]. Rossi, J. Troe, J. Phys. Chem.
Ref. Data 26 (1997) 521.
[96] N.I. Butkovskaya, D.W. Setser, ]. Phys. Chem. A 102 (1998) 9715.
[97] N.I. Butkovskaya, D.W. Setser, ]. Phys. Chem. A 104 (2000) 9428.
[98] B. D’Anna, O. Andresen, Z. Gefen, C.J. Nielsen, Phys. Chem. Chem. Phys. 3 (2001) 3057.
[99] V. Sivakumaran, D. Holscher, T.J. Dillon, J.N. Crowley, Phys. Chem. Chem. Phys. 5 (2003) 4821.
[100] V. Sivakumaran, J.N. Crowley, Phys. Chem. Chem. Phys. 5 (2003) 106.
[101] K.L. Feilberg, M.S. Johnson, C.J. Nielsen, J. Phys. Chem. A 108 (2004) 7393.
[102] M. Dupuis, W.A. Lester Jr., ]. Chem. Phys. 81 (1984) 847.
[103] J.S. Francisco, J. Chem. Phys. 96 (1992) 7597.
[104] PH. Taylor, M.S. Rahman, M. Arif, B. Dellinger, P. Marshall, Symp. Int. Comb. Proc. 26 (1996) 497.
[105] B. D’Anna, V. Bakken, J.A. Beukes, C.J. Nielsen, K. Brudnik, J.T. Jodkowski, Phys. Chem. Chem.
Phys. 5 (2003) 1790.
[106] J.J. Wang, H.B. Chen, G.P. Glass, R.E. Curl, J. Phys. Chem. A 107 (2003) 10834.
[107] E. Vohringer-Martinez, B. Hansmann, H. Hernandez, J.S. Francisco, J. Troe, B. Abel, Science 315
(2007) 497.
[108] G.S. Tyndall, ].J. Orlando, T.J. Wallington, M.D. Hurley, M. Goto, M. Kawasaki, Phys. Chem. Chem.
Phys. 11 (2002) 2189.
[109] N.I. Butkovskaya, A. Kukui, G. Le Bras, |. Phys. Chem. A 108 (2004) 1160.
[110] R. Atkinson, S.M. Aschmann, W.P.L. Carter, J.N. Pitts Jr., Int. |. Chem. Kinet. 14 (1982) 839.
[111] P. Dagaut, T.J. Wallington, R. Liu, M.J. Kurylo, J. Phys. Chem. 92 (1988) 4375.



Atmospheric Reactions 273

[112] R. Atkinson, S.M. Aschmann, . Phys. Chem. 92 (1988) 4008.

[113] R. Atkinson, S.M. Aschmann, Int. ]. Chem. Kinet. 27 (1995) 261.

[114] W.B. DeMore, S.P. Sander, D.M. Golden, R.F. Hampson, M.J. Kurylo, C.J. Howard, A.R. Ravis-
hankara, C.E. Kolb, M.]. Molina, Chemical kinetics and photochemical data for use in stratospheric
modeling, Evaluation no. 12, JPL Publication 97-4, 1997.

[115] S. Le Calvé, D. Hitier, G. Le Bras, A. Mellouki, J. Phys. Chem. A 102 (1998) 4579.

[116] R. Atkinson, Int. ]. Chem. Kinet. 19 (1987) 799.

[117] A. Klamt, Chemosphere 32 (1996) 717.

[118] M. Wollenhaupt, S.A. Carl, A. Horowitz, ].N. Crowley, J. Phys. Chem. A 104 (2000) 2695.

[119] E. Henon, S. Canneaux, F. Bohr, S. D6bé, Phys. Chem. Chem. Phys. 5 (2003) 333.

[120] T. Yamada, PH. Taylor, A. Goumri, P. Marshall, J. Chem. Phys. 119 (2003) 10600.

[121] L. Masgrau, A. Gonzélez-Lafont, ].M. Lluch, J. Phys. Chem. A 106 (2002) 11760.

[122] J.R. Alvarez-Idaboy, A. Cruz-Torres, A. Galano, M.E. Ruiz-Santoyo, . Phys. Chem. A 108 (2004)
2740.

[123] The numerical data from reference 120, which is not in the original article, was kindly provided
by Professor Paul Marshall.

[124] Y. Georgievskii, S.J. Klippenstein, J. Phys. Chem. A 111 (2007) 3802.

[125] J.A. Montgomery Jr., M.]. Frisch, ].W. Ochterski, A.G. Petersson, ]. Chem. Phys. 110 (1999) 2822.

[126] J.A. Montgomery Jr., M.J. Frisch, ].W. Ochterski, G.A. Petersson, ]. Chem. Phys. 112 (2000) 6532.

[127] M. Legrand, M. de Angelis, ]. Geophys. Res. 100 (1995) 1445.

[128] K. Granby, A H. Egelov, T. Nielsen, C. Lohse, J. Atm. Chem. 28 (1997) 195.

[129] PH. Wine, RJ. Astalos, R.L. Mauldin I1I, J. Phys. Chem. 89 (1985) 2620.

[130] G.S. Jolly, D.J. McKenney, D.L. Singleton, G. Paraskevopoulos, A.R. Bossard, J. Phys. Chem. 90
(1986) 6557.

[131] D.L. Singleton, G. Paraskevopoulos, R.S. Irwin, G.S. Jolly, D.J. McKenney, J. Am. Chem. Soc. 110
(1988) 7786.

[132] P. Dagaut, Int. . Chem. Kinet. 20 (1988) 331.

[133] C. Zetzsch, F. Stuhl, Physico-chemical behavior of atmospheric pollutants, in: B. Versino, H. Ott
(Eds.), Proceedings of the Second European Symposium, Reidel, Dordrecht, 1982, p. 129.

[134] N.L Butkovskaya, A. Kukui, N. Pouvesle, G. Le Bras, ]. Phys. Chem. A 108 (2004) 7021.

[135] Ph. Dagaut, T.J. Wallington, R. Liu, M.]J. Kurylo, Int. ]. Chem. Kinet. 20 (1988) 331.

[136] D.L. Singleton, G. Paraskevopoulos, R.S. Irwin, J. Am. Chem. Soc. 111 (1989) 5248.

[137] E. De Smedt, X.V. Bui, T.L. Nguyen, ]. Peeters, L. Vereecken, J. Phys. Chem. A 109 (2005) 2401.

[138] D. Vimal, PS. Stevens, J. Phys. Chem. A 110 (2006) 11509.

[139] .M. Anglada, . Am. Chem. Soc. 126 (2004) 9809.

[140] A. Galano, J.R. Alvarez-Idaboy, M.E. Ruiz-Santoyo, A. Vivier-Bunge, J. Phys. Chem. A 106 (2002)
9520.

[141] M. Torrent-Sucarrat, .M. Anglada, ChemPhysChem 5 (2004) 183.

[142] W.B. DeMore, S.P. Sander, D.M. Golden, R.E. Hampson, M.]J. Kurylo, C.J. Howard, A.R. Ravis-
hankara, C.E. Kolb, M.]. Molina, JPL Publication 97 (1997) 4.

[143] B.J. Finlayson-Pitts, ].N. Pitts Jr., Chemistry of the Upper and Lower Atmosphere. Theory, Experiments,
and Applications, Academic Press, San Diego, 2000.

[144] B.E. Dumdei, D.V. Kenny, P.B. Shepson, T.E. Kleindienst, C.M. Nero, L.T. Culpitt, L.D. Claxton,
Environ. Sci. Technol. 22 (1988) 1493.

[145] ].M. Andino, J.N. Smith, R.C. Flagan, W.A. Goddard 1II, J.H. Seinfeld, ]. Phys. Chem. 100 (1996)
10967.

[146] J. Yu, H.E. Jefries, Atmos. Environ. 31 (1997) 2281.

[147] R. Volkamer, U. Platt, K. Wirtz, J. Phys. Chem. A 105 (2001) 7865.

[148] 1. Magneron, R. Thevenet, A. Mellouki, G. Le Bras, G.K. Moortgat, K. Wirtz, J. Phys. Chem. A 106
(2002) 2526.

[149] D.E. Smith, T.E. Kleindienst, C.D. Mclver, ]. Atmos. Chem. 34 (1999) 339.

[150] A. Bierbach, I. Barnes, K.H. Becker, E. Wiesen, Environ. Sci. Technol. 28 (1994) 715.

[151] E.C. Tuazon, H. MacLeod, R. Atkinson, W.P.L. Carter, Environ. Sci. Technol. 20 (1986) 383.

[152] E.C. Tuazon, R. Atkinson, Int. |. Chem. Kinet. 21 (1989) 1141.

[153] E.C. Tuazon, R. Atkinson, Int. |. Chem. Kinet. 22 (1990) 591.



274 A. Galano and JR. Alvarez-Idaboy

[154] C.N. Plum, E. Sanhueza, R. Atkinson, W.P.L. Carter, J.N. Pitts Jr., Environ. Sci. Technol. 17 (1983)
479.

[155] T.E. Kleindienst, G.W. Harris, J.N. Pitts Jr., Environ. Sci. Technol. 16 (1982) 844.

[156] G.S. Tyndall, T.A. Staffelbach, J.J. Orlando, ].G. Calvert, Int. ]. Chem. Kinet. 27 (1995) 1009.

[157] H. Niki, P.D. Maker, C.M. Savage, M.D. Hurley, J. Phys. Chem. 91 (1987) 2174.

[158] C. Bacher, G.S. Tyndall, ].J. Orlando, J. Atm. Chem. 39 (2001) 171.

[159] J. Baker, J. Arey, R. Atkinson, J. Phys. Chem. A 108 (2004) 7032.

[160] 1. Magneron, A. Mellouki, G. Le Bras, G.K. Moortgat, A. Horowitz, K. Wirtz, |. Phys. Chem. A 109
(2005) 4552.

[161] N.I. Butkovskaya, N. Pouvesle, A. Kukui, G. Le Bras, Phys. Chem. A 110 (2006) 13492.

[162] R. Karunanandan, D. Holscher, T.J. Dillon, A. Horowitz, ].N. Crowley, L. Vereecken, ]. Peeters,
J. Phys. Chem. A 111 (2007) 897.

[163] P. Dagaut, R. Liu, T.J. Wallington, M.]. Kurylo, ]. Phys. Chem. 93 (1989) 7838.

[164] JJ. Orlando, G.S. Tyndall, ].M. Fracheboud, E.G. Estupifan, S. Haberkorn, A. Zimmer, Atm.
Environ. 33 (1999) 1621.

[165] PK. Chowdhury, H.P. Upadhyaya, P.D. Naik, J.P. Mittal, Chem. Phys. Lett. 351 (2002) 201.

[166] T]J. Dillon, A. Horowitz, D. Holscher, ].N. Crowley, L. Vereecken, J. Peetersb, Phys. Chem. Chem.
Phys. 8 (2006) 236.

[167] N.I. Butkovskaya, N. Pouvesle, A. Kukui, Y. Mu, G. Le Bras, Phys. Chem. A 110 (2006) 6833.

[168] D.H. Semmes, A.R. Ravishankara, C.A. Gump-Perkins, PH. Wine, Int. ]. Chem. Kinet. 17 (1985)

303.

[169] A. Galano, ].R. Alvarez-Idaboy, M.E. Ruiz-Santoyo, A. Vivier-Bunge, J. Phys. Chem. A 109 (2005)
169.

[170] A. Galano, J.R. Alvarez-Idaboy, M.E. Ruiz-Santoyo, A. Vivier-Bunge, ChemPhysChem 5 (2004)
1379.

[171] A. Galano, J. Phys. Chem. A 110 (2006) 9153.
[172] M. Ochando-Pardo, I. Nebot-Gil, A. Gonzalez-Lafont, .M. Lluch, . Phys. Chem. A 108 (2004) 5117.



13

Theoretical and Experimental
Studies of the Gas-Phase Cl-Atom
Initiated Reactions of Benzene and

Toluene
A.Ryzhkov", P.A. Ariya’, F. Raofie”, H. Niki'™ and
G.W. Harris™
Contents 1. Introduction 276
2. Methods 277
2.1 Theoretical calculation details 277
2.2 Experimental methods 277
3. Results and Discussions 279
3.1 Theoretical calculations 279
3.2 Experimental section 285
4. Conclusions 292
References 294
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the gas phase have been studied using both theoretical and experimen-
tal techniques. Energy and geometry of reaction complexes and transi-
tion states were calculated in the Cl-atom initiated reaction of benzene
and toluene using modern hybrid functional PBEO method with the aug-
pcl basis set with an additional CCSD(T)/aug-CC-pVDZ energy single point
calculation. Three stationary structures have been found for the Bz.--Cl
complex: hexahapto-complex, w-complex and o-complex. The first one is
a transition state between two opposite w-complexes. PhMe- - -Cl has ad-
ditional structures due to ipso-, ortho-, meta- and para-isomerization. The

" Department of Chemistry and Department Atmospheric and Oceanic Sciences, McGill University, 801 Sherbrooke
St. W., Montreal, Quebec, Canada, H3A 2K6

** Centre for Atmospheric Chemistry, York University, 4700 Keele Street, Toronto, Ontario, Canada, M3] 1P3

1 Corresponding author.

Advances in Quantum Chemistry, Vol. 55 © 2008 Elsevier Inc.
ISSN 0065-3276, DOI: 10.1016/50065-3276(07)00213-4 All rights reserved

275


http://dx.doi.org/10.1016/S0065-3276(07)00213-4

276 A. Ryzhkov et al.

stability of all calculated complexes was determined and compared. Two
reaction pathways for benzene and toluene with a Cl atom were evaluated:
(a) the hydrogen abstraction of benzene and toluene by Cl atom, which is
seemingly barrierless and endothermic, and (b) the hydrogen substitution
reaction that in contrast has a relatively high energy of activation. Rate co-
efficients for these same reactions were measured using ethane, n-butane,
and chloro-, dichloro- and trichloromethane, as reference compounds,
with gas chromatography equipped with mass detection spectrometry and
flame ionization detection (GC-MSD and GC-FID). The reaction rates were
estimated as (5.57 £ 0.15) x 10~ and <1 x 10715 cm3/(molecule s) for
benzene and toluene, respectively. Chlorinated products of the reactions
were analyzed by GS-MS. Chlorobenzene was the only identified product
between a reaction of benzene and the Cl atom. The major products of
the PhMe + Cl reaction were chloromethylbenzene with ortho- and para-
chlorotoluenes.

1. INTRODUCTION

Aromatic compounds such as benzene, toluene, and xylene include a significant
portion of the volatile organic compounds (VOC) in urban areas [1,2]. The major
emission sources of these compounds into the atmosphere are assumed to be mo-
tor vehicles [1,2]. Solvents in paints and in polymer manufacturing and biomass
burning are amongst other contributors to aromatic emission [3]. Benzene [4] and
toluene [5,6] are also shown to be human health hazards. Upon atmospheric ox-
idation, the reactions of aromatic compounds lead to the formation of secondary
organic aerosols [7-11] that can directly and indirectly affect climate by interac-
tions with radiation, and in turn they can affect the contribution of pollutants such
as ozone. Due to such environmental impacts atmospheric reactions of aromatic
compounds has received much attention during the last few decades. The main
oxidation and degradation way of the aromatic compounds is assumed to be the
reaction with OH radicals [1], but reactions with ozone, NO3 and halogens also
have significant contribution. Cl-atom high reactivity renders Cl-reaction as an ef-
ficient loss pathway for aromatic compounds particularly in the marine boundary
layer, polar and coastal areas where relatively high concentrations of reactive halo-
gens are observed [12,13]. Under a high chlorine regime, the degradation rate of
VOC by Cl can dominate OH-initiated reactions [14] due to up to two orders of
magnitude faster reactions of Cl-atoms with organic compounds in comparison to
OH radicals [15].

There are several kinetic and product studies on Cl atom gas phase reactions of
hydrocarbons [16—42]. Though the various kinetic studies show more consistency
on Cl+ toluene reaction rates [41], the reactions of Cl+benzene has been shown to
be quite contradictory. Indeed, six existing published studies on the Cl + benzene
reaction rates vary by more than 5 orders of magnitudes, ranging from 1.3 x 1016
to 1.5 x 10~ em?®/(molecule s) [16,17,19,24,27,42].

The aim of the present work was to evaluate the rate constants of the reactions
of Cl initiated oxidation of benzene and toluene, and to provide further mechanis-
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tic insights of these two reaction systems using a combined laboratory and theo-
retical approach. Experiments were performed in Ny or in dry air at T = 296 +2 K,
and analyzed using gas chromatograph with the flame ionization detection and
with the mass selective detection (GC-FID and GC-MSD, respectively). In addi-
tion, we have conducted computational studies of these reactions, and evaluated
the geometry and energy of the reactants, intermediates and products. We will
herein briefly discuss the importance of these results in understanding of Cl chem-
istry in troposphere.

2. METHODS

2.1 Theoretical calculation details

The geometries of all molecules, complexes and transition states have been fully
optimized using the non-empirical hybrid density functional PBEQ [43,44] with the
aug-pcl polarization consistent basis set [45,46], which was specially developed by
Jensen to be used with density functional theory methods. Harmonic vibrational
frequencies were used to verify the nature of the stationary points and to esti-
mate zero-point vibration energy at the same level of theory. Additionally, single
point CCSD(T) [47—49] energies implementing aug-CC-pVDZ correlation consis-
tent basis set [50] were calculated for obtained geometries. All calculations were
carried out with the Gaussian 98 [51] and MOLPRO [52] ab initio program pack-
ages.

2.2 Experimental methods

Experiments have been carried out at York and McGill Universities. In the relative
rate technique of bimolecular reactions, we follow two or more reactions, in which
two or more molecules will form products with the same reactant, i.e.:

Cl 4 benzene — products, 1)
Cl + reference — products. 2)

Assuming that such bimolecular reactions initiate solely from the reaction of Cl-
atoms with reactants and there is no reformation of the reactant, then we can apply
the integrated expression of the second order rate law:

<[benzene]o> k1 <[reference]o>
Inf ———— | = —In[ ———— ), 3)
[benzene]; ko [reference];
where [benzene] and [reference] are the concentrations of the benzene and ref-
erence substance, respectively, and k; and kp are the rate constants for reac-
tions (1) and (2). However, if there are significant secondary reactions, the plots
of In([benzene]y/[benzene];) vs. In([reference]y/[reference];) should not yield an
straight line.

Cl-atom kinetic reactions of toluene and benzene were carried out using GC-
FID and GC-MS. Product studies presented herein were performed using GC-MS.
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All experiments were carried out at near atmospheric pressure (about 735+5 Torr)
and T = 296 £ 2 K. Cl atoms were generated by UV photolysis of Cl, mole-
cules. 2-3 L Pyrex bulbs and 10 L all-Teflon bags were used as reaction cham-
bers. To assure homogeneity, hydrocarbon/Cl, /N or air mixtures were contin-
uously mixed using a Teflon magnetic rod. 150-200 ul samples were transferred
into the GC columns using a gas-tight syringe. Two different columns were
used in this study. The experiments involving acetylene and toluene were car-
ried out using a 30 m Agilent PLOT column. Since chlorinated methanes were
also used as reference molecules in most benzene-targeted experiments, a DB-624
Agilent column, particularly targeted for separation of chlorinated compounds
was employed. The PLOT column was operated at a column head pressure of
30 psi. The pressure was increased at 2.2 psi/min to 50 psi, and maintained for
18 min. The column temperature was increased at 15°C/min from 30 to 160°C
and maintained for 18 min. The chromatographic retention time ranged from
2.0 min for ethane to 27.0 min for toluene. The DB-624 column head pressure
was held constant at 9 psi, while its temperature was increased at 20°C/min
from 30 to 80°C, and maintained for 10 min. The chromatographic retention
time varied from 4.5 min for chloromethane to 10.8 min for benzene. All the
reactants were fully resolved under these operating conditions. To avoid any po-
tential chromatographic conflicts between reactants and products, experiments
were carried out in which Cl; + Nj /air mixtures of each hydrocarbon were stud-
ied separately, and no interference was observed under these operating condi-
tions.

Mixtures of hydrocarbons in the absence of Cl, were photolyzed for c.a. 10 min
and no hydrocarbon photolysis was observed. Hydrocarbon/Cl, mixtures were
aged in dark and within our experimental uncertainties no hydrocarbon decay
was observed.

During the measured kinetic reactions, samples were aged to verify the sta-
bility of the initial conditions. No such decay was observed in our experiments.
The concentration of hydrocarbon reactants and Cl, molecules ranged from 10—
20 and 20-200 mTorr, respectively. The irradiation time varied from 10 s to
40 min. In GC-MS studies, concentrations of benzene and toluene were mon-
itored by MS detection (quadrupole MSD HP 5973) after separation on a gas
chromatograph (HP 6890) equipped with a 0.2 mm i.d. 30 m cross-linked phenyl-
methyl-siloxane column (Hp 5-MS). The column was operated at a constant flow
(1.5 mL/min) of helium and was kept isothermal at 40 °C for 1 min. During the
chromatographic runs, the oven temperature was increased by 25°C/min from
40 to 150°C. We performed a full scan of the mass spectrum at the beginning
of each kinetic run. Products were observed using the single ion monitoring
(SIM) mode. The detailed laboratory kinetics using GC-MS are provided else-
where [53-56]. In addition to a linear and non-linear least-squares analysis, we
used a cumulative error analysis including uncertainties due to sampling, trans-
fer, purification, as well as human and instrument error. A conservative overall
accumulative analysis for GC-FID and GC-MS kinetic studies is evaluated to be
£20%.
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2.2 Long path FTIR studies

The details of experimental conditions and analysis are explained elsewhere
[57-59]. Briefly, experiments were performed in a Pyrex photochemical reac-
tor /IR absorption cell with KBr windows coupled to a Mattson FTIR spectrometer
(Galaxy 4326C) with a KBr beam splitter and a liquid N»-cooled Hg/Cd/Te detec-
tor at York University. A multipass cell (2 m long with a total 92 m pathlength) was
used as the reaction vessel. This cell is 140 L in volume surrounded by 26 Fluores-
cent lamps (GTEF40/CW for A > 400 nm or GEF 40T12/BLB for A > 300 nm). The
IR spectra were collected over the frequency range 500-4000 cm ™! at 1/8 cm™! res-
olution by co-adding 32 scans. Reactants and products were quantified by fitting
IR reference spectra of the pure compounds to the observed product spectra using
an integrated absorption. Reference spectra for most of the compounds encoun-
tered in this study were available from the extensive library of spectra compiled
in our laboratories. In all cases, we estimate the potential systematic uncertainties
associated with the calibrations of the reference spectra as well as subtractions to
be about 5-10% each. This leads to an overall systematic uncertainty of 11% on
average, calculated though a propagation of error [60].

2.2.2 Materials and supplies

All reactants, unless otherwise stated, were purchased from Sigma Aldrich
(97+%). Trap-by-trap distillation were used for further purifications of organic
compounds [53,58,59,61]. Ultra Pure air (containing <1 ppm hydrocarbons) was
obtained from Matheson Inc. Carrier gases for GC (hydrogen, helium and air)
were also supplied by Matheson. Dimethyldichlorosilane (5% DMDCS in toluene)
was obtained from Supelco.

Further purification of benzene The degree of purification of benzene is critically
important in the determination of rate constant as well as product study of the re-
action of benzene with chlorine. A purification procedure developed by Sokolov
et al. [27] was used. Cl, was dissolved in the deoxygenated liquid benzene (Sigma
Aldrich, 994%) by bubbling gaseous Cl, through the sample. Chlorine atoms react
first with certain impurities, then with benzene. Thus we convert reactive im-
purities and a small fraction of the benzene into chlorinate compounds that are
eliminated by trap-to-trap distillation.

3. RESULTS AND DISCUSSIONS

3.1 Theoretical calculations

311 Cl + benzene reaction

According to Tsao et al. [62], three possible structures of benzene—chlorine complex
were obtained (Figure 13.1). The first one is high symmetric (C¢y) hexahapto-
complex with chlorine atom over the centre of the benzene ring (Figure 13.1a),
which was firstly proposed by Russel [63]. The second and third structures had
Cs symmetry; the chlorine atom was located over the carbon-hydrogen bond
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FIGURE 13.1 Structures of benzene—chlorine complexes, (A) Cg, symmetric complex,
(B) p-complex, (C) s-complex.

(Figures 13.1b and 13.1c). Similar to Tsao et al. [62], all our attempts on find-
ing stable structure for hexahapto-complex were not successful. Any calculated
structure with a minimum energy was found to have an unstable wave func-
tion. After the re-optimization procedure, a stable wave function was obtained
for the structure with minimum energy level. Only one stationary point was ob-
tained, which has two imaginary frequencies, and it is thus a transition state of
second order. Scans of potential energy surface at BPE0/6-314+-G* (Figure 13.2a)
and MP2/6-314+G* (Figure 13.2b) levels of theory in plane perpendicular to the
benzene ring, which passes through opposite carbons atoms, indicate that there is
no stable structures with Cg, symmetry. The transition state connected two minima
lying over the carbon-hydrogen bonds (Figure 13.2). These minima for structures
with Cs symmetries correspond to so-called w-complexes. They are characterized
by relatively long distances of chlorine-carbon and chlorine-hydrogen bonds,
2.410 and 2.567 A, respectively, and a slightly perturbed geometry of benzene
(the hydrogen atom was deflected out from the plane of the benzene ring by 11°,
(Figure 13.1b)). The stability of this complex was determined to be 5.0 kcal/mol
(Table 13.1). Another possible structure of benzene—chlorine complex is presented
in Figure 13.1c with shorter chlorine—carbon and chlorine-hydrogen bonds (1.951
and 2.359 A, respectively). The hydrogen atom has a larger angle (35°) with respect
to the plane of benzene ring. This o-complex at the chosen level of theory was



Gas-Phase Cl-Atom Initiated Reactions of Benzene and Toluene 281

[@F

1

N -

© —

FIGURE13.2 Potential energy surface scan at (A) BPEO/6-314+-G* and (B) MP2/6-31+G* levels of
theory of benzene—chlorine system in plane perpendicular to the benzene ring passing through

opposite carbons atoms of benzene.

TABLE 13.1

Relative energy, enthalpy and free energy (kcal/mol), and equilibrium constants

(cm3/molecule) of benzene—chlorine complexes, transition state and products of benzene—
chlorine reaction

PBEO/aug-pcl CCSD(T)/aug-CC-pVDZ
AE AH  AG  K.(298), AE AH AG K. (298),
(298)  (298) 107'6 (298) (298) 10720

m-CeHe—Cl =100 —101 —47 112 -50 51 03 235
0-CéHe-Cl ~ —102 —104 —43 0.62 -54 57 04 204
CeHs + HCl 2.6 28 02 15 123 87
TS1 323 321 329 322 319 327
CeHsCl+H 141 149 147 179 187 185
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slightly more stable than w-complexes with stabilisation energies of 5.4 kcal/mol
(Table 13.1). Estimated equilibrium constants of these complexes were 2.35 x 1020
and 2.04 x 1072Y cm®/molecule (Table 13.1), which are lower than experimentally
found upper limit of the constant [27] (1-2) x 1071 cm3/molecule. Estimation of
the equilibrium constants at the PBE0/aug-pc-1 level yielded to four orders of
magnitude increase, 1.12 x 1071% and 6.18 x 10717 cm3/molecule (Table 13.1), re-
spectively.

The chlorine atom reacts with benzene by abstracting a hydrogen atom to form

a phenyl radical and HCL:
@ + Cl

|
EEE
00 99

+ HCI cl
c T +H

According to our calculations there is no maximum or minimum of energy along
the reaction path connecting reagents and products for this reaction. The chlorine
atom approaches the hydrogen atom opposite the benzene ring side and forms
an H-Cl bond. At the same moment the C-H bond is breaking. Then products,

i\

32.2

PhCl+ H
 17.9

Energy

11.5
Ph + HCI

0.0
PhH + Cl

-PhH...CI
-5.0
54
6-PhH...CI

FIGURE13.3 Energy diagram of chlorine-benzene reaction.
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phenyl radical and HCI molecule disperse. Therefore, we suppose that this re-
action is seemingly barrierless, where the energy of the products is higher by
11.5 kcal/mol than reactants. Calculated enthalpy of reaction, 12.3 kcal/mol, was
higher than the experimental value of 7.9 kcal/mol found by Sokolov et al. [27].
Formation of Cl-benzene complexes, which are a more energetically favourable
process, can influence the overall reaction. Generally, it leads to lower experimen-
tally observed effective rate constants than for elementary reaction. In another
possible reaction pathway, the substitution of a hydrogen atom by chlorine was
found to have a transition state, TS1. However, the energy barrier for this reaction
is very high, 32.2 kcal/mol, hence this channel is expected have no significance
(Figure 13.3).

31.2 Cl 4+ toluene reaction
There are two possible channels for the Cl atom reaction:

Cl cl
75 79
CH, T HCI CH,
Cl-.. .cl
6.9 CH, -7.5
-10.8
CH, (b)[ CH,
-8.9 (@)= (@)o| -94
cr’ e
CH, CH, CH,

Q 7.9 ©) -9.0 ©
P 10.6 10.6 112 4
' H,C  Cl
ci
cl
cr ; ;
CH, CH, CH,

+ HCI + HCI + HCI

The Cl-atom can add to the benzene ring forming an energized adduct that can (a)
be collisionally stabilized, (b) abstract a hydrogen atom from the methyl group, or
(c) abstract a hydrogen from the benzene ring itself. In the first scenario, toluene
can form two kinds of complexes with the chlorine atom [64], four w-complexes
and four o-complexes, similar to the chlorine-benzene system case. Geometric pa-
rameters of the complexes are presented in Figure 13.4. The stabilities of these
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FIGURE 13.4 Structures of toluene—chlorine complexes.

complexes fall in quite narrow ranges of 6.9-8.9 and 7.5-9.4 kcal/mol (Table 13.2)
for 7- and o-complexes, respectively. The ortho position gives the most stable
structures for both kinds of complexes with ipso isomers following in second. It
is consistent with results of Uc et al. [64], who calculated adducts of toluene with
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Cl atoms and found the same stabilization energy dependence on structure of the
complexes at the QCISD(T)/ /MP2/6-31G** level of theory.

Another pathway for chlorine atom reactions with toluene, in contrast to the
benzene case, is reaction with the methyl group. Abstraction of the hydrogen atom
from the methyl group is much more energetically favourable than hydrogen ab-
straction from benzene ring, —10.8 vs. 11.5 kcal/mol (Table 13.2), and does not
have any energy barrier. This leads to an exothermic reaction. Moreover, due to
the lower energy of reaction products in comparison to complexes of toluene and
chlorine, the complex formation has a little impact on the overall reaction (Fig-
ure 13.5).

3.2 Experimental section

3.2.1 Cl + benzene reaction

Compared to toluene, benzene is much less reactive towards Cl-atoms. There are
only six studies of this reaction, and these are inconsistent with each other [16,17,
19,24,27,42]. In all studies except one, a relative rate technique was used to deter-
mine reaction rate constants at room temperature. Atkinson and Aschmann [16]
irradiated Cly-benzene-n-butane—air mixtures and from the relative loss rates of
benzene and n-butane obtained the value of (1.5 + 0.9) x 10~ ecm3/(moleculess)
for the Cl-atom reaction rate of benzene. Wallington et al. [17] and Noziere et al.
[19] estimated an upper limit of 4 x 10712 ecm3 and 5.1 x 1071% cm3/(molecule s)
correspondingly for this reaction using Cly—benzene-methane—N, mixtures. Shi et
al. [24] have measured the rate constant to be (1.3 £ 0.3) x 107> cm?/(molecule s)
monitoring the relative loss rates of benzene and CF,CIH in the air atmosphere.
Sokolov et al. [27] estimated (1.3 & 1.0) x 1071° cm3/(molecule s) value from the
relative rate experiments of benzene-CF,CIH-Cl,-N, mixtures. A recent study
by Alecu et al. [42] used a laser flash photolysis resonance fluorescence tech-
nique to monitor the Cl concentration. They determined the rate constant to be
6.4 x 10712 exp(—18.1 kJ/mol/RT) cm?®/(molecule s) over 578-922 K temperature
range.

We performed extensive studies to determine the Cl-atom rate constant of
benzene. n-Butane and ethane were among first molecules that were used as refer-
ences to measure the relative rate constant of Cl-atom reaction of benzene. By the
end of these experiments, the concentration of reference molecules reduced close
to the detection limits whereas no decay of benzene outside the uncertainty limits
was observed. Although the relative rate technique is particularly powerful in the
measurement of reactions with comparable rate constants, for reactions with very
different rate constants, this method is less accurate. Since it has become clear that
the Cl-atom rate constant of benzene is slow, chloromethane, dichloromethane,
and trichloromethane (chloroform) were used as references. These sets of experi-
ments consisted of 20 individual experiments in which the concentration of hydro-
carbons ranged from 10 to 15 mTorr and the concentration of Cl, varied from 10
to 100 mTorr. The relative rate constants for chloromethane and dichloromethane
have been previously measured by Niki et al. [65]. Specifically, they were combined
as a check on the experimental procedures. No difference in the values of the rate
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TABLE13.2 Relative energy, enthalpy and free energy (kcal/mol) of toluene—chlorine complexes
and products of toluene—chlorine reaction

PBE0/aug-pcl CCSD(T)/aug-CC-pVDZ
AE  AH AG K.(298) AE AH AG K. (298)
(298) (298) 10716 (298) (298) 10°1°
Ipso-m-CeHgCH3—Cl —-11.6 -11.9 -3.9 0.30 -79 =82 -—-020.61
Ortho-n-CeHeCH3-C1 —134 -13.7 —-5.7 6.79 -89 -91 -12321
Meta-n-CcH¢CH3—Cl  —11.7 —11.9 —4.5 0.88 -69 =71 0.3 0.25
Para-n-CeHeCH3-Cl  —12.7 —129 —-5.6 5.71 -75 =77 —-0.5090
Ipso-0-C¢HgCH3—Cl -11.3 -11.8 -2.7 0.04 —-9.0 -96 0.5 095
Ortho-0-CeHeCH3-Cl —13.5 —-139 —5.6 5.01 -94 -98 -15512
Meta-0-CeHsCH3-Cl  —-11.8 —122 -39 0.31 =75 =79 0.4 0.20
Para-o0-CcHgCH3—Cl -12.7 =129 5.3 3.22 -79 =82 —-0.6 1.06
CeH5CH; + HC1 —-14.3 —-14.0 —-147 -10.8 =105 —-11.2
Ortho-CeH4CH3 + HC1 7.9 8.5 6.3 106 11.2 9.0
Meta-CeHyCH3z + HCl 8.0 8.6 131 106 112 157
Para-CeH4CHjz + HCI 8.7 92 142 112 117 16.7
CeHsCH,Cl+ H 16.0 164 179 184 188 203
|\
PhMe + CI

PhMe...Cl
-6.9

-9.4

-10.8
PhCH, + HCI

FIGURE13.5 Energy diagram of chlorine-toluene.

constant ratios for chlorinated methanes was observed, but curvature in the ben-
zene plot was always present. Also, the samples were aged and no dark reaction
with Cl, molecules resulting in the further decay or reformation of benzene was
observed.

Shown in Table 13.3 are the results of these experiments for chlorinated
methanes. The ratio of the kci-chioromethane / KCl-dichloromethane Measured in this study
is in excellent agreement with the ratio of 1.31 & 0.14 obtained by Niki et al. [65]
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TABLE 13.3 Relative rate constants for the Cl-atom reactions of chlorinated methanes at T =
297 £ 2K

ki / kcn,c1, This work Literature
i = CH3Cl 1.43 £ 0.06 1.31 £ 0.14 [65]
i=CHCl3 0.317+0.016

using an FTIR technique. These measured ratios can be placed on the absolute
basis using the value of 5.15(£0.49) x 10~!3 cm3/(molecule s) for the Cl-atom reac-
tion coefficient of dichloromethane [66]. Thus the values of 7.36(+0.31) x 10~13
and 1.63(0.08) x 10713 cm3/(molecules) for Cl-atom reaction rate constant of
chloromethane and trichloromethane were obtained. However, using the value
of 2.83 x 1013 cm3/(molecules) for Cl + CH,Cl, derived by Knox [67] leads to
the values of 4.05(+0.17) x 10~13 and 8.97(40.05) x 10~ for the Cl-atom reaction
coefficients of chloromethane and trichloromethane, respectively.

In absence of secondary reactions, plotting In([HC]o/[HC];) against In([di-
chloromethane]p /[dichloromethane];) according to (Eq. (3)) should yield straight
lines and zero intercepts for all molecules studied (where HC = chloromethane
or trichloromethane). The In([HC]y/[HC];) plots are linear with the % of 0.99 and
0.93, respectively. The linearity of these plots suggests that secondary reactions
are negligible. In contrast to chlorinated methanes, the benzene plot curves dis-
tinctly indicating there are other reactions involved. In the experiments where only
chloromethane and benzene were present, the curvature in the benzene plot was
always observed. We thus performed a long-path FTIR study using methane as
the reference molecule as shown in Figure 13.6.

Experiments were carried out in ca. 700 Torr air and Nj. The experiments were
carried out to a maximum conversion of 85% for methane and 24% for benzene.
The analysis of IR spectra was performed by analyzing the absorption features
of methane in the wave length region of 2844-3202 cm~! and 1199-1429 cm~.
For benzene the wave length regions 3012-3140, 634-714, 1453-1512 and 1005-
1068 cm™! were used in order to minimize any potential complications due to the
impurities in the benzene. Figure 13.6 shows plots of In([benzene]y /[benzene];) vs
In([methane]y/[methane];) in N> and air systems. In N, system, only negligible
degradation of benzene (<5%) was observed while 85% of methane was reacted.
In the air system, a clear degradation of benzene following a formation of a plateau
at higher conversion was observed. This behaviour is ascribed to the generation of
HO radicals in the system yielding to secondary reactions. The potential formation
of HO in the air system, in presence of molecules such as methane has been shown
to be feasible due to further reactions of molecules such as CH3OOH:

CH4 + Cl — CHj + H(],
CHj + O, — CH30y,
CH30,; + HO, — CH300H + O5.
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FIGURE 13.6 Plot of observed benzene loss vs. methane loss in air and N;.

The formation of CH3OOH in significant amounts has been reported in the Cl-
atom initiated oxidation of methane [68]. In the presence of Cl-atoms in the system,
there are two possible hydrogen atom abstraction channels from CH3OO0H. Cl-
atoms can abstract hydrogen either from OOH or methyl groups. There is evidence
in the literature for the importance of both channels. If the abstraction from CHj
group takes place, CH,OOH radicals will be formed in the system:

CH300H + Cl — CH;OO0H + HCl.

The fate of this radical is not well established experimentally. If it is unstable, it
dissociates to form HCHO and HO [68,69]:

CH;OO0H — CH;0 + HO.

Therefore, in analogy with methane system, in the course of experiments as Cl-
atom reacts with chloro or dichloro-methane, there is a potential for formation of
HO-radicals. Hence in the initial stages of the reaction at lower rates of methane
conversion we expect that HO will primarily attack benzene. As the reaction
proceeds, oxidation products of CHy and benzene increase in concentration and
compete for the HO radicals. Thus, we expect to observe a curvature in rela-
tive rate plot of benzene at longer irradiation times, as shown in Figure 13.6. In
FTIR studies, for the case of experiments in nitrogen diluent, curvature was ob-
served but substantially lower concentrations of benzene were consumed. It is
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noteworthy that the nitrogen carrier gas was not free of oxygen and no further
purification of benzene besides trap-by-trap distillation was performed. Thus, we
suspect that small but observable decrease in benzene concentration is indeed due
to the formation of HO radicals formed in the system. Clearly, the extent of the
HO formation in nitrogen system is significantly smaller than in air, as depicted
in Figure 13.6. We performed a modeling studies using ACCUCHEM [70] kinetic
model, and observed that the observed benzene behaviour depicted in Figure 13.6
can likely be due to HO radicals [57].

We performed relative rate experiments using only trichloromethane (chlo-
roform) and benzene in presence of Cl-radicals in N, and in air. In nitrogen ex-
periments, the observed benzene decay was insignificant under our experimental
uncertainties. In contrast to the air system, where the benzene reactant was not
purified using the technique of Sokolov et al. [18], benzene decay was observed.
However, upon further purification according to Sokolov et al., no significant
change in rate was observed. This indicates the low significance of secondary reac-
tions in such relatively slow reactions. Based on our observations, a conservative
upper limit estimate of 1 x 10~!° cm3/(molecules) is estimated. This value is in
agreement with Wallington et al. [17] and Noziere ef al. [19] and Sokolov et al. [27].
Mlustrated in Figure 13.7 is an example of product studies of Cl4-benzene reactions
using GC-MS analysis. The only identified products in the course of the reaction
of benzene with chlorine atoms are chlorobenzene and HCl, in agreement with
previous literature data [27] and our theoretical results.

3.2.2 Cl + toluene reaction

We used two reference molecules, ethane and n-butane. Equation (3) can be used
to determine the relative rate of Cl + toluene with respect to the reference mole-
cules ethane and n-butane. In this case, “HC” is toluene and RH is either ethane
or n-butane. Figures 13.8 and 13.9 are plots of these experiments. All these plots
are linear with 72 > 0.99 and with zero intercepts within 20. Depicted in Ta-
ble 13.4 are the results of these experiments compared with the literature val-
ues. This work is in excellent agreement with that of Wallington et al. [17] Since
our results in air and N, are identical within experimental uncertainties, these
values are combined together. The ratio of (0.977 &+ 0.026) and (0.267 + 0.01)
are obtained using ethane and n-butane, respectively. Using the absolute val-
ues of 5.7 x 10711 and 1.94 x 1071% cm3/(molecules), we obtain the values of
(5.57 £ 0.15) x 10711 and (5.18 + 0.19) x 1071% cm3/(moleculess) for the Cl-atom
reactions of toluene using ethane and n-butane, respectively. It is to be noted that

TABLE13.4 Relative rate constants for the Cl-atom reactions of toluene at T = 296 4+ 2 K?

Ktoluene / K In N In air Literature
j = ethane 0.987 £ 0.040 1.06 £ 0.03 0.981+0.049 [17]
j = n-butane 0.259 + 0.050 0.250 + 0.006 0.299+0.018 [16]

a Quoted experimental uncertainties are 2o.
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