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Progress in Theoretical Chemistry and Physics

A series reporting advances in theoretical molecular and materials sciences, includ-
ing theoretical, mathematical and computational chemistry, physical chemistry, and
chemical physics

Aim and Scope

Science progresses by a symbiotic interaction between theory and experiment: the-
ory is used to interpret experimental results and may suggest new experiments;
experiment helps to test theoretical predictions and may lead to improved theories.
Theoretical Chemistry (including Physical Chemistry and Chemical Physics) pro-
vides the conceptual and technical background and apparatus for the rationalization
of phenomena in the chemical sciences. It is, therefore, a wide ranging subject,
reflecting the diversity of molecular and related species and processes arising in
chemical systems. The book series Progress in Theoretical Chemistry and Physics
aims to report advances in methods and applications in this extended domain. It will
comprise monographs as well as collections of papers on particular themes, which
may arise from proceedings of symposia or invited papers on specific topics as well
as initiatives from authors or translations.

The basic theories of physics — classical mechanics and electromagnetism, rela-
tivity theory, quantum mechanics, statistical mechanics, quantum electrodynamics —
support the theoretical apparatus which is used in molecular sciences. Quantum
mechanics plays a particular role in theoretical chemistry, providing the basis for
the valence theories which allow to interpret the structure of molecules and for
the spectroscopic models employed in the determination of structural information
from spectral patterns. Indeed, Quantum Chemistry often appears synonymous with
Theoretical Chemistry: it will, therefore, constitute a major part of this book series.
However, the scope of the series will also include other areas of theoretical chem-
istry, such as mathematical chemistry (which involves the use of algebra and topol-
ogy in the analysis of molecular structures and reactions), molecular mechanics,
molecular dynamics and chemical thermodynamics, which play an important role
in rationalizing the geometric and electronic structures of molecular assemblies and
polymers, clusters and crystals, surface, interface, solvent and solid-state effects,
excited-state dynamics, reactive collisions, and chemical reactions.

Recent decades have seen the emergence of a novel approach to scientific
research, based on the exploitation of fast electronic digital computers. Computation
provides a method of investigation which transcends the traditional division between
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theory and experiment. Computer-assisted simulation and design may afford a solu-
tion to complex problems which would otherwise be intractable to theoretical analy-
sis, and may also provide a viable alternative to difficult or costly laboratory experi-
ments. Though stemming from Theoretical Chemistry, Computational Chemistry is
a field of research in its own right, which can help to test theoretical predictions and
may also suggest improved theories.

The field of theoretical molecular sciences ranges from fundamental physical
questions relevant to the molecular concept, through the statics and dynamics of
isolated molecules, aggregates and materials, molecular properties and interactions,
and the role of molecules in the biological sciences. Therefore, it involves the phys-
ical basis for geometric and electronic structure, states of aggregation, physical and
chemical transformations, thermodynamic and kinetic properties, as well as unusual
properties such as extreme flexibility or strong relativistic or quantum-field effects,
extreme conditions such as intense radiation fields or interaction with the contin-
uum, and the specificity of biochemical reactions.

Theoretical chemistry has an applied branch — a part of molecular engineering,
which involves the investigation of structure—property relationships aimed at the
design, synthesis, and application of molecules and materials endowed with specific
functions, now in demand in such areas as molecular electronics, drug design, or
genetic engineering. Relevant properties include conductivity (normal, semi- and
supra-), magnetism (ferro- or ferri-), optoelectronic effects (involving nonlinear
response), photochromism and photoreactivity, radiation and thermal resistance,
molecular recognition and information processing, and biological and pharmaceuti-
cal activities, as well as properties favouring self-assembling mechanisms and com-
bination properties needed in multifunctional systems.

Progress in Theoretical Chemistry and Physics is made at different rates in these
various research fields. The aim of this book series is to provide timely and in-depth
coverage of selected topics and broad-ranging yet detailed analysis of contemporary
theories and their applications. The series will be of primary interest to those whose
research is directly concerned with the development and application of theoretical
approaches in the chemical sciences. It will provide up-to-date reports on theoretical
methods for the chemist, thermodynamicist or spectroscopist, the atomic, molecular
or cluster physicist, and the biochemist or molecular biologist who wish to employ
techniques developed in theoretical, mathematical, or computational chemistry in
their research programmes. It is also intended to provide the graduate student with
a readily accessible documentation on various branches of theoretical chemistry,
physical chemistry, and chemical physics.



Preface

These two volumes, which share the common title Advances in the Theory of Atomic
and Molecular Systems, contain a representative selection of some of the most out-
standing papers presented at the Thirteenth International Workshop on Quantum
Systems in Chemistry and Physics (QSCP-XIII). The QSCP-XIII workshop, which
ran from 6 to 12 July 2008, was held at the impressive site of the James B. Henry
Center for Executive Development of Michigan State University, East Lansing,
Michigan, USA, and was coordinated with the Sixth Congress of the International
Society for Theoretical Chemical Physics (ISTCP-VI) that took place a week later in
Vancouver, British Columbia, Canada. As a mark of the close collaboration which
underpinned the scientific agendas of both meetings, three of the thirty three papers
included in the present two volumes have been written by scientists who contributed
in person at the ISTCP-VI Congress.

The QSCP-XIII workshop continued the series that was initiated by Roy
McWeeny in April 1996 with a meeting held at San Miniato, near Pisa, Italy. Held
every year, QSCP meetings bring together, in an informal atmosphere and with the
aim of fostering collaboration, chemists and physicists who share interests in such
areas as Novel Concepts and Methods in Quantum Chemistry, Molecular Structure
and Spectroscopy, Atoms and Molecules in Electric and Magnetic Fields, Con-
densed Matter, Complexes and Clusters, Surfaces and Interfaces, Nano-Materials
and Molecular Electronics, Reactive Collisions and Chemical Reactions, Computa-
tional Chemistry, Physics, and Biology, and Biological Modeling. The emphasis of
the QSCP workshops is on broadly defined quantum-mechanical many-body meth-
ods, i.e., the development of innovative theory and its computational realization,
along with their application to a broad range of scientific problems of relevance to
chemistry, physics, biochemistry, and related fields.

The QSCP-XIII workshop, which was the first in the series held in North Amer-
ica, was truly international in nature. We welcomed more than 100 participants from
22 countries from North and South America, Europe, Africa, Asia, and Australia.
The workshop was divided into 19 plenary sessions, during which a total of 64
scientific lectures were delivered in accordance with the usual QSCP “democratic”
allocation of about 30 minutes for each lecture. These lectures were complemented
by two 45-minute long keynote plenary talks which focused on science and relevant
historical overviews, constituting a special session that was held on 6 July, as well as
by a welcome presentation by Vice President for Research and Graduate Studies at
Michigan State University, J. Ian Gray, given on 7 July, and 36 poster presentations
divided into two poster sessions.

vii
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Following a tradition of QSCP workshops, the scientific programme of QSCP-
XTI was accompanied by a social programme including a musical concert, a trip
to the Henry Ford Museum in Dearborn, Michigan, and an award ceremony that
took place at the banquet dinner. The musical concert, coordinated by Charles Rug-
giero of Michigan State University, was performed by Danilo Mezzadri and Susan
Ruggiero-Mezzadri, a flute and soprano duo who were accompanied by Judy Kabo-
dian at the piano. The ceremony of the award honored five nominees and recipients
of the QSCP Promising Scientist Prize of the Centre de Mécanique Ondulatoire
Appliquée (CMOA). The first Prize was presented to Garnet K.-L. Chan from Cor-
nell University, USA, and the second Prize was shared by David A. Mazziotti from
the University of Chicago, USA, and Agnes Szabados from Edtvos University, Hun-
gary. T. Daniel Crawford from Virginia Tech, USA, and Stéphane Carniato from
Université Pierre et Marie Curie, France, received certificates of nomination. For
further details of the QSCP-XIII events and programme, including the abstracts
of all lectures and poster presentations, we refer the reader to the workshop web-
pages at

www.chemistry.msu.edu/qscp13

The thirty three papers in the proceedings of QSCP-XIII are divided between the
present two volumes in the following manner. The first volume, with the subtitle
Conceptual and Computational Advances in Quantum Chemistry, contains twenty
papers and is divided into six parts. The first part focuses on historical overviews of
significance to the QSCP workshop series and quantum chemistry. The remaining
five parts, entitled “High-Precision Quantum Chemistry,” “Beyond Nonrelativistic
Theory: Relativity and QED,” “Advances in Wave Function Methods,” “Advances
in Density Functional Theory,” and “Advances in Concepts and Models,” address
different aspects of quantum mechanics as applied to electronic structure theory and
its foundations. The second volume, with the subtitle Dynamics, Spectroscopy, Clus-
ters, and Nanostructures, contains the remaining thirteen papers and is divided into
three parts: “Quantum Dynamics and Spectroscopy,” “Complexes and Clusters,” and
“Nanostructures and Complex Systems.”

We hope that together the present two volumes, with thirty three authoritative
papers that are either of the advanced review type or original research articles, will
provide readers with a good idea of the range of stimulating topics which made
QSCP-XIII such a success. We thank both the contributors to these proceedings,
who sent us their outstanding manuscripts, and the referees, who were willing to
invest time in the unacknowledged effort of reviewing the work submitted. We
greatly appreciate the help and advice they gave to authors and editors alike. We also
thank Jeffrey R. Gour, Jesse J. Lutz, and Wei Li for their assistance with technical
aspects of the manuscripts.

We are grateful to the participants of QSCP-XIII, not only for the high standard
of the lectures and posters presented at the workshop, which is reflected in these
proceedings, but also for the friendly and constructive atmosphere throughout the
formal and informal sessions. Thanks to the participants, the QSCP workshops con-
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tinue to provide a unique forum for the presentation and appraisal of new ideas in
the broadly defined area of quantum systems in chemistry and physics.

We are grateful to the Honorary Chairs of QSCP-XIII for their support, encour-
agement, and advice. Specifically, we thank (in alphabetical order): Ernest R. David-
son of the University of Washington, USA, Zohra Ben Lakhdar of the University of
Tunis, Tunisia, Raphael D. Levine of the Hebrew University of Jerusalem, Israel
and the University of California, Los Angeles, USA, Rudolph A. Marcus of the
California Institute of Technology, Pasadena, USA, and Roy McWeeny of the Uni-
versity of Pisa, Italy. We also express our gratitude to other members of the Inter-
national Scientific Committee of QSCP-XIII, including Vincenzo Aquilanti of the
University of Perugia, Italy, Erkki J. Brandas of the University of Uppsala, Sweden,
Lorenz S. Cederbaum of the University of Heidelberg, Germany, Souad Lahmar of
the University of Tunis, Tunisia, Aristides Mavridis of the National University of
Athens, Greece, Hiroshi Nakatsuji of the Quantum Chemistry Research Institute,
Kyoto, Japan, Josef Paldus of the University of Waterloo, Canada, Alia Tadjer of
the University of Sofia, Bulgaria, Carmela Valdemoro of CSIC, Madrid, Spain, Oleg
Vasyutinskii of the loffe Institute, St. Petersburg, Russia, and Y. Alexander Wang of
the University of British Columbia, Vancouver, Canada, for their invaluable sugges-
tions and collective wisdom.

We thank the Local Organizing Committee of QSCP-XIII, particularly several
members of the Department of Chemistry at Michigan State University, including
Thomas V. Atkinson, Thomas P. Carter, Jeffrey R. Gour, Janet K. Haun, and Paul A.
Reed, for their dedication and hard work at all stages of the workshop preparation
and organization, which resulted in the smooth running of the meeting.

Finally, no scientific meeting can be successful without sponsors, and QSCP-XIII
was no different in this regard. We are grateful for the financial support provided to
the organizers of QSCP-XIII by several offices and units at Michigan State Univer-
sity: the Office of the Vice President for Research and Graduate Studies, the Office
of the Vice Provost for Libraries, Computing, and Technology, the AT&T Lecture-
ships in Information Technology Endowment, the Colleges of Natural Science and
of Engineering, the Office of International Studies and Programs, the Departments
of Chemistry and of Biochemistry and Molecular Biology, and the Quantitative
Biology Initiative, as well as corporate sponsors: SGI, JRT, and Dell.

It is the editors’ hope that the present two volumes will not only convey the
breadth, depth, and dynamism of the QSCP-XIII workshop itself, but also seed
innovative ideas in the wider research community.

April 2009 Piotr Piecuch
Jean Maruani

Gerardo Delgado-Barrio

Stephen Wilson
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Part I
Quantum Dynamics and Spectroscopy



Quantum Theory in Terms of Cumulant
Variables

Yasuteru Shigeta, Hideaki Miyachi, Toru Matsui, Norisuke Yokoyama,
and Kimihiko Hirao

Abstract We have formulated the quantal cumulant dynamics (QCD) method as
an extension of the quantized Hamilton dynamics (QHD) method, first proposed
by Prezhdo. In particular, we have derived the coupled equation of motion (EOM)
for the position, momentum, and second-order cumulants of the product of the
momentum and position fluctuation operators. The EOM for second-order approx-
imation to QCD (QCD2) consists of classical and cumulant variables and of a
quantal potential and its derivatives, where the quantal potential is expressed as
an exponential function of the differential operator acting on a given potential or
as a Gaussian convolution integral. We demonstrated exactly soluble models in the
QCD2 framework, whose solutions are the same as the ground states of correspond-
ing solution derived from quantum mechanics. We have applied the QCD2 method
to (1) one-dimensional Morse potential, (2) molecular vibrations, (3) quantum
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tunneling in quantum well, and (4) proton-transfer reactions in DNA base pairs.
The results are quite useful for understanding underlying quantum nature of these
systems of interests.

Keywords: Quantum dynamics - Cumulant expansion - Quantum isotope effects -
Zero point vibration - Quantum confinement

1 Introduction

Quantum effects, such as zero-point energy, tunneling, and resonance, are essential,
and cannot be avoided, in molecules and even in mesoscopic sciences. For example,
to characterize reactions in mesoscopic systems, it is essential to take into consider-
ation both dynamical fluctuation and quantum effects. Nevertheless, the many-body
dynamics of these chemical reactions are too complicated and demanding to be sim-
ulated using full quantum dynamics methods. Therefore, the full quantum dynamics
method is limited to a few degrees of freedom, i.e., to small systems.

The quantum tunneling is one of the most important phenomena of quantum
mechanics, which is one of the greatest discoveries in the twentieth century, and it
has given us a wide variety of phenomena crucial for both science and technologies.
A particle can tunnel through a potential barrier by the overlap between initial and
final state wave functions, although such motion cannot be observed in classical
mechanics [1]. Quantum mechanical tunneling has given us a great number of new
scientific knowledge such as the origin of @ decay in nuclear physics [2] and it has
enabled us to realize modern semiconductor technologies. The zero-point motion
is also quite remarkably different from the classical mechanics, since any classi-
cal object with no velocity does not move at zero temperature. The resonance is a
consequence of the wave nature of the quantum particle so that the quantum object
exhibits two different characteristics (quantum duality).

There are a number of approaches that can be used to treat these quantum effects,
at least approximately. The Schrodinger equation is solved to investigate the quan-
tum effects often by introducing basis sets. As an alternative, the path integral-
based methods are sometimes adopted [3]. For an update on the recent develop-
ments in this field, the reader should refer to the original reviews [4—8]. One of the
recent remarkable progresses in this field is that development of quantized Hamilton
dynamics (QHD) approach by Prezhdo and co-workers derived using a different
route, i.e., Heisenberg’s equations of motion [9-11], because the QHD approach is
a general approach and is widely used. The advantages of the QHD approach are
(i) it is not necessary to reconstruct the full quantum wave function or the density
matrix as in the semiclassical WKB-based method and (ii) it requires less computa-
tional effort than the full quantum dynamics approach does. On the other hand, the
drawbacks of the QHD method are that the truncation of the potential energy entails
an error in the energy evaluation, where the remaining energy is assumed to be a
classical one and that laborious calculations are required to formulate the higher-
order approximations in decompositions of given moments, where an nth moment
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<Q”) is approximated by a function of a set of given moments (Q") ~ > Cun <Q’">,

where ¢, , is expansion coefficient. The decomposition schemes for higher-order
moments are intractable. Therefore, it is desirable to construct a systematic method
without truncation of the potential and the decomposition scheme.

We have utilized the cumulant rather than the moment as a dynamical variable
[11-18]. The cumulant expansion techniques were introduced by Mayer for clas-
sical problems [19] and by Kubo [20] for quantum mechanical problems to eval-
uate averages of exponential functions. The advantages of the cumulant expansion
over the moment expansion are as follows: (i) one can avoid the tedious derivation
in the decomposition so that there is no need to truncate the given potential and
(i1) less terms appear than in the moment expansion do as shown later. Recently,
the cumulant expansion techniques have been applied by several groups to quan-
tum chemistry problems in relation to higher-order density matrices [21-24] and
to multireference-coupled cluster methods [25]. The cumulant-based theory is also
given by Mukherjee for thermal averages [26].

In this review, we derive the coupled equations of motion of cumulants that con-
sist of symmetric-ordered products of the position and the momentum fluctuation
operators in one dimension as an extension of the QHD method. Hereafter, we will
refer to our method as the quantal cumulant dynamics (QCD) method. The key idea
is to use a position shift operator acting on a potential operator. Due to the shift
operator, the dependence of the quantum position operator on the given potential
formally disappears, and the expectation value of the shift operator can be evaluated
using cumulant expansion techniques. The basic theory and definitions are given in
Sect. 2. In Sect. 3, we demonstrate several applications to physically and chemically
interesting problems, where the quantum effect plays an essential role. Section 4
provides our conclusions.

2 Theoretical Background

Here we first give basic formulation of cumulant-based theory for one-dimensional
systems and then generalize it for multi-dimensional systems.

2.1 Cumulant Representation of Energy for One-Dimensional
Case

Hamiltonian of one-dimensional systems is given by

DU 2 R
H(P,Q)zW—FV(Q), (D

where the first and second terms are kinetic and potential energy operators, respec-
tively. By introducing the shift operator, the potential energy operator is rewritten as
[12]
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) )
q=(0)

" ~ 0
V(0) = exp (‘3%) V)

where A = A — (A) is a definition of a fluctuation operator of a given operator

A and (2\) is an expectation value of A. The expectation value of the potential is
written as

(v(0)= <exp («SQ%» V(q)

3)
q=(0)

It should be stressed here that the expectation value of the exponential function is
universal and is independent of the Hamiltonian. Alternatively we need to evaluate
the expectation value of the exponential function of the operators which is defined

as
ad . 0
C(&q) E<e"p <5Qaq>>‘ @

By means of the cumulant expansion technique [19, 20], one yields

9 o 0"
me(Z) = 0 5
n(a) Xn:n!é)q” )

q

For example, lower-order cumulants are expressed by means of expectation values
of functions of fluctuation operators as A; g = 0, Ay = <6 Qz), Az = <5 Q3), and

Ay = (8 Q4> - <8 QZ)Z. The expectation value of the potential energy operator is
clearly expressed by means of position cumulants as

6
n! ag" ©

(V(Q)) = exp [Z Fo } V(q)

q=(0)

If we retain all cumulant variables, we can evaluate the potential energy exactly. In
the following, we retain it up to second order:

. Ao 02 N
(V(0)), =exp [%B_qz] V@)= Va(q, r20), (7)

where we hereafter refer it as a second-order quantal potential.

So far, we have treated an expectation value of an arbitrary function of the posi-
tion operators. Here we generalize the above procedure in order to treat an arbitrary
function of the position and momentum operators,
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As (P, 0) =) ana (P"0")., ®)

(n0"), - ®

The expectation value of the above operator is given by

.. N .9
(As (P, Q)= <|:exp (5Q£) exp <8PE>]S>A (p,q). (10)

The problem is to evaluate the following expectation value of the symmetric-ordered
product of the position and momentum shift operators as

Daa—[ 5Aa 5138} 11
(5%)4“"(%)“"( 5) )- (v

The exponential function is also universal and independent of the Hamiltonian. By
applying the expansion techniques for two variables

Jd 0 Y L
lnD< ) =y e O (12)
ap’ dq i m!n! dp™ag"
we have
P Ap Q™!
( (P Q)):exp Z m!n! dpmdgn Ap.q). (13)
m-+n=2

where we have defined the two-variable cumulant, %, ,. For example, by neglecting
higher order rather than second order, the second-order expectation values are given

Ao 02 02 Moo O

(As (f’,Q))zzexp[—’7+M,1aq—ap+ > 3 2:|A(p q) . (14)

The second-order energy is approximated as

5 2 Prt+roz o
(H(P.Q)),= YA + V2 (g, 220) = E2 (p. 4. %20, }o2) - (15)
The energy is a function of the four variables, i.e., the classical momentum, position,
the second-order position, and momentum cumulant variables. Hereafter we refer
the second-order approximation with respect to the cumulant variables as QCD2.
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2.2 Equations of Motion

The quantum mechanical equations of motion for operators are derived from the
Heisenberg’s equation of motion (EOM), which is equivalent to the time-dependent
Schrodinger equation. The operator in the Heisenberg representation is given
by [12]
A(t)=exp(i1:1t/ﬁ);4exp(—iﬁlt/ h). (16)

The Heisenberg’s EOM of the above operator is expressed as

L d - R .

thA(r) =[Aw,H] . (17)
The EOM for the expectation value of A () becomes

d . .
ih (A(t)):<[A(t),H]7>. (18)

The EOMs of the coordinate, momentum, and cumulant variables in the QCD2
framework are

oo L ~1\_ p()
i=—(ow. ] )=E= (19)
I jra . -
PO =— ([P0, H] ) ==V (g0 220 0). (20)
. 1 N A 2011 (1)
hao () = = ([80* (). H] ) = ==, @

. 1 a “ N
b =—([0wsP 0], H] )

- “’;;) a0 O VEY (g (1), Ao )

(22)

and

. 1 A .
hoa )= — ([P (). H] ) = =200 O VEY (40 200 ). 23)

i

Note that the second-order position—-momentum cumulant, A, ; (¢), has been intro-
duced, though the energy is independent of A, ; (¢). It is easily shown that the time
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derivative of the energy is zero, E, (1) = 0, so that the energy conserves dur-
ing the dynamics. Here we have the other conservation law among the cumulant
variables.

The time derivative of y (#) = Ay (t) A2 (t) — 7‘%,1 (t) is zero, y (1) = 0, i.e.,
y (t) is a constant. This indicates that the actual variables in the above five EOMs are
reduced to be four. Nevertheless, in this study we use all the EOMs for simplicity.

2.3 Quantal Potential and Effective Quantal Potential in QCD2

Hereafter, we demonstrate three different schemes to evaluate the quantal potential
and its derivative as follows: (1) a truncation (decoupling), (2) a series summation
of an analytic derivative, and (3) a convolution scheme. Note that (1) is an approx-
imation scheme also used in the QHD method, while (2) and (3) are in principle
exact.

In most cases, the potential operator can be expanded into Taylor series. It is
assumed that the potential can be truncated at some order like as in the well-known
normal mode analysis. We adopt the present method to the case of a quartic potential
(or quartic force field (QFF)), which can describe anharmonic vibrations and is an
approximation to the general potential as a finite series by truncating it at fourth
order, defined as

Vorr (@) = vo + 84+ og* + gt + L gt (24)
= — —q- —_— S
QFF (g 0T 89 26] 661 24q

where g, h, t, and u are the coefficients of the approximate Taylor series. In this
case, we can evaluate the quantal potential explicitly as

2

- A u A
Varr.2 (4. 22.0) = Vorr (9) + % (h +1q + 5q2> + %M- (25)

Therefore, the second-order total energy is expressed as

5 2
+ 4 A - *
E Vo @)+ 52 (h+1g+307) + =00 6)

Eqrr =
The total energy terminates at the fourth order, because derivatives of higher order
than the fourth order will vanish in the QFF approximation, i.e., Vgl':)F =0 (n>4).
In the EOM of the momentum operator, we retain the term up to third order in the
differential operators to give

COVorr(g) A0 () 33 Vorr (9)

o
P oq 2 ags

27
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The other EOMs that include the quantal potential become

. 9 Varr (@) | ha.0 (1) 0*Vorr (9)
Ao,zm:—zx],l(r)[ gq“; = g;j ] (28)
: Xo2 (1) 3*Varr (@) | A0 9*Vorr (q)

b == —Az,om[a—;‘; Ta—;} (29)

The inconsistency in order of the differential operators in the above EOMs results
in violation of the energy conservation law for the truncated potential.

So far, we approximate the exponential function of the differential operators as a
finite series. There is no guarantee that ensures its accuracy in actual computations.
In particular, the energy is not conserved if we truncate the potential as in the QHD
method presented by Prezhdo [9].

We therefore suggest a more rigorous way to evaluate the quantal potential by
summing the series of the analytic derivatives over infinite order. Hereafter we refer
to the scheme as an analytic summation. As a typical example, we adopt the method
to the EOMs of the Morse potential. The Morse potential is given by

Vi (q) = D, (e7% —2¢77) (30)

where D,, «, and g( are three fundamental parameters. In the QCD method, we
have to evaluate the exponential function of the differential operator, so we first
derive an expression of the derivative at a general order. The nth derivative of the
Morse potential (D, = 1) is given by

Vi (q) = (—2a)" e 20 _ ) (—qr)" 7440, 31)

Using this expression, the second-order quantal potential of the Morse potential is
evaluated as

VM,Z (C], )\2,0) — 6‘_2&(‘1_%)-"_20[2)‘2‘0 _ Ze—a(fl—qo)+l¥2)~2,o/2_ (32)

Once the analytic form of the quantal potential is obtained, its higher-order deriva-
tives are easily evaluated. These potentials and their derivatives can be calculated at
any points gand A, o as in a standard classical dynamics simulation..

Thirdly, we exploit a convolution technique in order to deal with the exponential
function of the differential operators that become a function with respect to k. In
this work, we use the Fourier transformation as a first step. This procedure is quite
convenient, since one does not need to consider an infinite series of a potential as in
Eq. (32) and there is no need to truncate it to some order as in Eq. (24). We again
consider the Morse potential. The Fourier transformation of the Morse potential is
described as

Vi (k) = /27 (8 Qi + k) €2 — 28 (i + k) e*®) . (33)
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Thus, the Fourier transform of the second-order Morse quantal potential becomes

[e.0]

N dk A
V.2 (61, )»2,0) = / T exp <—ikq — %kz) Vi (k). (34)
-0

Integrating the right hand side of the above equation leads to the same result as in
the right hand side of Eq. (32). In general, rearranging the definition of the Fourier
transform of V (k) leads to

)2
A (q,kz,o):/Lexp ICARLVA RYPRY (35)
,/27‘[)\2,0 2)L2,O

This expression is the Gaussian transformation of the given potential.

Since the position and momentum cumulant variables depend mutually on them-
selves via Heisenberg’s uncertainty relation and y (¢) = h? / 4, one may delete one
of them by introducing an assumption for the variables. By using the Heisenberg’s
uncertainty relation [1], we have

A A n?
(60167 )} = ha0 02 () +24%, (1) = - (36)

We assume a least uncertainty relation and y (1) = K2 / 4. The momentum cumulant
is now expressed by means of the position cumulant as

hz
Ao (1) = . (37)
P o)
The kinetic energy is reduced to be
2 t h2
=P . (38)
2M 8M)\,2’() (1)
The total energy is then expressed by means of three variables as
LU p? h? -
E ,q, A = — Vo g, Azo) - 39
7Y (P q. 220) YT + SMing + Va (g, A20) (39)

This implies that the least uncertainty relation reduces the actual variables from four
to three. We here define an effective quantal potential energy hyper surface (EQPES)
as

2

vt (q.220) = S

+ V2 (g, 220) (40)
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which is an analog of the potential energy surface (PES) in the classical dynamics.
The first term originates from a quantum correction to the kinetic energy, which is
inversely proportional to the position cumulants and masses. On the other hand, the
second term contains a quantum correction to the potential energy, which is a func-
tion of both classical positions and position cumulant variables. Thus, the quantum
effects are consequences due to a competition between the first mass-dependent and
the second mass-independent terms. Owing to the first term and the definition of
2.0, A2, 1s always greater than zero, A, o > 0. If we assume M)quo/ h? — oo and
A2 — 0, the EQPES agrees with the ordinary PES (classical limit).

2.4 Density and Joint Density [16]

As Wigner pointed out in his first paper about a distribution function in quantum
mechanics [27], the Wigner distribution function cannot be considered a proper
probability distribution, because it may take on negative values. For this reason
the function has a poor correspondence to the classical distribution function and
is sometimes called a quasi-probability. The Husimi function is the simplest class of
Gaussian smoothing of the Wigner distribution and leads to a non-negative distribu-
tion [28-30]. Although the Husimi function reveals a better correspondence to the
probability distribution function in classical mechanics than the Wigner function
does, the former loses the property of the marginal distribution [31]. There are a
few distribution functions, which fulfill both the non-negativity and the marginal
conditions as summarized in Table 2 of [30]. Here we derive a distribution function
(joint density) based on the QCD2 framework that fulfills both conditions. This
enables one to evaluate Shannon entropy, and the density is regarded as the proper
probability distribution.
The density is given as an expectation value of a delta function as

p(s)=(8(0—ys)). 41)

By means of the Gaussian convolution, the second-order density is estimated to be

(42)

1 1 )
P2 (8., Aa0) = \/ZJT:)%GXP <—m(s —q) ) .

This indicates that the density appearing in the QCD is the Gaussian centered at
the classical position, g, and its width is related to the position cumulant, A, . The
second-order momentum density is also expressed as the Gaussian, 1, (t, D, )\0,2) =
P2 (ts P )"0,2)-

We also define a joint density, which is a function of position and momentum, as

A, )=([8(0—s)s(P—1)]). (43)
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The second-order joint density is given by

GO =ps—q)

EA 1t7
2 2(s, 1)

(44)

1
Ay (s, 1,q. poroo, At ho) = Tayin €xXp <
where

G(r—p,s—q)=r02(q— )P +2k1(q—5)(p—1)+2ro(p—1)*. (45)

The joint density fulfills following conditions as

l://Az(s,t)dsdt, (46)

,Oz(S)Z/Az(SJ)dh 47)
T (t):/Az (s,t)ds, 48)
A(s, 1) >0, (49)

where the first one is the normalization, the second and third ones are marginal, and
the last one is the positive definiteness conditions.

Finally, we consider the entropy of the present distribution function. Since the
joint density devised here is positive definite, one can define entropy by means of
the joint density. The Shannon entropy is given by

sthannon - _ / / A(s,t)InA (s, t)dsdt
| ) (50)
= 2.837877 + 3 Iny

Since y is constant with time, the Shannon entropy is time independent in this study.

2.5 Exactly Solvable Models

Here we show the exactly soluble models in the QCD2, which are also soluble in the
classical dynamics. The first model is a free particle and the other is the harmonic
oscillator. In the following, we derive the solutions for the global minima of the
EQPES and of the EOMs.

Hamiltonian of the free particle is given by

D2
Hep (P, Q) = £ (51)
2M
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Note here that there is no position-dependent term in the Hamiltonian. The second-
order energy is written in terms of the momentum and momentum cumulant vari-
ables as

2
p°+ ro2
E>(p, M2) = ———, 52
2 (P2 20.2) i (52)
Therefore, the EQPES is given by

2 2

p i)
EYY (p,hao) = 2— : 53
20 (P da0) = 5 + 8MAs o (>3)

The variational minimization of the energy leads to the solution ( P, kzﬁo) = (0, 00)
or equivalently ( D, )»072) = (0, 0), where it is stressed that the position is undeter-
mined. The corresponding energy minimum is zero, E5Y (0, 00) = 0, where the
zero-point energy is zero (k=0 state for the plane wave solution).

The solutions of EOMs are

rO)
<q(t)>=< Mt) (54)
p () p (0)
for the classical variables and
202(0)
A2 (1) St
A (@) | = lo,z(o)t (55)
M
)LO,Z (t) )\OA,Z (0)

for the cumulant variables. The solutions for the classical variables are the same
as those obtained by the classical mechanics. The particle moves without any
change in velocity and its position is linear with respect to time. On the other hand,
the second-order position cumulant and the mixed position-momentum cumulant
are quadratic and linear, respectively, with respect to the time. The second-order
momentum cumulant is also time independent and keeps the initial value. Since
both the momentum and momentum cumulant variables are time independent, the
energy conserves, though the position changes with time.
Next is the harmonic oscillator, where the Hamiltonian is given by

P Mo
Huo (P7 Q) ey + s (56)
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where o is a frequency of the oscillator. The second-order energy is evaluated as

P2+ oo + Ma? (g% + A20)

oM 2 7)

Ex (p.q. }20, ho2) =

Note again that the energy is independent of A ;. The EQPES is expressed as

PR MoP(@® 42
EQLU (p, q,)\z’o) = 2[7_ @ (q 2,0).

58
M 8Mhso + 2 (58)

The variational minimization leads to the solution ( p.q, )»2,0) = (0, 0,h / 2M a))
The corresponding energy minimum is

EZY(0,0,h/2Mw) = %‘” (59)

The energy minimum exactly agrees with the zero-point energy of the harmonic
oscillator.
The solutions of the EOMs are given as

<q (r)) _ ( g (0) cos (@1) + 5 sin (@1) ) (60)

p () p (0) cos (w1) — maq (0) sin (wt)
and
Ao () 12,0 (0) cos? (wt) + ;;jz(o) sin? (wt) + 29 ‘(O) sin Qwt)
i) | = w1 (0)cos Qwr) + 1 (‘“(O) — Mwiay (0)) sin 2ot
ho2 (1)

202 (0) cos? (wr) + 22200 G2 (1) — M, (0) sin (2w1)
(61)

Again the solutions of the classical variables are the same as those obtained by
the classical mechanics, where the period of the oscillation depends on w. On the
other hand, the period of the oscillation of all the cumulant variables depends on 2w,
where we note that both cos? wr and sin” wr can be rewritten by functions of cos 2wt.

When «? is negative (w> < 0), the bound state energy of Eq. (59) becomes
imaginary. In this case, there is no bound state any more. Nevertheless the solu-
tions of EOMs can be obtained by introducing following changes: o — i |o|,
coswt — cosh|w|t, and sinwt — —i sinh |w|f. The results are not shown here
to avoid verbose expressions.

In above cases, the classical and cumulant variables are separated from each
other and the solutions of the classical variables coincide with those obtained by the
classical mechanics. In the general cases, all the classical and cumulant variables
couple with each other and it is difficult to solve the EOMs analytically. In the
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proceeding section, we will show the numerical solutions of the QCD-EOMs and
its applicability for the physically and chemically interesting problems.

2.6 Extension to Multi-dimensional Systems

The Hamiltonian of N spinless particles interacting with V ({Q, }) is

N P2
iox (o) g
Z o V(1@ (62)
where the operators fulfill the commutation relation as

[Qix. Pyi] = ihdi;8u

) (63)
[Qik. Q] = [Pu. Pu] =0

i and j denote for the particle and k for the Cartesian elements (k = x, y, and 7).
We again adopted the cumulant expansion of the multi-dimensional systems, which
leads to

W (@ -exp(zz o ) . o

where q;, = (Q,> and p; = <f’,~). The second-order approximation of it for three-
dimensional systems leads to

Va ({ai} . {22.0}) = exp Z >oa ,kolka Vdai). (65)

k=x,y,z

Note that the cumulant variables couple with each other via V ({q;}). According to
the Gaussian transform, we have the 3 N-dimensional integral as

Va ({ai} s {22.0}) /dS1 /dSNeXP > Z o i) Vsi}).

i k=x Yz )\'21k O/k
(66)
The total energy is

E> (fai}. P} {*2,0} . {H02,}) Z P +A02 + Vo ({ai}. {A2,0)) . (67)
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‘We have used the cumulant variables as

a0 = (5Q2), (68)
roa, = (5P7), (69)

and
A, = ((30,»513,-)). (70)

The EOMs are 15N set of the following equations as

q; (1) =p;,
. d
pi (1) = _8_q,-V2 ({ai M} {r2.00}) .

a0 (1) = 24,1, (1),

) (71)
. a
A, (1) = Ao, (1) — )in,oa—(lez ({a; O}, {r2.00}) .
. 92 l
Aoz, (1) = —2h1,1, (1) 3_q2V2 ({a; O}, {r2.0(D}).
Again we have the conserved energy and N-conserved variables defined as
Vit (1) = A0 (D Ry (D =231 (1). (72)

By using the least uncertainty relation for all axis, Ao, = h° / 4Xs,,.0, we have

EY ({a:} . P} 22,0} Z Z 8M—A 1+V5 ({q;} . {A2.0}) - (73)
2,0
We also define multi-dimensional EQPES as

1
7 (lai) s {ra0)) = Z TR RRE ({ai}, {r2.0}) - (74)

3 Applications

Here we demonstrate four applications of physically and chemically interesting
problems and one performance of a suggested algorithm for integrators.
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3.1 Numerical Tests for One-Dimensional Morse Oscillator [12]

We here show the difference between two of the schemes, i.e., the analytic sum-
mation and the truncation methods, in order to measure the accuracy of the latter
method. The parameters of the Morse potential are « = 0.1 and De=1.0 in this
simulation. The time interval is § = 0.05; a fourth-order Runge—Kutta integrator
is used for the simulation; and total time of the simulation is 77 = 10, 000. The
initial conditions used in the simulation arep (0) = 0, ¢ (0) = 1, A;;(0) = 0,
A2.0(0) = 3.33885, and Ao, (0) = 1/ 4)1.0 (0). The energy of the Morse potential
is evaluated exactly, Ecx,oq = —0.930539. On the other hand, energies obtained by
the present schemes are £, = —0.927174 for full EQPES and E; grr = —0.927223
for approximate EQPES, as a quartic potential expanded around g = 0.

In relation to the truncation scheme in dynamics, there exist two possible meth-
ods. One is the truncation at fixed-point (say ¢ = 0) and the other is the truncation
on-the-fly (¢ = ¢(¢)). In order to see the error due to truncation of the Morse poten-
tial, we depicted phase space of trajectories obtained by analytic and truncation
schemes in Fig. 1, where the potential is expanded around ¢ = ¢ (¢) (on-the-fly
approach). The truncation scheme gives wrong trajectory around (g, p) ~ (1, 0),
where the deviation between the Morse and approximate quartic potential is evi-
dent. The relative error is defined as Error = % fOT In|E> (t) — E5 4| dt, where
E,,, is an averaged energy over 7. Both the analytic and truncation schemes
conserve the total energy throughout the simulations, so the energy conservation
problem does not matter for this case. Actually, the energy conservation is almost
fulfilled. The error of the truncation scheme for fixed-point and for on-the-fly is
less than 12 and 4 decimals, respectively. Thus one needs to adopt smaller time
step for the on-the-fly methods than that for the fixed-point truncation and analytic
methods.

@ . _ _(b) uss
DM\
14
t| 2y =10
08} ~ 092} 1
q os 2004
04 098 S I R -
0,96 | | A,,=0
02 al
0 i o -1.02 — e e -
0.05 0 0.05 0.5 ] 05 1 1.5
p q

Fig. 1 (a) Phase space of trajectory obtained by analytic (red) and on-the-fly truncation (blue)
schemes. (b) Second-order quantal potential of the Morse potential for analytic (red, blue, and
green) and on-the-fly truncation (black, pink, and sky-blue) schemes
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3.2 Time-Reversible Integrator [13]

3.2.1 Algorithms

An efficient time-reversible integrator was initially proposed by Yoshida for Hamil-
tonian dynamics and is well known as higher-order symplectic integrators [32, 33].
Independently Suzuki established the basics of a Lie-algebraic construction of
a decomposed time evolution operator [34]. In the following, we give a time-
reversible integrator for the QCD derived in a consistent manner. The time evolution
of the above variables is described in terms of a propagator from ¢t = 0 to t = §¢ as

a(dr) = e'a(0), (75)

where a (8t) is a vector that consists of the above five variables defined above at
t = 6t and L is the Liouville operator of the QCD. A variety of integrators exist,
which differ from one another in the way of approximating the time evolution oper-
ator. According to the EOMs, the Liouville operator in a vector form is expressed
as

iL=X()-dZ" =) X (dZ,, (76)
where
X, (1) . p®
X, () —VO (g @), a0 @)
X*()=| X, | = 211 (0) , (D
X, (1) ~2h11 (O VP (q (1), 220 (1))
X0 (D =220 (D) VP (g (1) Ao (1) + ho2 (1)
and
dZ, () 3 /0q (1)
dZ,(t) d /ap(t)
dZr (1) = | dZ,,, (1) | = | 8 Joro ) |. (78)
dZ;,, (1) 3 /0ro2 (1)
dz,,, (1) 9 /o (1)

The time-reversible integrators can be derived in the following manner: The
Liouville operator is decomposed into three non-commutative operators as

iL=iLy+iL,+iLs. (79)

Since there are several ways to decompose the Liouvillian, we here adopt three of
them so as to require the least number of force evaluations. The definitions of L
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Table 1 Operators appearing in decomposed Liouvillian

L1 L2 L3
Scheme A q, Mo Py A1, ho2
Scheme B q, Mo ALl Py A2
Scheme C q, 220 Dy ro2 ALl

are listed in Table 1. By decomposing the time evolution operator into three parts,
one can obtain a sequential time evolution operator as

n
ezLBt ~ 1_[ [elcj_lLl(stele‘Zl&a[eleJL}a[]’ (80)

j=1

where a set of real coefficients c; ; (k=1, 2, and 3) are determined by comparing the
Taylor expansion of the partitioned time evolution operator with that of the whole
time evolution operator. For example, a second-order approximation to the time
evolution operator is given by

6‘IL(’)‘t ~ elL35t/Zele(St/ZelL](Stelest/Ze1L38t/2 = S2 (St) (81)

This decomposition is corrected for third order with respect to the time step. The
fourth-order integrator is constructed from a product of second-order evolution oper-
ators with different time steps as

S (81) = S5 (s81) S (s81) Sy (1 — 45) 81) S5 (581) S (s51) , (82)

where s = 1 / (4 — C/Z) . In this work, we adopt S, for actual calculations.

3.2.2 Performance

Numerical simulations of the QCD were performed with the Runge—Kutta integra-
tor and the time-reversible integrators devised here. The parameter of the Morse
potential is the same as adopted in the previous section.

The accuracy of the QCD was evaluated in terms of the conservation of the total
energy. Figure 2 depicts time series of the maximum error of the total energy against
the number of gradient and Hessian updates per 1,000 unit time, N. Here the number
of updates and the error are defined as

N = 1,000n, /5t

; (83)
Error = maxlog,, (|E2> (1) — E» (0)])

where n, is the number of the updates for a unit time step, required in the algorithm
x. Since one of the most time-consuming steps in a molecular dynamics simulation



Quantum Theory in Terms of Cumulant Variables 21

-2
ge-Kut
cheme A
-3 | =—+—Scheme B
== Scheme C
‘A- \\*\‘“
E
o
§ 5 L
"
= 6 |
-,
T L
-8
0 5000 10000 15000 20000

N

Fig. 2 Maximum error vs. number of Hessian update for different algorithms

is the update of the gradient and Hessian, it is instructive to measure the error against
N rather than §7 in order to estimate the efficiency in actual calculations. It is neces-
sary to update the gradient and Hessian of the quantal potential once for the second-
order time-reversible integrator, twice for the second-order Runge—Kutta, five times
for the fourth-order time-reversible integrator, and four times for the fourth-order
Runge—Kutta.

Comparing the time-reversible integrators, Scheme A is the least accurate and
Scheme C is the most accurate of the three schemes. Since the EOMs of A ; and
Ao2 depend mutually on each other, the error becomes critically large with Scheme
A. In particular, the error in the fourth-order Scheme A is very similar to that in
the second-order method (not shown in the figure). It is thus concluded that the
partition of p, Ag2, and A; ; cannot be disregarded. Scheme C is more accurate than
that of B by one order of magnitude and Schemes B and C differ in the order of the
time evolution operators of p, g2, and A; ;. This fact tells us that the equations of
motion of the QCD are sensitive to the order in the time-reversible integrator. Judg-
ing from the figures, the time-reversible integrator (Scheme C) is always superior to
the Runge—Kutta method at the same order.

3.3 Application to Molecular Vibration [11, 17]

3.3.1 Extended Normal Mode Analysis

Since we have defined a new effective potential (EQPES), which includes quan-
tum effect through extended variables, we can consider vibrational analysis on
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the EQPES. According to the ordinary normal mode analysis (NMA), a set of N
vectors, which consist of only classical coordinates, are evaluated by diagonalizing
a Hessian matrix (second derivative matrix) of the PES at equilibrium geometry.
In analogy to the ordinary procedure, we may define normal modes, which consist
of both classical coordinates and coordinate cumulant variables, by diagonalizing
the Hessian matrix evaluated from the EQPES. Because the actual variables in the
present theory are 2N, we result in 2N normal modes, which are different from
those in the ordinary NMA.

For example, we apply the extended NMA to the one-dimensional Morse oscil-
lator based on QCD. Since the dimensions of the cumulant variables are different
from those of classical ones, we should introduce alternative variables in order to
consider the combined normal coordinates that consist of ¢ andA, o. The coordinate
and conjugate momentum are given by

9 =/ A20, (84)
pr=nu1 [Vize (85)

where the dimensions of ¢; and p; are the same as those of ¢ and p. The effective
energy for the one-dimensional system is rewritten as

2

. P 1 q; 9’
Eorr (g, Py @y P2) = ~—— + —2= e 7 . 86
£ (4, P g, P) o T +8Mq§+eXp(2 8q2> m (q) (86)

By means of the Taylor series expansion, the effective energy is approximately given
by second order with respect to ¢ and g; as

- 1 p | v, VA q
Ee s ) = T = ISL e — , 87
77 (qs Py Gs P1) 2M(PPA)<M>+2((]¢IA)<VM VM)(%) (87)

where we have used the following abbreviations as

q=q9— qopts (88)
4 = @. — Qrropt » (89)
and
*Verr (g, 43)
Sl (90)
q49 aqz
8* Ve (g,
= eff (4, q1) o1
0q0g;.
N 8?Vesr (q,
Vi, = M’ (92)

dq?
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Fig. 3 First excitation energy obtained by normal mode analysis (NMA), QCD-NMA, and exact
solution, where negative energy means no solution

where Vi (g, g,) is EQPES of the Morse potential. The optimized coordinates,
qopt and gy opt, are obtained from the variational solutions of EQPES as done in
Sects. 2, 3, 4, and 5. By diagonalizing the matrix in Eq. (87), one yields vibrational
frequencies based on the extended NMA on EQPES, where lower energy solution
corresponds to the corrected vibrational frequency over that obtained from the ordi-
nary NMA. Figure 3 depicts frequencies obtained from the ordinary NMA on PES
and from the extended NMA on EQPES as a function of the mass. We also plotted
the energy gap between the ground and the first excited state estimated from the
exact solution. The behavior of the exact solution is that (i) there exists a peak
around M /a.u. = 1 and (ii) the energy gap becomes negative for M/a.u. < 0.5
which is a lower bound for the existence of the first excited state. The extended
NMA gives more accurate results than the ordinary NMA does. Although the result
by the extended NMA is unfortunately inaccurate for M /a.u. < 1.5 by comparing
with the exact result, its behavior is similar. The frequency becomes complex for
M/au. < 0.2. This behavior corresponds to the inexistence of the first excited
state (c.f. Sect. 2.5). On the other hand, the ordinary NMA does not have any peak
the first excited state always exists. Therefore, the extended NMA gives reasonable
correction to the results obtained from the ordinary NMA as expected.

3.3.2 n-Mode Coupling Representation for Ab Initio Quartic Force
Field (nMR-QFF)

In the previous section we consider the extension of the normal mode analysis for
the extended phase space. Here we evaluate the vibrational modes from the results
obtained from molecular dynamics (MD) simulations. Since the force field-based
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model potentials, which are often used in molecular dynamics simulations, are
empirical they sometimes lead to poor results for molecular vibrations. For quan-
titative results in any MD study, the accuracy of the PES is the other important
requirement as well as the treatment of the nuclear motion. Here we use an effi-
cient representation of the PES derived from ab initio electronic structure methods,
which is suitable for both molecular vibration and the QCD scheme in principle.
In order to include anharmonic effects, multi-dimensional quartic force field (QFF)
approximation [35] is applied as

Varr ({04)) vo+2 0+ Y 010,00+ Y. 0 0,0,0001 93)

24
ijk ijkl

where Vo, h;, t;jk, u;ji denote the potential energy and its second-, third-, and
fourth-order derivatives, respectively, with respect to a set of normal coordinates
{Qi}, at the equilibrium geometry. To further reduce the computational cost for
multi-dimensional cases, an n-mode coupling representation of QFF (nMR-QFF)
was applied [35], which includes mode couplings up to n modes.

3.3.3 QCD2 with nMR-QFF for Molecular Vibrational Analysis

By taking each normal mode as the degree of freedom in the dynamics simulation,
the Hamiltonian for QCD2 with nMR-QFF as the potential energy is

PPN P? .

(P} A0 =205 + Vo™ ({2:]). (94)
where V{3;"°* denotes nMR-QFF. In this Hamiltonian we neglected the Watson
term, which represents the vibrational-rotational coupling. Mass does not appear
in the equations since the QFF normal coordinate is mass weighted. Therefore, the
time evolution of variables of QCD2 with 1IMR-QFF (general expressions are not
shown for simplicity) is derived as

Qi =P

Pi=—h Qi + t— (QF + Aioi) + %Qi (QF + 222:.07)
Aaioi = 2M1i i ) (95)
Jotiti = hoioi — Aaioi [h 44,0, 4 i (Q . 0,)]
hoin = — 2 [h 41y 4 L (Q ¥ 0,)]

For molecules with more than 1 degree of freedom, we applied 3MR-QFF, because
it has been shown by various examples that the 3MR-QFF is sufficient to describe
fundamental modes as well as more complex overtone modes. The QCD2 and
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classical simulations were performed numerically with a fourth-order Runge—Kutta
integrator. For formaldehyde (CH,O) and formic acid (HCOOH), 3MR-QFF PES
was generated at the level of MP2/aug-cc-pVTZ [36, 37] using GAMESS [38]
and Gaussian03 [39] program packages. In this work, the results obtained by our
method are compared with those by vibrational self-consistent field method (VSCF)
with second-order perturbation correction (VPT2), which is based on the quantum
mechanics and accurate enough to treat molecular vibrations. We adopted the cc-
VSCF method with the 3MR-QFF approximation to the ab initio potential imple-
mented in the GAMESS program package for the VPT?2 calculations.

We here present results of the spectral analysis of trajectories obtained from the
simulation that can be compared with other theoretical calculations and experimen-
tal results. The Fourier transform of any dynamical variables obtained from the
trajectories of MD simulations is related to spectral densities. In particular, Fourier
transform of velocity autocorrelation function gives the density of vibrational states
[33]. In addition, the power spectrum of the time series or autocorrelation function of
each normal coordinate shows the contribution to frequency peaks of the spectrum
obtained from velocity autocorrelation. Here we adopted the latter procedure. The
time interval used was 0.1fs and total time is 1ps for all MD and QCD simulations.
The resolution in the frequency domain is less than 1 cm™!, which is an enough
accuracy for the analysis of the molecular vibrations of interest. If a longer time
trajectory is obtained, the resolution of the Fourier spectrum becomes fine.

Since each normal mode is taken as the degree of freedom explicitly in the
present dynamics simulation, the interpretation and analysis of the results can
directly be related with each normal mode. The results are shown in Table 2. The
table indicates that the harmonic and QFF approximation of the PES results in a
large deviation between each other. Therefore, anharmonicity of the potential must

Table 2 Vibrational frequency of H,CO and HCOOH molecules, where NMA means normal mode
analysis, MD does classical dynamics, QCD does the recent results, and VPT2 does the second-
order vibrational perturbation theory. N/A means that there are no clear peaks in power spectrum
around corresponding experimental values

Mode NMA MD QCD VPT2 Exp.
Vi 3,040 2,901 2,843 2,866 2,843
vy 2,997 2,868 2,838 2,849 2,782
V3 1,766 1,764 1,723 1,734 1,746
H,CO Vg 1,548 1,504 1,509 1,515 1,500
Vs 1,268 1,247 1,250 1,251 1,250
Ve 1,202 1,166 N/A 1,189 1,167
Vi 3,739 N/A 3,527 3,554 3,570
V2 3,126 N/A 2,980 2,989 2,943
V3 1,794 N/A 1,761 1,761 1,770
vy 1,409 N/A 1,377 1,385 1,387
HCOOH Vs 1,302 N/A 1,270 1,231 1,229
Ve 1,130 N/A 1,120 1,097 1,105
V7 626 N/A 631 620 625

vg/vg 1,058/676 N/A N/A 1,036/642 1,033/638
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be considered to perform reliable simulations. The table shows that for the analysis
of fundamental frequencies, the QCD?2 has higher accuracy than the classical results,
which can be compared with the VPT2 results in all cases. In spite of the high
accuracy, the computational cost of the QCD2 remains low even when applied to
larger systems. For HCOOH molecule, the QFF is so anharmonic that the classical
simulation does not give clear vibrational frequencies due to the chaotic behavior of
the power spectrum. The QCD may suppress the chaotic motion as seen in the full
quantum mechanics.

3.4 Application to Magnetic Field-Induced Tunneling [15]

Recent advances in semiconductor technology enable us to fabricate lower-
dimensional nano-structure. The particles are locally confined by an artificial con-
finement potential that can be controlled by its heterostructure. The properties are
adjusted by applying the electro-magnetic field as observed in the bulk systems
[40—44]. More recently, the electronic properties in the quantum dots and rings have
received much attention. Especially, the quantum ring nano-structure is synthesized
and the magnetic field-induced phenomena in the ring structure are observed [45].
The properties and possible mechanism of the electron tunneling in the ring structure
are considered here.
Models are the two-dimensional (i) harmonic and (ii) double well potential as

Vy (4> ay) Z g (@=02), (96)
Vo (g ay) = ) (24} — 47), 7

i=x,y

where the first one is a model for quantum dot and the second is a model for a
two-dimensional quantum well.

We performed the QCD2 simulations in a parabolic potential under the magnetic
field. For the system (i), we choose ¢, = 0, ¢, = —0.1, p, =0.1, and p, =0
for classical variables. On the other hand, for the system (ii), we set ¢, = g, =
0.5 and p, = p, = 0. The cumulant variables are estimated from the variational
solutions on the EQPES with fixed classical positions. The initial total energy is
E(0)=0.447214 for (i) and E(0)=-0.0573793 for (ii). It should be stressed here
that the initial energy for case (ii) is slightly higher than the energy of quan-
tal transition state EeTg = — 0.0574275 of the effective potential. On the other
hand, a classical component of the total energy with zero-point energy correction
(E#»vE = 0.02602) E.(0) = —0.22398 is much lower than corresponding classi-
cal transition state E1° = —0.125. Thus, the trajectory obtained by the QCD may
reflect quantum nature of the motion and is likely to exhibit transitions from one
well to others.
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(@)

(b)

Fig. 4 Trajectory of g, — g, for quantum well (a) B = 0, (b) B = 0.02, (¢) B = 0.18, and (d)
B=20

The Fig. 4 illustrates the trajectories of g,—¢g, at a various magnitude of the
magnetic field. At B =0, since the potential is merely a harmonic oscillator, the
trajectory is regular and draws an elliptic orbit on the ¢,—¢, plane (see Fig. 4(a)). At
weak magnetic field, the axis of the elliptic orbit rotates as shown in Fig. 4(b). As
the magnitude of the magnetic field increases, the trajectory deviates from elliptic
orbit (see Fig. 4(c)) and becomes differently closed orbit from the elliptic one (see
Fig. 4(d)). The trajectory as illustrated in Fig. 4(d) is a first Landau level. If we
apply stronger magnetic field, B = 0.20, we again observe the regular and elliptic
orbit like as that appears in Fig. 4(b). Here the magnitude of the magnetic field
B = 0.20 is comparable with the force constant of the parabolic potential w = 0.2.
It is possible that the trajectory may reflect some resonances.

Next, we also performed the QCD?2 simulation in the double well potential under
the magnetic filed. Here we found two characteristics as follows: (i) a magnetic field-
induced transition from a well to the others and (ii) a magnetic confinement. At weak
magnetic field, B=0.001, the particle is confined in the first quadrant as depicted
in Fig. 5(a), where the particle does not move from a well at the first quadrant to
the other. This reflects potential confinement as observed in the previous example
at the weak magnetic field. As the magnitude of the magnetic field increases, the
particle moves from a well to the others as shown in Fig. 4(b) and (c), where it
involves the tunneling motion. At B =0.16, the situation is completely different
from the other cases. Although the particle is confined in a first quadrant as well
as the case (a), the trajectory of the case (d) is different from that of the case (a). In
particular, the trajectory of the case (d) has a “chink” that may reflect a Landau level
as mentioned in the first example. This is an indication of the magnetic field-induced
confinement, which should be distinguished from the potential confinement in the
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Fig. 5 Trajectory of g, — g, in quantum ring nano-structure at magnetic field (a) B = 0.001, (b)
B =0.07,(c) B =0.12, and (d) B = 0.16 (a.u.). Note that (a) and (d) only show first quadrant of
the trajectory and (b) does both first and fourth quadrant in order to make the differences among
them clear

case of (a). Note here that the simulation depends on the initial conditions we have
chosen. Nevertheless, the observed phenomena were also found by changing initial
conditions appropriately.

3.5 Application to Proton-Transfer Reaction [17]

In this section we consider multiple proton/hydrogen-transfer reactions in DNA
bases. The multiple proton-transfer reactions in these systems were investigated by
Florian et al. by density functional calculations [46, 47]. Later, quantum mechanical
treatments for the system were performed by Villani [48, 49]. We also investigated
influences of the metal binding to the base pairs and of the stacking effects on multi-
ple proton-transfer reactions [50, 51]. We here adopt a model for Guanine—Cytosine
(GC) base pair as depicted in Fig. 6.

In order to investigate dynamical stability of proton-transferred structures of the
model system, we here perform QCD2 simulations of a model GC pair. The model
potential is given by

VEC (x,y,z2) = Z h;,jykxiyjzk’ (98)
i,j,k
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Guanine (G)

Fig. 6 Models for multiple proton-transfer reactions in GC pairs. x, y, and z are reaction
coordinates of the proton-transfer reactions

where parameters in the model potential are given by Villani’s paper [48, 49], which
are fifth-order polynomials with respect to the coordinates for GC pairs and deter-
mined by the first principle calculations (B3LYP/cc-pVDZ). The reaction coordi-
nates x, y, and z are shown in the Fig. 6. The corresponding quantal potentials are
explicitly given by

5-215-2m 5-2n E ! m é. n
PG b= Y 30 O (5) (3) (5) ’

l[,m,n=0 i=0 j=0 k=0
99)

i+2D! (j +2m)! (k 4 2n)!

Hilflén = ( AT ) (Jj!m! ) ! ) ;+21,j+2m,k+2n’ (100)
where Greek characters denote the position cumulant variables. In order to avoid the
particles escaping from the bottoms, we have added the well-like potential, which
gives small influence on minima and transition states in the potential. In the actual
calculations, the time interval used was 0.1fs, total time is 2ps, and a fourth-order
Runge—Kutta integrator was used in our simulations. The initial conditions of the
variables can be determined from the variational solutions of the EQPES.

Here we first analyze the EQPES defined above in order to investigate
static quantum isotope effects on the proton-transfer reactions. At first we fix
the classical variables at the equilibrium geometry on the classical PES, qo., =
(xo,gq, Y0,eq > zo,eq), and optimize the cumulant variables on the partially frozen
EQPES (fixed geometry search), Veffl (qO,eq , Az,o), and then proceed to fully relaxed
geometry search both for the classical and cumulant variables on the EQPES,
Veff’z (q, )»2,0), where X, 0 = (&, 1, ¢). There exist both global and metastable struc-
tures in GC pairs. The energy gap between the two states is 13, 17, and 50 kJ/mol
for proton, deuteron, and classical cases, respectively. This gap will disappear when
the mass is as light as a muon. We found explicit isotope effects on the energy gap
between stable and metastable structures. From these EQPES analyses we conclude
here that the double proton-transferred structure of the GC pair might be stable both



30 Y. Shigeta et al.

for protonated and deuterated cases. Nevertheless, the energy gap between global
and metastable structures is small enough that thermal activation may drive the
proton-transfer reactions from the metastable to global minimum.

Next we perform QCD simulations for both protonated and deuterated iso-
topomers in order to consider dynamic effects on the stability of the system. In
Fig. 7 we have depicted phase space (x/px, y/py, z2/p.) structures of a trajectory
obtained by the QCD simulations for proton (a) and (c) and deuteron cases (b)
and (d). For cases (a) and (b), the dynamical features of the closed orbits are the
same except for its amplitudes. The phase space of the x/p, is compact, on the
other hand, the phase space of z/p; is loose in comparison with that ofy/p,. The
explicit isotope effects on the phase space structure are found in the cases of (c)
and (d). In Fig. 7(c), the nuclei initially located at the metastable structure (double

xpx/y-py/ z-p2
(©) 4 (d) D
P_F& p

1

0.5

| i
q Ul_i 1"’}1

xpx/y-py /[ z-pz

Fig.7 QCD phase space structures of the GC pair, where ¢ = x, y,orz and p = p,, p, , or p.; (a)
and (b) are initially located around the global minimum for the protonated and deuterated cases,
respectively; (¢) and (d) are initially located around the metastable structure for the protonated and
deuterated cases, respectively
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proton-transferred structure along y and z hydrogen atoms) go out from the basin
and strongly vibrates around the global minimum due to transition from metastable
to stable structure. On the other hand, the deuterated isotopomer remains around the
metastable structure (see Fig. 7(d)). It is concluded that the metastable structure of
the protonated isotopomer is quantum mechanically unstable, though it is classically
stable based on the PES analysis. Therefore, it is important to take the quantum
effects into isotope effects on the metastable structure with a small energy gap.

4 Summary

We have formulated a quantal cumulant dynamics (QCD) method. The key point is
the use of a position shift operator acting on a potential operator and introducing the
cumulant variables to evaluate it, so that one need not truncate the potential, and it
does not require separating into quantum and classical parts, as is done in the QHD
method suggested by Prezhdo and co-workers. In particular, we have derived the
coupled equation of motion (EOM) for the position, momentum, and second-order
cumulants of the product of the momentum and position fluctuation operators. The
EOM consists of variables and a quantal potential and its derivatives, where the
quantal potential is expressed as an exponential function of the differential operator
acting on the given potential. The advantages of the QCD approach over the QHD
method are (i) a systematic construction of the higher-order equations of motion is
possible, (ii) there are no errors in the energy and its gradient due to the truncation
of the potential, and (iii) there is no tedious derivation with respect to the decompo-
sition scheme in the QHD method.

To evaluate the quantal potential and its derivatives, we have proposed three pos-
sible schemes: (i) a truncation; (ii) a series summation of the analytic derivatives;
and (iii) convolution schemes. If we truncate the potential at the fourth order, then
the EOM is identical to the QHD?2 approach with a quartic potential, as we proposed
for problems involving molecular vibrations. We have derived the quantal potentials
of the Morse potential using the second and third schemes and have provided illus-
trations of them, and differences between quantal and effective quantal potentials
were shown. The third scheme is convenient, because the differential operator is
transformed into the convolution integral, and it is applicable to other potentials.

We defined density and joint density evaluated from the cumulant expansion
scheme. The joint density obtained here fulfills (i) normalization condition, (ii)
marginal condition, and (iii) positive definiteness. The last condition enables one
to evaluate the Shannon’s entropy, where the Wigner distribution cannot.

The exactly soluble modes such as (a) free particle and (b) harmonic oscillator
were shown. The variational energy minima agree well with those obtained by the
quantum mechanics. In particular, the energy minimum of the harmonic oscillator
is exactly the same as the zero-point energy, Ey = hw / 2. In both cases, the EOMs
of the classical variables decouple with those of the cumulant variables, and the
solutions of the classical variables are the same as those obtained by the classical
mechanics.
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We extended the QCD for the one-dimensional system to treat the multi-
dimensional systems. We derived the EOMs with the 15N dimensional phase space.
The energy conservation law and the other conservation law with respect to the
cumulant variables were shown. We also proved the total momentum and total angu-
lar momentum conservation laws within the second-order QCD.

As numerical examples, we performed four applications to simple systems. The
first is one-dimensional Morse oscillator to test truncation scheme, since the quan-
tal potential of the Morse potential can be evaluated exactly. The first and second
schemes were implemented and we carried out QCD simulations on the one-particle
Morse potential. We have shown numerically the difference between the truncation,
which is equivalent to QHD2, and the analytic schemes in terms of the phase space
structure and the trajectories, although both methods preserved the total energy
during 10,000-step calculations. The present scheme conserves the energy and is
more robust than the truncation scheme that was initially presented by Prezhdo et al.
Moreover, we constructed reliable time-reversible integrator for QCD. The order in
the partitioned time evolution operator is quite important for the energy-conserving
dynamics.

The second is the application to molecular vibrations. At first we showed that
the normal mode analysis is extended to the effective potential appeared in the
QCD. We illustrated that the anharmonic contribution is taken into account through
mixing between the ordinary and the extended coordinates. The QCD simulations
for the ab initio-derived quartic force field (QFF) are performed. The vibrational
frequencies obtained from its power spectrum are in good agreement with those
obtained by accurate methods such as the second-order vibrational perturbation the-
ory (VPT2).

The third is the magnetic field-induced tunneling in the quantum dot nano-
structure. We have numerically shown (1) a transition of the potential confine-
ment into the Landau level confinement, (2) magnetic field-induced tunneling in
the model ring system, and (3) magnetic field-induced confinement in a well that is
closely related to the first phenomenon in more complicated potential.

The last application is the proton-transfer reactions in model DNA base pairs.
We have numerically shown the geometric isotope effects on the stability of the
proton-transferred structures of the DNA base pairs as a function of the mass. We
have performed QCD simulations in order to investigate dynamical stability of the
proton-transferred GC pair. The results showed that the proton-transferred structure
of the protonated isotopomer is dynamically unstable and that of deuterated iso-
topomer remains stable. In former case, dynamically induced transition from the
metastable to global minimum occurs. It is relevant to include dynamical effects to
treat quantum isotope effects on the proton-transfer reactions.
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Nonclassical Phase Space Jumps and Optimal
Spawning

Sandy Yang and Todd J. Martinez

Abstract Significant attempts have been made toward the intuitive understand-
ing of nonclassical Franck—Condon factors that govern many important molecular
processes from radiationless transitions to electronic spectroscopy. In the classical
picture, i.e., Condon approximation, nuclear motion is assumed frozen throughout
the duration of electronic transitions. However, as is demonstrated in this chapter,
position and momentum jumps can compete in determining the Franck—Condon
factor such that the conventional propensity rule can be misleading. We present a
new method in this chapter where both position and momenta are simultaneously
altered to achieve an improved description of nonadiabatic events. This optimal
spawning procedure reduces to simpler approaches such as the strict momentum
jump in appropriate limits, but is sufficiently flexible to describe cases where both
position and momentum adjustments are important.

Keywords: Full multiple spawning - Franck-Condon - Optimal spawning -
Nonadiabatic coupling

1 Introduction

Franck—Condon factors provide propensity rules that govern molecular processes
from electronic spectroscopy to radiationless transitions. When two electronic poten-
tial energy surfaces (PES) cross in a classically allowed region, nonadiabatic tran-
sitions may be thought of as vertical, i.e., the electronic state change occurs while
the nuclear framework is effectively frozen. However, violation of this common
intuition is probable for population transfer that occurs in nonclassical regions, such
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as when the lowest lying conical intersection lies above the Franck—Condon point.
In the analogous spectroscopic context, this case would correspond to the wings
of absorption bands, where simultaneous adjustment of position and momentum,
i.e., a “phase space jump,” may be required. Heller and coworkers [1] have discussed
how one may relate such a phase space jumping picture to the Franck—Condon fac-
tors which govern absorption spectroscopy. Small but nonvanishing Franck—Condon
factors in the nonclassical wings result from an incomplete oscillatory cancellation
or overlapping region of the tails of the vibrational wavefunctions on the two elec-
tronic states. If the tail region contributes to the Franck—Condon overlap between
donor and acceptor states, a position jump is required. On the other hand, if the
donor wavefunction is narrow, there would be no contribution to the Franck—Condon
factors from the tail of the donor wavefunction. Nonvanishing Franck—Condon fac-
tors then arise from incomplete oscillatory cancellation of the acceptor wavefunc-
tion. This leads to a momentum jump in the donor state. Heller pointed out that,
in principle, position jumps and momentum jumps can compete to contribute to the
Franck—Condon overlap integral in the nonclassical region. Such discussion remains
valid for radiationless transitions which are critical to the study of many important
photochemical processes [2-9].

The surface hopping algorithm introduced by Tully and Preston [10—12] has been
a widely used approach to approximate population transfer between different Born—
Oppenheimer states. The simple and intuitive surface hopping technique has its deep
roots in and goes beyond the primitive Landau—Zener theory [13, 14] that gives
an analytic solution to the equations of motion governing the transition dynamics
of a two-level quantum mechanical system. As contained in the Landau—Zener—
Stuckelberg model, surface hopping between different electronic PESs is localized
in the region with large coupling between the surfaces and can be considered as
a pure momentum jump. However, just as in the spectroscopic case, hybrid phase
space jumps may also be important. In this chapter, we focus on the discussion of
nonclassical Franck—Condon transitions, in relation to the newly developed optimal
spawning technique used to describe nonadiabatic transitions in ab initio molecular
dynamics.

2 Surface Hopping, Jumping, and Spawning

To describe nonadiabatic transitions effectively and accurately, the ab initio multiple
spawning (AIMS) method has been developed in which both the electrons and the
nuclei are treated quantum mechanically and on a consistent basis. Significant effort
has been put into designing AIMS to alleviate the conflict between the locality of
quantum chemistry and the global character of the nuclear Schrodinger equation,
which has been a challenge to including quantum mechanical effects of the nuclei in
ab initio molecular dynamics (AIMD) methods. The full multiple spawning (FMS)
method, which is the dynamical core of AIMS, introduces locality in the nuclear
dynamics by employing an adaptive, time-dependent basis set of frozen Gaussians
[7]. Unlike the original frozen Gaussian approximation (FGA), FMS accounts fully
for the nonorthogonal nature of the Gaussian basis.
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In terms of electronic wavefunctions ¢, (r; R) and nuclear wavefunctions x;(R; 1),
the multiconfigurational total wavefunction used in AIMS can be written in the form
¥ =Y xi(R;1)¢;(r; R), where the subscript / indexes the electronic state, and

1

vectors r and R denote the electronic and nuclear coordinates, respectively. The
nuclear wavefunction on each electronic state I is given by

Ni(1)
xR =Y ch (1) xh (R Ry, Py), (1)

m=1

where x! denotes the standard multidimensional frozen Gaussian with
time-independent fixed width and N;(¢) is the time-dependent number of nuclear
basis functions on electronic state / at time ¢. R,, and P,, refer to the centers of
frozen Gaussians x,!. Classical Newtonian equations of motion are used to propa-
gate the position and momentum centers of each Gaussian basis function on each
individual PES. Hence, these basis functions are often referred to as “trajectory basis
functions” or TBFs. Furthermore, the entire set of TBFs in a simulation is referred
to as a “bundle.” A time-dependent complex amplitude ¢/ associated with each
individual nuclear basis ! is calculated at each time step by solving the nuclear
Schrodinger equation within the finite basis set:

dcl _ - I1
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InEq. (2), S is the overlap matrix defined by S = (x{ (R)¢; (r;R) [x;/ (R) ¢, (r;R)),

HY is the Hamiltonian projected onto electronic PES 7 and J, and _S>” is the time
derivative of overlap matrix. Further details can be found in the literature [15].

The spawning procedure is the key to the accuracy and efficiency of FMS. Tra-
jectory basis functions (TBFs) are allowed to spawn new TBFs on another electronic
state only when they enter a region of nonadiabatic coupling (defined by a numeri-
cal “spawning threshold” chosen before the simulation). The nonadiabatic coupling
vector d/ is used to help determine when spawning might be needed and along
which direction the momentum vector should be adjusted for new TBFs:

U _ . 9 .

" = <¢1 (r;R) ‘ IR ‘ ¢y (r; R)>r . 3)

Once a TBF (denoted as the parent) enters a spawning region, it is forward prop-
agated (in time) until the effective nonadiabatic coupling falls below the spawning
threshold. The newly spawned basis function (referred to as the child) is created on
the other coupled electronic PES at time # and is then backward propagated together
with the parent until the initial time #; when the parent entered the coupling region.
These forward- and backward-propagation steps involve only the parent and child
TBFs, since there is no need to solve Eq. (2) during these steps. After forward and
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backward propagation, the child TBF has been spawned and it is treated the same
as all other TBFs in the simulation, i.e., subsequent propagation involves coupling
with all other TBFs.

The connection with classical mechanics suggests that one places the child tra-
jectory on the classical energy shell of its parent. This might appear to conflict with
the first-order perturbation theory which predicts the spawned “child” basis function
to be proportional to the product of the parent basis function and the nonadiabatic
coupling. In general, the child basis function predicted by first-order perturbation
theory will not be a Gaussian and the best Gaussian approximation need not have
the same classical energy as the parent. However, conservation of classical energy in
the long-time limit is clearly desirable [16], as is also evidenced by the state-to-state
form of Fermi’s golden rule, which only allows energy-conserving nonadiabatic
transitions. Thus, we demand that the classical energies of the parent and child basis
functions are identical. This constraint is applied together with maximization of the
off-diagonal Hamiltonian matrix element indicating the importance of the new basis
function:

0
aP;

il
IR,

[0 [ | 33} =0 [ [HY | 37)] = 0. )

The subscript p in I_’,ﬂ , and R,ﬁ , refers to the component along pth degree of freedom
of the multidimensional vectors P/ and R/ . In general, the resulting set of equations
does not have a unique solution. Various spawning techniques are thus possible to
adaptively increase the size of the basis in order to capture nonadiabatic effects.

It is instructive to study the simplest case first. The optimization condition of
Eq. (4) is approximately proportional to maximizing the overlap integral
|(x.(R;R., E;, vDlx!(R; ﬁrjl, E{, ¥.)))r|. Two approximate solutions can be pro-
posed as position-preserving and momentum-preserving spawns. In the two limits,
either position or momentum is fixed while the conjugate variable is adjusted to
equalize classical energy between parent and child trajectories. Here we consider
the position-preserving type of spawn paired with a pure momentum jump.

For a one-dimensional system, momentum jumps are clearly defined and position-
preserving spawns lead to the same adjustment used in surface hopping [11, 12].
This procedure has been justified semiclassically by Herman [17]. In practice, the
momentum of a new trajectory is calculated as

P, =Py, — Dd", (5)
where P! is the momentum vector of Gaussian centers of the newly spawned child
trajectory, PY, is that of the parent, and d"/ is a unit vector directed along the nona-
diabatic coupling vector (3). D is a scalar value chosen such that the total classical
energy of the parent is identical to that of the child.

Sometimes it could happen that the potential energy surface to which a spawn
should occur is classically inaccessible, i.e., no real value of D in Eq. (5) achieves
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energy conservation. In surface hopping, such failures are known as frustrated
hops. Many have tried to tease out the full implications of frustrated hops [18-23].
Recently, frustrated hops were identified as essential to proper equilibrium [18, 19].
In FMS, however, the details of the treatment of the analogous frustrated spawns is
not expected to be as critical. The spawning procedure is important in that it allows
nonadiabatic transitions in the first place, but spawning itself does not dictate the
statistical balance of population among the various electronic surfaces. Population
transfer is achieved through the solution of the Schrodinger equation in the expanded
basis set and if a spawned basis function is not needed, the equations of motion will
not populate it. It is also worth noting that, even using the simplest pure momentum
jump, FMS differs from standard surface hopping in its backward propagation of
parent—child pairs. In FMS, a to-be-spawned trajectory at time ¢ is not discarded
immediately upon the case of frustrated spawning. Instead, a backward propagation
is then performed by negating the time step in integrating the nuclear equations of
motion. The backward propagation is integrated back to time #; at the beginning of
nonadiabatic coupling region where another momentum adjustment is performed.
Since nonadiabatic coupling vector differs at time #; from ¢, occasionally momen-
tum adjustment at #; might be sufficient and therefore a frustrated spawning at time
tr would be allowed at #;. Such a delay in checking energy conservation between
parent and child TBFs takes into account the global effect of PES on the temporal
nuclear dynamics, and thus introduces a small probability of the system “tunneling”
through the potential barrier.

To improve upon the position-preserving technique, one can introduce additional
quenching to the energy shell in phase space along the nonadiabatic coupling vector.
Alternatively, one can choose the descent direction along the negative of the gradient
(steepest descent). For one-dimensional problems, the two approaches are identical.
In general, however, their relative accuracies might vary with time and system, and
the better choice is unclear. If the nonadiabatic coupling vector d is chosen, then
the momentum jump is followed by a position shift that minimizes the function

[E Ry + v -d") = E (RG)

, (6)

where R4 refers to the position vector of the parent trajectory, and y is computed
to minimize (6). The combination of momentum jump and steepest descent gen-
erally leads to spawned trajectories that may not preserve position or momentum
of the parent TBFs. This introduces a bias against fully populating newly spawned
TBFs in cases where the steepest descent is required, because the maximum overlap
between parent and child may be poor. This diminished population transfer might
be important in ensuring detailed balance, and we will explore this issue in a future
paper.

The key to spawning optimally lies in pinpointing the ideal blend of position and
momentum displacements of child TBFs. Heller and coworkers [1, 24] noted the
importance of hybrid jumps, but this has not been exploited in any general numerical
method as far as we are aware. In FMS, however, the proper mix can be realized by
minimizing the function
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Minimizing Eq. (7) is equivalent to jointly minimizing the energy difference and
maximizing the coupling between parent and child basis functions. For a fixed value
of the parameter A (which should properly be viewed as a Lagrange multiplier to be
optimized), minimization pushes the energy gap toward zero while maximizing the
coupling as a function of R/, and P/, .. Sequentially increasing A steadily raises
the penalty for energy non-conservation while tracking changes in the coupling
maximum as smoothly as possible. Each minimization cycle is performed with stan-
dard conjugate gradient techniques. Spawning optimally not only improves numer-
ical efficiency by requiring fewer basis functions for branching ratio convergence,
but also provides insight into the physical character of nonadiabatic transitions.

3 Results and Discussion

In the simulations in this chapter, the initial (target) wavefunction is chosen to be
a single multidimensional Gaussian. Propagation is performed on diabatic PESs.
To maximize overlap between the initial FMS wavepacket and the desired initial
wavefunction, the complex amplitude of each trajectory basis function in the bundle
is initialized by projection:

Ni(0)
A 0= (57, (1 ¢ =0 | ¥ ®)

n=1

The phase space centers of the initial TBFs are sampled from the Wigner distribution
of the target initial wavefunction. We further constrain the initial basis functions
such that the classical energy of each basis function is within 10% of the quantum
mechanical energy of the target initial wavefunction.

We examine the performance of the various spawning procedures with a two-
dimensional, two-state conical intersection model [25] introduced by Persico and
coworkers. This model has been used to describe collinear reaction of triatomic
ABA and provides a useful testing bed for study and comparison of nonadiabatic
simulation schemes. We have previously provided details of the simulation [26]
and showed good agreement between results obtained with FMS dynamics and the
numerically exact fast Fourier transform (FFT) method [27, 28].

In this chapter, we develop and discuss the detailed relationship between opti-
mal spawning and surface hopping/jumping. Convergence of branching ratio using
various spawning algorithms has been tested and published in a recent paper [26].
We focus here on the detailed comparison of phase space jumps and quenching
of energy shells using standard and optimal spawning algorithms. Results are com-
pared using three different spawning methods. Strict p-jump refers to spawning with
pure momentum adjustment along the nonadiabatic coupling vector, similar to the
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surface hopping algorithm. Standard spawning is of the form most often imple-
mented in previous FMS and AIMS simulations, where a steepest descent quench to
the energy shell obviates frustrated spawns. The third method is optimal spawning,
as developed recently and outlined above. In all of the simulations, each TBF is
allowed to spawn in the nonadiabatic coupling region. The phase space location of

the Gaussian center of each parent TBF is labeled by R P . and that of the

parent> © paren
child TBF by ﬁgh“d, ﬁcjhild‘ The difference between the various spawning methods
lies in the assignment of initial conditions of child basis functions. Ultimately, the
efficiency and robustness of assigning phase space locations to newly spawned basis
functions should be reflected in the accuracy of the population transfer between the
different electronic states (as compared to numerically exact quantum mechanical
simulations).

We plot the phase space location of each pair of parent and child trajectories
in Fig. 1. The Gaussian centers of parent trajectories at different spawning times
are marked with solid circles, while those of spawned child trajectories are marked
with red (using pure momentum jump) and green (using optimal spawning) crosses,
respectively. Since the total phase space dimensionality is four for the Persico
model, phase space locations of all the Gaussian centers are shown in two sub-
figures, one showing (X,P) and the other showing (¥,Py). The pure momentum-
jump method does not allow any jump in coordinate space, such that the spawned
child trajectories are not located in the optimal phase space points (which are only
possible using optimal spawning method as shown in the figure) to maximize the
coupling between the parent and child basis functions. Note that the difference
between the two spawning techniques is most significant in (¥,P,) subspace. The
optimal child trajectories should be placed in the region with larger values of Y,
since the coupling potential matrix element (between diabatic states) in the Persico
model increases with Y, i.e., Vi2(X, Y) = yYe’“(X’X”Z’ﬁYZ. Therefore, the optimal
spawning positions can only be achieved by appropriate hybrid surface jump in both
coordinate and momentum.

In Fig. 2, we show the coordinates of parent and child trajectories relative to
the contour plots of coupling potential V¢, the coupling between parent and child
trajectories. The blue contour fills in the figure mark the magnitude of V7¢: the
deeper the blue, the larger the coupling. The phase space location of the parent
trajectory centroid is marked by a red square. The tuning parameter A in Eq. (7) is
increased sequentially to drive the optimization of the child centroid, and a typical
optimization path is indicated with the red curve. The region of coordinate space
where no choice of the momentum can lead to energy conservation is shaded gray.
Any spawn from the parent to a point in this gray area would be frustrated. Opti-
mal spawning places the child trajectory at a phase space point (marked with red
circle) with larger V7¢ than that using conventional spawning techniques (indicated
with blue circle). By allowing both momentum and position to vary simultaneously,
optimal spawning finds the optimal place for the child trajectory where energy is
conserved and parent—child coupling is maximal. In certain cases, a large hybrid
phase space jump is needed for the spawned child to have same energy as its parent.
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Fig. 1 Gaussian centers of trajectories in (X, Py) and (Y, P,) coordinate space. Parent trajectories
are marked with solid circles, and child trajectories are marked with red (pure p-jump) and green
(optimal spawning) crosses

As shown in Fig. 3, such a large hybrid jump is not probable using standard spawn-
ing (and of course not possible with pure momentum-jump spawning either). With
sequential increase of \ in the penalty function (7), optimal spawning successfully
generates a new child basis function with both energy conserved and parent—child
coupling maximized.
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Fig. 2 Gaussian center of parent trajectory is marked with red square, and those of child basis
generated with standard and optimal spawning methods are marked with blue and red circles,
respectively. Optimal spawning places child in the phase space location with larger coupling V 7¢
between parent and child than that with standard spawning
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Fig. 3 Standard spawning generate child (marked by blue circle) in the energetically forbidden
area, which corresponds to frustrated spawning. Optimal spawning is able to place the child (red
circle) in the area with energy conserved and as well as with coupling V¢ maximized
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4 Conclusions

In the classical understanding of Franck—Condon factors, nuclear motion is assumed
frozen in the duration of electronic transitions as is dictated by the Born—Oppenheimer
approximation. However, position jump and momentum jump can compete with
each other in adjusting the Franck—Condon factor, especially in the nonclassical
regime.

AIMS is an ab initio method developed to efficiently and accurately describe the
nonadiabatic radiationless transitions for multidimensional systems. The spawning
procedure is the key to the whole method in dealing with nuclear dynamics and
allows new basis trajectories to be created on the other coupled PES when the nona-
diabatic coupling term is large enough. The optimal spawning method introduced
here provides an improved procedure for assigning phase space initial conditions to
spawned trajectory basis functions that search for the most important basis function
that should be added to the simulation, subject only to the constraint of energy
conservation. Optimal spawning improves upon previous implementations in its
more flexible addition of new basis functions and this can be expected to lead to
faster convergence of the description of nonadiabatic events.
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On the Differential Cross Sections
in Complex-Forming Atom-Diatom
Reactive Collisions

Pedro Bargueiio and Tomas Gonzalez-Lezana

Abstract The shape of the differential cross section has been studied for years as
a helpful indicator for the dynamics of atom—diatom reactive collisions. In particu-
lar, a symmetrical profile of the angular distribution about the sideways scattering
direction (6 ~ 90°) with prominent peaks for the forward (9 ~ 0°) and backward
peaks (f =~ 180°) is commonly associated with reactions which proceed via the
formation of an intermediate complex. In this work we make an overview of the the-
oretical foundations on this assumption, originally proposed within the framework
of nuclear physics and subsequently adopted in the study of molecular reactions.
Examples of recent investigations on different atom—diatom processes are shown.

Keywords: Reactive collisions - Statistical models - Atom-diatom reactions -
Differential cross sections - Insertion reactions

1 Introduction

One of the goals in the study of molecular collisions is to determine the precise
reaction mechanism which leads from reactants to products. Recent developments
in the most commonly employed experimental techniques have enabled to obtain
a precious information about a large number of bimolecular processes. In addi-
tion to the step-by-step picture of the entire chemical transformation gained with
the advances at the femtosecond level [1], the refinements introduced in the field
of the crossed molecular beam (CMB) reactive scattering (see Ref. [2] and refer-
ences therein for a complete review on the subject) have made possible to measure
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state-to-state differential cross sections (DCSs) for some simple reactions. Further-
more, from the theoretical side, reactive collisions have been studied by means of
exact quantum mechanical (EQM) methods both in the time-independent and time-
dependent frameworks. The DCS of an extensive list of atom—diatom reactions can
be nowadays calculated with various well-established numerical techniques [3-6].
The relevance of all this progress is enormous, since the centre of mass (CM) angu-
lar distribution of the products formed in a reactive collision contains crucial infor-
mation regarding the specific course followed by the reaction. Thus, for example,
the DCSs expected from the two possible limiting cases of atom—diatom reactions
(direct or abstraction reactions and complex-forming or insertion reactions) are in
general completely different. Whereas the abstraction collisions yield angular distri-
butions of variable shapes, which often reveal the favoured geometry in the reactive
process, complex-forming mechanisms are characterised by symmetric DCSs about
0 = 90°, the sideways scattering direction.

This apparent constant dynamical feature observed for the insertion reactions
is also connected with the possible statistical nature of these type of processes.
The reaction mechanism in these cases consists of a two-step sequence initiated
with the formation of the intermediate species after the collision of the react-
ing atom and diatom. The products of the reaction are formed after the decay
of such collision complex, and in principle, independently of the specific ini-
tial state of the reactants. Furthermore, the process is usually accompanied with
the randomisation of the internal energy among the different degrees of freedom
of the intermediate species. Under these conditions, the application of statisti-
cal approaches to investigate the overall dynamics of the reaction seems to be
justified.

These considerations about the dynamics of molecular processes which proceed
via the formation of an intermediate complex have their origin in the context of
nuclear physics. In particular, the compound nucleus theory and the statistical
approaches developed to explain some of the nuclear reactions occurring after the
collision of a neutron with a target nucleus constitute a clear influence for the
subsequent theoretical studies on molecular insertion processes. In this work we
review the development of such theories decades ago and the efforts to search
experimentally for this type of mechanism in nuclear reactions. Then we focus on
how such techniques were adopted for molecular atom—diatom reactions. Our study
also includes an inspection on some of the mathematical details of the expressions
obtained in the past for the DCSs in molecular collisions. Finally, a series of exam-
ples in which the investigation of the angular distributions can be used to trace the
dynamical mechanism responsible for the reaction are shown.

2 Nuclear Physics

The compound nucleus model [7, 8] was introduced as a possible response to some
of the features observed in experimental studies on neutron—nucleus collisions. In
such experiments the capture cross sections were of the same order of magnitude of
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the cross sections for the full neutron—nucleus scattering. Analogously, the tendency
for a neutron to get attached to a heavy nucleus to form another isotope was found to
be surprisingly large. The analysis of the y-ray spectra also reveals that the lifetime
of the excited nucleus so formed is longer than expected. Therefore, the duration
for the encounter between the neutron and the nucleus must be necessarily longer
than the time employed by the neutron to pass through the nucleus. It seemed then
plausible to suggest that certain collisions between neutrons and nuclei could lead
to the formation of a compound system with some noticeable probability [7]. In
fact, virtual states of such complex could be in resonance with states for the sep-
arate nucleus+neutron system. This feature would explain, on the other hand, the
narrow closely spaced peaks in the experimental cross sections in the bombardment
of various target nuclei [8, 9].

The compound nucleus model divides the nuclear reaction into two separate
events, with the formation and subsequent disintegration of the intermediate nucleus
as independent processes. Within the context of this model, it is assumed that the
compound nucleus A + a is formed in a highly excited state after the collision of
an incident particle a on a heavy nucleus A. The excitation energy is £ = E, + ¢,
where ¢ is the energy of a and E,, is its binding energy to the compound system. This
E, is defined as the energy to supply to the lowest state of the so-formed excited
nucleus A + a to dissociate it into A and a [10, 11]. The possible energy excess
of the colliding units is assumed to be redistributed among all the nuclear particles
forming the compound nucleus. Therefore, after this randomisation of the energy
content, the ejection of particles from the nucleus is expected to occur as a result of
internal mechanisms with no connection with the first stage of the neutron—nucleus
encounter [7]. In fact, the expulsion from a compound nucleus with a large den-
sity of levels was statistically treated invoking thermodynamical analogies with the
evaporation of a particle from a body at low temperature [10, 11]. The statistical
method developed by Weisskopf leads to a Maxwellian expression for the energy
distribution of the scattered neutrons from highly excited heavy nuclei [10]. The
predictions of such a statistical approach were tested with a series of experimental
studies. Theoretical cross sections and estimations of the temperature of the residual
nucleus abandoned by the emitted neutron were found to be in good agreement with
the measured values in various nuclear processes [12—16]. The existing discrep-
ancies [17], such as much higher nuclear temperatures than those estimated from
experimental densities, were attributed to either a possible incomplete total redistri-
bution of the collision energy [15, 18, 19] or to the existence of a larger level spacing
of the low lying energy levels of the nucleus in comparison with the energy carried
by the incident neutron [13]. The issue of the degree of sharing and exchange of the
incident energy [20] establishes the difference between the compound model and
some other theoretical approaches, such as, for example, the optical method [21]. In
this latter model, the entire energy is focused on a single neutron, which can be in
principle distinguished from the other nuclear particles. One then studies the elastic
or inelastic (absorption) scattering of this neutron in passing through the nucleus.
This process would constitute indeed the necessary first step in the formation of
the compound nucleus. An early loss of the energy before its possible randomi-
sation along the nuclear constituents however can prevent the proper scenario for a
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statistical description [20]. The limits for the validity of either the compound nucleus
or the optical model seem to be found in the energy introduced by the colliding
neutron. Thus the nucleus appears as partially transparent to a high-energy bom-
barding particle (E ~ 100 MeV), with scattering mean free paths of the same order
as the nucleus size itself [21, 22]. Hence the possibility of forming a compound
nucleus after the impact of the incident neutron seems to be restricted to a low-
energy regime.

The application of statistical schemes on the basis of the compound nucleus
model constitutes a substantial simplification of the required theoretical framework
for nuclear reactions. The treatment based on dispersion theory can be avoided, as
shown by Weisskopf’s formula [10, 11], in the region of overlapping levels since the
cross section no longer depends in those situations on the individual energy levels. It
is possible to express the reaction cross section for the overall process as the product
of a term containing the cross section for the capture of the incident particle by the
nucleus to form the compound nucleus and a width describing the decay of this
nucleus by particle emission [23-25]. One of the most interesting consequences of
this separation between formation and decay is that the interference terms between
different values of the total angular momentum (J), orbital angular momentum of
the neutron (/) and parity in both the ingoing and outgoing waves cancel out when
averaging over many compound states. Thus, the expression of the angular distribu-
tion for the transition between the initial states a and « for the incident particle and
the target nucleus, respectively, and the final states b and B via the formation and
decay of the compound nucleus can be written, for zero spins, as [24]

>\ (21 4 1)?
olaa, bB;0) ~ ) %PMPM | P©) P, (1)
=0

where P,O(O) are associated Legendre polynomials, P, stands for the penetration
factor or “sticking probability” for the incident neutron to form the compound
nucleus with the target [23], Py for the corresponding fragmentation probabilities
and F(I) is a sum of formation and decay probabilities over all possible initial
and final states. As a result of the above-mentioned considerations, the expression
(1) for the DCS exhibits a characteristic symmetry about the outgoing 6 =~ 90°
scattering direction [24, 25]. The ratio between the scattering through the forward
(0 =~ 0°)-backward (@ ~ 180°) and sideways directions depends on the value of
(i) the largest contributing / wave, [« and (ii) the / wave giving the largest con-
tribution to the cross section. Those /.« values will depend on the ability of the
incident and outgoing particles to overcome the angular momentum barrier. In fact,
in those cases in which the compound nucleus is formed at large values of the angu-
lar momentum and small values of its projection along the direction of the separating
fragments, the DCS is predicted to follow a 1/ sin € curve, with extremely prominent
peaks at the forward and backward directions [26—29]. Further connections between
the anisotropy of the angular distribution and internal properties of the fissioning
nucleus, as the effective moment of inertia, nuclear temperature and the projection
of the total angular momentum on the nuclear symmetry axis, can be inferred.
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This distinctive character was employed as a crucial test to elucidate whether or
not a large series of experimentally investigated nuclear reactions proceed via the
formation of an intermediate compound nucleus. The measured angular distribu-
tions were compared with the corresponding statistical predictions, and the exhib-
ited forward—backward symmetry was interpreted as a result of the above-mentioned
reaction mechanism [30-35]. Observed deviations from the expected result of a sta-
tistical treatment led to suggest the occurrence of a reaction mechanism involving a
direct process with no formation of the compound nucleus [18, 19, 36-39]. In fact,
as Weisskopf discussed in a detailed review of the early theoretical developments
on nuclear physics [40], the two-stage description of the nuclear reactions inherent
to the compound nucleus model requires some further refinements. The rapid and
complete distribution of the energy carried by a nucleon which enters the nucleus
from outside seemed to be questionable. As an alternative, the author suggested
the possibility of describing the nuclear processes according to three successive
stages: (i) the independent particle stage; (ii) the compound system stage and (iii)
the final stage in which the reaction products separate from each other. In the first
step the incident nucleon interacts with the target nucleus, which mainly represents
a potential well for the incoming particle without losing its distinct individuality.
As a result of such an interaction, the particle is refracted and partially reflected at
the surface due to the change in the potential. The description at this stage regards
what happens at the entrance channel, how the particle is partially absorbed, dis-
appearing from the entrance channel and loosing its independence with respect to
the target nucleus. The compound system stage describes the more intimate inter-
action between the particle and the nucleus which cannot be described any longer
by means of the potential at the entrance channel. This step can be the result of
a direct interaction with the collision of the particle with the target nucleus or of
more collective motions as surface vibrations or nuclear rotations. The concept of
the compound system would then differ from the compound nucleus in the sense
that although some energy exchange between target and particle may take place,
some other forms of interactions in which the particle is removed from the entrance
channel are also allowed.

Many nuclear processes seem to correspond to the intermediate situation between
the two extreme reaction mechanisms: (i) the direct collision between the incident
particle with a single nucleon, leading to the ejection of one of the partners outside
the nucleus without any further interaction and (ii) the already discussed formation
of the compound nucleus with the division of the energy among a large number of
the existing nucleons. Weisskopf concludes his study suggesting that despite this
variety of possible nuclear processes the probability of formation of a compound
nucleus for low incident energies (up to 25 MeV) is quite high. Alternatively, the
possibility of finding situations for which the compound nucleus model may remain
valid whereas the specific statistical assumptions are not satisfied was investigated in
some detail [8, 31, 41, 42]. In this sense, it was pointed out that a strict verification
of the statistical postulate would lead to essentially the same probabilities for all
energetically possible reaction products in clear contradiction with some experi-
mental findings [8]. Attempts to investigate if the deviation from symmetry could
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be due to a violation of the statistical assumptions were made by measuring angular
distributions at closely spaced bombarding energies [41]. Although the results did
not allow to draw any definitive conclusions with this respect, authors of Ref. [41]
suggested possible failures to fulfil the statistical requirements. On the other hand,
it is interesting to remind that the symmetry properties of the DCS shown in Eq.
(1) are not strictly a consequence of the compound nucleus assumption but a result
of the existence of sufficiently large and dense energy levels for such intermediate
species for a statistical treatment [31, 42].

3 Molecular Physics

Pioneering CMB performed in the early 1960s constituted an estimable tool to probe
the dynamics of chemical reactions. In those works the relationship between the
velocity vectors in the asymptotic initial and final states of the collision imposed by
the conservation laws for energy and momentum was used to obtain recoil velocity
and angular distributions [43]. The goal of such measurements was to see if there
were preferred directions relating the reactant and product relative velocity vectors
and to understand the mechanism followed in the partition of the reaction energy
(and total angular momentum) among the internal degrees of freedom of the product
molecules and their relative translational motion [44]. Interestingly, since the early
works by Herschbach and collaborators [43—46] and according to the precedent
established in the case of nuclear reactions [43, 45], the arguments employed to
analyse the measured angular distributions were also based on the observation of
signatures of symmetry about 90° to conclude or not the formation of long-living
complex during the course of the reaction [47-52].

First efforts to interpret the DCSs obtained in the CMB experiments consisted of
the adoption of the same ideas comprised in the compound nucleus theory used for
nuclear fission [45]. The shape of the angular distributions for reactions proceeding
via the formation of a long-living complex was found to be determined by the total
angular momentum disposal in both reactants and products. In fact, the calculation
of the distribution is done under purely geometrical considerations regarding the
relationships between the total (J), initial (j) and final (') angular momenta, the
corresponding orbital momenta (L and L.’) and the relative velocities (v and Vv').
Expressions for the leading form factors of the distributions were obtained for those
cases in which j = j = 0,j # 0,j = 0orj # 0,j # 0. On those situa-
tions, the projections §2 and £2’ of J on v and V', respectively, are 2 = 2’ = 0,
2 =0, # 0and £2, 2" # 0. The quantum expressions, reported in Ref. [45]
and shown here in Table 1, depend on Legendre polynomials ( P;(cos 6)), associated
Legendre polynomials (PJQ'(cos 0)) and Wigner rotation matrices (dég,(cos 0)).
The classical expressions, on the other hand, obtained as the asymptotic case for
large angular momenta [45, 53] also exhibit dependence on o = arccos(§2'/J) and
o' = arcsin(§2/J), the angles of the uniform precession of v' about J and of J about
v, required to obtain the probability distribution for the angle 6 [45].
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Table 1 Quantum and classical form factors of the DCS as reported from Ref. [45] in terms of
the projections £2 and £2’ of the total angular momentum on the initial and final relative velocities
respectively. See text for details

2 ' Quantum Classical

0 0 | Py(cosh) | (sin@)~!

0 #0 | PJ‘Q,(COSQ) 2 (sin® @ — cos? o’)~1/2

#0 #0 | d2 o (cos6) |? (sin® @ — cos? o — cos? o’ + 2 cos o cosa’ cos 0)1/2

These factors are then averaged over the corresponding values for the J, £2 and
£2" numbers to obtain the DCSs. Another interesting consequence of this approach
is the fact that the degree of anisotropy can be related to the geometry of the disso-
ciating complex. In particular, the relationship has its origin in the assumption of £2’
as a constant of motion, based on the fact that an uniform radiation of the products
about the J vector is expected from the decay of a long-lived intermediate complex.

These angular correlation theory considerations were then extended to treat any
stereodynamical property depending on the rotational orientation of the reactant or
product molecule [54-56]. In particular, one of the directional properties investi-
gated was the product angular distribution in the CM system, which correlates the
directions of the initial and final relative velocity vectors, k and K, respectively. The
DCS can be expanded classically in terms of Legendre polynomials depending on
0, the angle between these two velocity vectors, as [54]

10) = Z(Zn + 1){P,(k,K)) P,(cosH). 2)

If we choose, as shown in Fig. 1, an arbitrary coordinate system in which the total
angular momentum J follows the direction of the z-axis, the average in the above
equation, according to the addition theorem for Legendre polynomials, is

|
;, P (k-J)P)"(J-K) cosm(¢r—¢r). (3)

" (n—m
P,k-kK)=P,k-J)P,(J-kK)+2
(k-K)=P,(k-J) P, (J-K) ; oo
Within the context of a statistical model, the fragmentation of the complex is
assumed to be independent of its formation, so the dihedral angle ¢, — ¢ between
the (k, J) and (J, k) planes (see Fig. 1) will be randomly distributed. The average
of such an angle will vanish and therefore we obtain

(Pu(k, K))) = (Py(k - D)P,(J - K)). “4)

In the specific case of no rotation in either the reactant or product molecules, j = 0
and j = 0, the total angular momentum J is disposed completely as orbital angular
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(a) (b)

Fig. 1 Scheme of the angular momentum and relative velocity vectors for a reaction with no rota-
tion in either reactants (j) or products (j’) (in (a)). In that case, initial 1 and final I’ orbital angular
momenta are identical to the total angular momentum J vector. In (b) the situation corresponds to
the reactant channel when there exists rotation for the reactanting molecules, j # 0

momentum for both the initial and final arrangements (see Fig. 1(a)). As a result,
both relative velocity vectors are perpendicular to J and thusk - J =J -k’ =0 and

(Pu(k, k) = [P,(O)]. %)
The substitution of this result in Eq. (2) yields

N

10) = Y @2n + 1) [P,(0)* Py(cos ). (6)

n=0

The obtained angular distribution is symmetric about & = 90° since the terms with
n odd vanish. Figure 2 shows the different contribution of the terms involved in the
expansion given in Eq. (6), for the upper limits N = 10, 20, 30, 50 and 80. The
figure shows that the sum tends to the classical limit given by 1/sin8, which has
been also included in Fig. 2.

A similar expression for a more general case with rotation contained in both the
reactant and product molecules (j # 0, j° # 0) can also be derived [54]. Figure 1(b)
shows the relationships between the corresponding vectors for the entrance channel.
Now, the z-axis is along the 1 vector and the angle ¢; goes up to the projection of the
total angular momentum onto the plane perpendicular to the initial orbital angular
momentum which contains the initial relative velocity vector k. The application of
the addition theorem for both the entrance and product channels yields expressions
for P,(k - J) and P,(J - k’), respectively, in a similar fashion as Eq. (3). The ran-
dom orientation of the j vector guarantees the random distribution of the dihedral
angle ¢y — ¢, between the (k,1) and (I, J) planes. Analogous considerations can
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Fig. 2 Contributing terms from the expansion for the DCS given in Eq. (6) considering different
values of the upper limit N. In dashed line the classical limit 1/sinf has been included. In the
inset figure an amplified view of the 0° < # < 15° angular region is shown

be addressed, in the product channel, for the ¢; — ¢ angle. Therefore, all terms
containing these two angles cancel out with the average (P,(k - J)P,(J - k’)), which
can be finally written as [54]

(Pa(k - K)) = [P, O (P,(A- DP,T - 1)), )

where the orthogonality conditions k - 1 = kK’ - I’ = 0 have been used. The corre-
sponding substitution in Eq. (2) finally leads to

10) =Y ay [PyO)F (P~ J)P,(J - 1)) Py (cos ). (8)

Further derivations of expressions for the DCS within the framework of statistical
theories followed soon to the above-discussed approach by Herschbach and collabo-
rators. Thus, Light and coworkers extended the phase space theory (PST), developed
some years before [58—62], to the case of angular distributions of the products [57].
In the quantum statistical model by Miller [63], for example, the expression of the
DCS, after invoking a random phase approximation, is

0y (@) = [42Qj + D] Y QI+ 1Y Sl 0 Pldbo@ . ©)
J

282
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An additional statistical consideration on Eq. (9) yields to substitute the square mod-
ulus term of the scattering matrix as follows:

| Sff:zf,j(z |2= PJJ"Q'PJJ'Q/N(J)’ (10)

where pj! o 1s the probability for the complex to be formed from the initial channel
with a quantum number j for the diatom angular momentum and its component
along the z-axis £2, and N(J) is the quantity obtained as the sum of the capture
probabilities, accessible at the corresponding values of the energy and the total
angular momentum. This expression has its origin in the assumption of a two-step
procedure, describing the total probability of the reaction as the product between
the probability of formation of the intermediate complex from the initial state and
the fraction of complexes dissociating to the final state. Introducing Eqs. (10) into
(9), the expression for the angular distribution results:

_ 2J + 1)
opj(@) = [42Qj + D] Y % Y Plapieldbo@ . (D)
J 28

The dependence on the reduced rotation matrix elements d, (), as in the case
discussed in Table 1, determines the symmetry of the DCS about the 90° scatter-
ing direction. The equivalence between the quantum description by Miller and the
classical formalism by Case and Herschbach described above has been outlined in
Ref. [54]. It was shown there that the angular factor (2J + 1) | d},,(6) |* can be
expanded in a Legendre series whose coefficients, once one considers the classical
limits of the Clebsch—Gordan coefficients and Wigner matrices [53] and an average
over the J, 2 and £’ numbers, are identical to those used in the corresponding
expansion considered in Eq. (6). This feature is exemplified in Fig. 3, where the
values for the corresponding square modulus for two specific values of the total
angular momentum, J = 5 and 15, are shown.

The results presented in the figure clarify the origin of the symmetry about 90°
with a marked propensity for the peaks at the forward and backward scattering
directions for the angular distribution obtained within statistical considerations as
in Eq. (11). It is worth noting that such a symmetry is guaranteed by the presence of
the square modulus term, a result of the random phase approximation. Otherwise,
the cross terms connecting different values of J would lead to a completely different
profile.

All cases exhibit the above-mentioned symmetry about the sideways scattering
direction, but the forward-backward peaking seems to be mainly due to the con-
tribution of those reduced rotation matrix elements with £2 = 0. The much less
prominent peaks produced by those terms with £2’ # 0 on the contrary seem to shift
closer to the & ~ 0° direction. The comparison between the J = 5 and J = 15 cases
shown in Fig. 3 also reveals that the polarised behaviour around 0° and 180° gets
more pronounced as the total angular momentum increases. Considering that the
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larger the value of J is the larger the contribution of the corresponding partial wave
to the DCS results, the feature revealed in the above figure is certainly relevant.

4 Selected Examples of Atom-Diatom Reactions

On this last section we will treat a series of examples taken from molecular reactive
atom—diatom collisions. Special emphasis will be made on the comparison between
the DCSs obtained by means of EQM methods and the predictions of a statisti-
cal quantum method (SQM). The technical details of this statistical approach have
been explained in detail before [64—66] and are omitted here. The model is directly
connected with some of the theoretical basis contained in the methods developed
by Light [58] and Miller [63]. Reaction probabilities and angular distributions are
also calculated according to Eqgs. (10) and (11), respectively. The corresponding
capture probabilities p jJ o are obtained, however, via a completely quantum mechan-
ical (QM) calculation in which full ab initio potential energy surfaces (PESs) are
employed. Although in the original proposal of the method, a time-independent
framework with the propagation of the corresponding wave function was considered
[64, 65], versions of the SQM with propagation of wave packets have been recently
suggested [67, 68].

The SQM has been applied in the past to study the dynamics of an extensive
list of atom—diatom reactions. The comparison with both EQM and experimental
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results has enabled to test the possible occurrence of complex-forming mechanisms
in the overall dynamics of the reactive collision. Thus, vibrational and rotational
cross sections, integral cross sections and a wide variety of distributions (time-of-
flight, laboratory angle, product translational energy, etc.) have been studied in detail
for reactions such as N2 D)+H, [65, 69, 70], C(* D)+H, [65, 71], O(' D)+H, [65],
S(! D)+H;, [65], Si+0, [72], H+O, [73, 74], Ht +H, [75-77] and their correspond-
ing isotopic variants when, for those collisions with molecular hydrogen, at least
one of the H atoms is changed by deuterium. All these processes share in common
the fact that the corresponding overall dynamics seems to be affected at some extent
by the occurrence of complex-forming mechanisms. We will focus in this section on
the profile found for the DCSs for some of the above-mentioned reactive collisions.

4.1 Collisions with Molecular Hydrogen

The first type of atom—diatom reactions analysed here is the process in which an
atom X collides with molecular hydrogen H,. When the X atom corresponds to an
electronically excited atom of C, N, O or S, the reaction seems to occur via the
formation of an intermediate complex (see Ref. [66] for an exhaustive review). For
a wide range of energies, the dominant dynamics corresponds to the insertion of
the X atom between the H-H bond yielding an intermediate species formed by the
three atoms with a finite lifetime, typically longer than the corresponding rotational
period. The existence of relatively deep potential wells in the region which sepa-
rates the reactant and product valleys supports, on the other hand, the possibility of
the formation of such a reaction complex. As a result, the prototype angular dis-
tributions found for these collisions exhibit a typical forward—backward symmetry.
The comparison of statistical calculations with the angular distributions obtained by
means of EQM approaches reveals an impressive agreement. Examples are shown
in Figs. 4 and 5 for the cases of the C(' D)+H,(v = 0, j = 0) — CH+H reaction at
a collision energy of E. = 80 meV and for S(!D)+H, — SH+H at E. = 97 meV,
respectively. In both cases, the statistical angular distribution seems to reproduce
the preference for the forward and backward scattering directions exhibited by the
EQM DCS. The sideways scattering is also well described by the SQM result. Such
a good agreement, in combination with a similar success of the statistical predic-
tions to reproduce exact rotational and vibrational distributions [66], is interpreted
as indicative of the occurrence of a complex-forming mechanism for these two col-
lisions.

For the S(' D)+H, reaction, the theoretical angular distributions are also found
to describe fairly well the measured DCSs [80], as shown in Fig. 5. The profile of
the experimental distribution leads authors of Ref. [80] to suggest that the dynamics
of this prototype insertion reaction could be understood by statistical arguments. In
order to establish the theory versus experiment comparison of Fig. 5, the measured
distribution was scaled to match the theoretical DCSs, whereas cross sections for
the S(' D)+H,(v = 0, j = 0) and S(! D)+H,(v = 0, j = 1) reactions were properly
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Fig. 4 DCS for the C(! D)+H,(v = 0, j = 0) — CH+H reaction at E. = 80 meV. EQM results,
with blue line, are taken from Ref. [78] and the SQM angular distribution is shown with red line.
Adapted from Fig. 5 of Ref. [66]

Fig. 5 Same as Fig. 4 for S(1D)+H2 — SH+H
S('D)+H, - SH+H at E. = 10 T T T T T
97 meV. Theoretical results —— EQM
include the average of the Ec=97 meV —— SQM
contributions from the 8 — EXP

H,(v =0, j =0, 1) cases for
comparison with the
experimental result (in black
line) [80]. Exact results are
from Ref. [79]. Figure
adapted from Fig. 25 of Ref.
[66]
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averaged to obtain the EQM and SQM results. Both the values at the sideways scat-
tering direction and the forward—backward symmetry are correctly accounted for by
the statistical calculation.

It is generally well accepted that the mainly complex-forming character of these
X+H, reactions is associated with the fact that the process occurs on the ground
PES. However, the contribution from excited surfaces may introduce dynamical
features corresponding to abstraction reaction pathways in which the process is the
result of a direct atom—diatom collision with no intermediate complex formed. An
illustrative example of this competition was found for the O(' D)+H, reaction [81].
A slightly different situation is found for the C(! D)+H, collision. The excited 'A”
PES has a deep potential well (~ 3.5 eV) but the existence of large barriers (with
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Fig. 6 C('D)+Hy(v =0, j = C('D)*+H,(v=0,j=0) - CH+H

0) — CH+H at E. = 80 meV T T T T T

on the l.A”-eXCl.ted PES. 8 - EaMm 1A" PES |
EQM (in blue line) and QCT ——QCT
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been taken from Ref. [83].
Figure adapted from Fig. 8 of
Ref. [66]
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the only exception of geometries about 60°) precludes a pure insertion mechanism
[82]. Thus, the “sideways insertion” dynamics of the reaction leads to non-statistical
product distributions. In fact, a quasi-classical trajectory (QCT) estimation of the
collision times concluded that most of the trajectories were shorter lived (20-200
fs) than those corresponding to the ground electronic state (about 4 ps) [83]. In
particular, the DCSs obtained in the study by Honvault et al. exhibit a pronounced
asymmetry between the scattering through the forward and backward directions, as
shown in Fig. 6, where the EQM and QCT results from Ref. [83] are compared
with the SQM predictions. The exact result [83] displays a preference for the for-
ward scattering direction, with a prominent peak at 6 ~ 0° which contrasts with
the almost equal propensity over the rest of possible directions. Whereas the QCT
calculation manages to reproduce such a behaviour for the DCS, the statistical pre-
diction, with the expected forward—backward symmetry, fails to give account for the
correct scattering along the backward direction.

This brief overview of the X+H; reactions is completed with an example of
ion—diatom process in which the X atom corresponds to the H' ion. In Fig. 7, we
show the comparison between the EQM and SQM DCSs for HT+D, — DH+D™ at
E. = 100 meV. The figure corresponds to the case in which the reaction is initiated
from the ground rovibrational state Dy(v = 0, j = 0) to produce HD fragments
in its vibrationless ground state v = 0. Previous investigations have predicted
a transition from a complex-formation dynamics for the reaction at relatively low
collision energy to a direct mechanism at a higher energy regime for the Ht+ H,
collisions and its corresponding isotopic variants. For a detailed review of studies
which suggest this combined dynamical picture for the reaction we refer the reader
to the introduction of Ref. [83]. Results shown in Fig. 7 constitute a nice exam-
ple of the capabilities of statistical approaches to describe the overall dynamics of
the HT+D; reaction at low energy, thus suggesting its insertion character. Despite
the slight asymmetry of the exact angular distribution, the agreement between both
theoretical methods is certainly impressive.
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Fig. 7 Comparison between H++D2(V=O,j= 0) » HD(v'=0)+D"
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The possible existence of differences in the description of the behaviour exhib-
ited by the angular distributions at the forward and backward scattering directions
for this type of reactions yielded by QCT and QM methods has been the subject of
fruitful discussions. In particular, given its dynamical interpretation in connection
with insertion-like mechanisms, the apparent inability of QCT methods to describe
pronounced peaks at those directions constituted an intriguing issue [76, 84]. One
of the suggested explanations for such a behaviour was the occurrence of tunnelling
effects through centrifugal barriers [65, 85]. However, attempts to complete the clas-
sical approach with tunnelling contributions introduced by means of semiclassical
approximations in PST calculations did not manage to account for the extreme
forward-backward dynamics manifested in some X+H, reactions [86]. A more
conclusive argument was given by Bonnet et al. [87, 88], who attributed the fea-
ture to the violation of the parity conservation inherent to QCT methods. DCSs
obtained classically under these parity-restoring assumptions were found to exhibit
the degree of polarisation of the QM counterparts. These findings encouraged the
ulterior development of a version of the SQM of Refs. [64, 65] within the classical
theory framework, with the propagation of QCT instead of wave functions. This
statistical QCT model has been recently employed to treat different X +H, reactions
[89-91], and the obtained DCSs display the correct behaviour at the forward and
backward directions.

4.2 Collisions with Molecular Oxygen

Collisions between an atom of H or Si and molecular oxygen are the last type of
molecular reactions treated in this work. These processes constitute examples of
coexistence between different reaction mechanisms. The presence of deep potential
wells (~ 2.5 eV for the HO, and ~ 7.11 eV for the deepest well of the SiO,)
and the large number of bound and quasibound states make fully converged EQM
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calculations extremely demanding in terms of computational time. Thus, whereas it
has been only recently that EQM DCSs for the H+O, reaction have been reported
[95], for Si+O, no QM calculation is found in the literature up to date.

For the H+O, reaction, for example, statistical predictions have been found to
reproduce on average the exact reaction probabilities for low values of the total
angular momenta J < 5, specially at the low-energy range [73]. When the energy is
increased, however, beyond the onset of the OH formation channel in its first excited
vibrational state v = 1, at ~ 1.2 eV total energy, probabilities obtained by means
of either the SQM or PST approaches deviate noticeably from the EQM results
[74]. As a consequence, the corresponding ICSs are far from being reproduced by
statistical means. Furthermore, the precise shape of the reaction probabilities does
depend on the specific PES employed in the calculations [74, 92, 93], questioning
thus the apparent success mentioned above of the statistical approaches. In fact,
recent reports of EQM calculations just above the threshold energy for reaction con-
cluded significant non-statistical features for this process [94]. The DCSs, however,
were found to confirm the dominance of a complex-forming mechanism. In fact,
Fig. 8 shows that predictions from the SQM do not compare extremely bad with the
exact result reported in Ref. [94] for the reaction initiated from O,(v = 3, j = 1).
Despite the slight degree of asymmetry between the forward and backward peaks,
both the sideways scattering direction and the exact cross section for  ~ 180° are
reasonably well described by the SQM DCS.

State-to-state DCSs obtained at a higher energy, 1.036 eV collision energy, do
not exhibit a larger degree of asymmetry about 6 ~ 90° than the situation shown
in Fig. 8. Despite this, the feature and the deviations of the exact rotational cross
sections from the PST results led authors of Ref. [95] to conclude that the dynamics
of the reaction is non-statistical. Interestingly, the differences with the statistical
limit mentioned in that work refer exclusively to the intensity of the rotational
distributions but not to the profile which resembles to the expected outcome of a
complex-forming process suitable to be described on statistical grounds.

H+0,(v=3, j=1) - HO+O

02f —EQM E, =07761eV
——saMm

DCS [A%sr]

Fig. 8 Angular cross section
for H+02(v = 3,] = 1) —
HO+O at Ei = 0.7761 eV. 0.0 ' : - :
EQM result is from Ref. [94]. 0 30 60 90 120 150 180
Figure adapted from [74] CM scattering angle [deg.]

1
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Fig. 9 SQM (red line) and Si+0,(v=0,j=13) - SiO+0O
QCT (grey boxes) DCSs for 12 . . T . |
the Si+O2(v =0, j = 13) — P QcT E.= 400 meV

SiO+0 at E. = 400 meV.
Figure adapted from Ref. [72]

—SQM

0 30 60 90 120 150 180
CM scattering angle [deg.]

The existing PES for the SiO, system possesses three different minimum wells
associated with the linear OSiO, linear SiOO and triangular OSiO configurations
[96]. QCT calculations found that the dynamical mechanism for the Si+O; reaction
depends on the potential well explored by the trajectories [97]. Rotational, vibra-
tional and angular cross sections were investigated up to £, = 0.6 eV and the overall
dynamics of the Si+O,(v =0, j = 1) — SiO+O collision was concluded to evolve
from a direct reaction mechanism at low-collision energies to a typical insertion
process at a higher energy regime. The comparison with statistical approaches such
as prior distributions, PST and the above-mentioned SQM seems to confirm such
a transition to a complex-forming reaction as the energy increases. Furthermore, a
similar trend was observed when, for a specific energy, the rotational excitation j
of the O,(v = 0, j) reactant was augmented [72]. Figure 9 shows the comparison
between the QCT angular distribution and the statistically predicted DCS for the
extreme case of a relatively large energy, £, = 400 meV, and the O, fragment is
highly excited to the rotational (v = 0, j = 13) state. The agreement found for that
case contrasts significantly with the comparisons established either at a lower energy
or for a lower j state [72] and constitutes an additional evidence for the previously
observed complex-forming dynamics for the Si+O, reaction.

5 Conclusions

In this work we have tackled the issue of the differential cross sections for atom—
diatom reactions which proceed via the formation of an intermediate complex.
Since decades ago, the distributions in terms of the centre of mass angle for this
type of reactive processes have been found to display a prototype shape consist-
ing of pronounced peaks at the &6 ~ 0° and 8 ~ 180° directions and an almost
constant value around the sideways scattering direction. A historical review of the
origin of the close connection among (i) this particular dynamics; (ii) the symmetric
forward-backward profile of the differential cross section and (iii) the application
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of statistical methods for both nuclear and molecular reactions has been presented.
We have briefly discussed the theoretical basis for the mathematical expressions
employed to describe the angular distributions. The analysis of cross sections by
means of a statistical quantum method allows to understand the dynamical mecha-
nisms which govern the atom—diatom reaction. Examples of such a procedure for a
series of different molecular collisions have been provided to complete this study.
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Shared Memory Parallelization of the
Multiconfiguration Time-Dependent Hartree
Method and Application to the Dynamics and
Spectroscopy of the Protonated Water Dimer

Michael Brill, Oriol Vendrell, and Hans-Dieter Meyer

Abstract The Heidelberg multiconfiguration time-dependent Hartree (MCTDH)
code for propagation of wavepackets is parallelized using shared memory tech-
niques. A parallelization scheme based on a scheduler—worker approach is intro-
duced. The performance of the parallel code is evaluated by benchmark tests. Using
the parallelized version of the MCTDH code, the infrared absorption spectrum of
the protonated water dimer (Hs O; ) is simulated in full dimensionality (15D) in the
spectral range 0—4,000 cm~'. The middle spectral region, between 800 and 2,000
wavenumbers, is discussed and the couplings that shape this region of the spectrum
are identified and explained, and the corresponding spectral lines are assigned.

Keywords: Quantum Dynamics - MCTDH - IR-Spectroscopy - Parallelization

1 Introduction

Molecular quantum dynamics, i.e., the full quantum study of vibrations and rota-
tions of polyatomic molecules, is fundamental for the understanding of physical
and chemical processes on a molecular scale. It is, however, numerically very
demanding. The multiconfiguration time-dependent Hartree (MCTDH) method —
under active development during the last 15 years — is a very efficient method for
propagating wavepackets. The method has proven its capability to treat large sys-
tems (=9 degrees of freedom) fully quantum mechanically and with high accuracy.
To be able to tackle larger problems that include more degrees of freedom, the
Heidelberg implementation of the MCTDH algorithm has been parallelized using
shared memory techniques. The first part of this work has been presented in [1]. In
this work we discuss the current developments concerning the Heidelberg MCTDH
code. In passing we note that parallelization of MCTDH has also been carried out —
using different strategies though — by U. Manthe [2] and A. Scrinzi [3].
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We also account for recent results obtained in our investigations on the Zun-
del cation (H502+ ), which we treat in its full dimensionality (15D) on an accurate
potential energy surface (PES). These simulations are made possible by the devel-
opment of the parallel version of MCTDH. This system is a small prototype for the
proton-transfer process in water systems. Other important systems can now be fully
quantum dynamically simulated thanks to the parallelization of the MCTDH code.

The report is structured as follows. The MCTDH method [4-6] is briefly recalled
in Sect. 2. The current progress of the parallelization of the Heidelberg MCTDH
code and algorithm is covered in Sect. 4. Section 7 reports on the results on the
dynamics and IR spectrum of the H5OEL cation, with particular emphasis on the
complicated spectral region between 800 and 2,000 cm~!, and some conclusions
and future perspectives are given in Sect. 8.

2 Equations of Motion and Runtime Distribution

In previous publications [1, 4-7] the MCTDH ansatz of the wavefunction and the
derivation of the coupled equations of motion of the MCTDH algorithm have been
introduced:

n ny f

W1, .., Qp )= - Y Ay 0] [ (@), 1)
j]=1 jf:l k=1

iA = KA, 2)

ip® = (1 - P®) (p(m)*l HEG®), 3)

Using the Constant-Mean-Field-approach, that has been introduced in [8] and in
Chap. 5.2 of Ref. [6], these equations can be decoupled and solved in three separate
steps:

e (alculation of the Hamiltonian matrix and the mean fields.
® Propagation of the MCTDH expansion coefficients.
® Propagation of the single particle functions (SPFs).

The sum of the computation time for the three tasks is the major part of the wall
time of an MCTDH run (usually >99%). The sharing of the work load between these
parts depends strongly on the physical system that is treated. Three main distribution
schemes for the computation time can be found:

e The computation time is distributed equally to the three tasks. The contribution
of each part varies typically between 20 and 50% depending on the investigated
system. Such calculations are called “balanced.”

e The propagation of the SPFs contributes only a little to the computation time
(<5%). The other two parts contribute almost equally in a range of 40-60%.
These calculations are called “A-vector dominated.”
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® The propagation of the SPFs takes more than 60% of the computation time. Such
an “SPF-dominated” situation often occurs for small systems where paralleliza-
tion is not needed. It happens also for over-combined calculations, i.e., calcula-
tions in which too many DOFs are combined to build an MCTDH particle. Over
combinations are inefficient and should be avoided.

Hence all three parts of MCTDH must be parallelized to receive an adequate
speedup. In most cases over 60% of the computation time is taken by the mean-field
calculation and the propagation of the expansion coefficients. The parallelization
of these two tasks can be done efficiently and, in fact, is similar for both cases. The
propagation of the SPFs is more difficult to parallelize and this parallelization is less
efficient compared to the other two cases and will be described in the following.

3 Shared Memory Parallelization of the A-Vector Propagation
and the Mean-Field Computation

In a previous publication [1] the parallelization of the A-vector propagation and the
mean-field computation has already been presented. The main ideas will be summed
up in the following.

For the A-vector propagation the time-determining step is the evaluation of the
right-hand side of the equations of motion:

iAj(t)=) (P, |H|®L) AL(). )
L

For an efficient evaluation of the sum, MCTDH takes advantage of the product
structure of the Hamiltonian. The multidimensional integrals (@, |H| @) become
a product of one-dimensional integrals. These can be computed separately for each
Hamiltonian term. These computations are distributed over the available processors:
Different processors compute the integrals for different Hamiltonian terms.

For the mean-field computation the following objects must be calculated: the
mean field tensor,

it = e 20y I > (e A% o) ar; (5)
rA=1,A#k I
and the action of the mean fields on the potential terms,
Mg = Z My (xS %) (©6)

r

In both cases the parallelization can be done as for the A-vector propagation: The
computations for different Hamiltonian terms, labeled by index r, can be distributed
to the available processors.
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This parallelization approach has proven its efficiency in different cases (Hy+H>-
scattering, HsOF molecular dynamics), especially for problems with a large number
of Hamiltonian terms.

4 Shared Memory Parallelization of the SPF Propagation

For the propagation of the SPFs the evaluation of the right-hand side of the equa-
tions of motion (3) is the time-determining step. By splitting the Hamiltonian in
uncorrelated and correlated terms,

s

H= Xp: 9+ e ﬁ h, (7)

k=1 r=1 k=1
the equations of motion for the SPFs can be rewritten:

N

p
i(-pj/c) — (1 _ po()) ;loc)w;x)(t)_i_ Z (p“()") -kZ %ﬁik)(pl(m(t) L ®
J
k=1 r=I1

The computation of the right-hand side of this equation is done in several steps. First
the sum over the Hamiltonian terms is evaluated. Afterwards the inverse density
matrix is applied. Then the action of the uncorrelated Hamiltonian terms on the
SPFs is added. Finally the projection is carried out.

The parallelization has to be done for each of these steps separately. The sum-
mation over the Hamiltonian terms is parallelized as in the cases of the A-vector
propagation and the mean-field computation, see [1]. The loop runs over the kinetic
Hamiltonian terms which represent a part of the Hamiltonian that is much smaller
than the potential part. The different parts of this summation are distributed over the
available processors.

Each of the other steps mainly consists of a loop over the SPFs for the particle
considered. Thus the loops over the SPFs are parallelized. For small calculations this
parallelization scheme is disadvantageous because the number of processors (e.g.,
8) can be larger than the SPF basis for a certain particle. Hence this scheme is better
suited for larger calculations with large numbers of SPFs.

5 Implementation Details
5.1 Parallelization Scheme

The parallelization of the different parts of MCTDH is included in a scheduler—
worker scheme. The main program has the role of a scheduler that does all
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calculations that are not time consuming and controls the other threads. These
threads are the worker threads performing the time-consuming computations on
different processors. There are — usually — as many threads as processors available.
Figure 1 shows the scheme in detail. Each time the main program comes to a point
where a computation can be made in parallel the semaphore 1 is increased. The main
program halts at the following semaphore 2. When semaphore 1 is increased the
threads can do the work. As soon as the computations are finished the semaphore 2
is increased and the threads again wait at the semaphore 1. By increasing semaphore
2 the main program takes control again and proceeds with further calculations.

Main Program
g

|

Scheduler Thread | | Worker Thread 1 | Worleer Thread P
|
|

Increase Decrease - Decrease
Semaphore 1 Semaphore 1 Semaphere 1
|
|
| Do Work Do Work
|

Decrease Increase o Increase
Semaphore 2 Semaphore 2 Semaphore 2
|
|

Fig. 1 Organization of the threads in the scheduler—worker scheme

5.2 Load Balancing and Memory Requirements

Two further aspects must be considered regarding the parallelization of MCTDH,
the memory requirements and the load balancing. For an efficient parallelization
it must be guaranteed that all available processors are used for the computations
made. This means the code must take care that the work is distributed equally to the
processors. In the current version of MCTDH this is ensured using a global counter
variable combined with a mutual exclusion. As already mentioned the paralleliza-
tion is used to distribute the work of certain loops to the processors. The counter
variable of the loops is seen by each thread: If a thread has finished its work in
one step of the loop the mutual exclusion is locked, then the counter variable is
increased, afterwards the mutual exclusion is unlocked again and the thread starts
working in the step determined by the counter variable. The mutual exclusion
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secures that no other thread can get the same value for the counter variable, ensuring
that the work is done only once. All threads have the same work to do; only at the
end of the loop it can happen that some threads stay idle till the loop is finished.

The second problem that must be considered is the memory requirements.
MCTDH needs memory to store different objects that are used during a propaga-
tion, e.g., the wavefunction (A-vector, SPFs). Further memory is used for the com-
putations itself, the so-called work arrays, where intermediate results are stored.
Considering several threads working on different parts of the same problem (e.g.,
mean-field tensor computation), they all need their own work array to store data,
sum results, build matrices, and so on. Because these threads are calculating differ-
ent parts of the problem they need the same amount of work memory exclusively.
Hence for each thread, extra memory must be allocated. The memory requirements
for an MCTDH run with P processors are

M(P) = Mobjects + P X Myork, )

where Mpiecis denotes the memory needed for the storage of all objects (e.g., the
wavefunction) and M« is the memory needed for the work arrays. Thus the
required memory moderately increases with the number of processors.

6 Results
6.1 Benchmark Systems

For the test of the parallelization of the MCTDH code four different benchmark
systems were used. These systems are

e The H,+Hj; inelastic scattering [9, 10].
The quantum molecular non-adiabatic dynamics of C;Hy [11].
The quantum molecular dynamics of HsOJ using two different mode combina-
tions [12, 13] (HsO5 -a and HsO; -b).

The sizes of these systems differ strongly. This is essential to give an overview
of the efficiency of the parallelization. The Hy+H, scattering and the molecular
dynamics of C,Hy are the smaller systems; a parallel code is not needed to perform
the calculations. These two examples are only given as a reference. The dynamics
of HsOgL is a problem that cannot be solved with a serial code at reasonable wall
times.
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6.2 Results

For the four benchmark systems MCTDH runs have been performed with an increas-
ing number of processors (1, 2, 4, and 8) on the XC2 system in Karlsruhe. The
resulting speedups are fitted to Amdahl’s law to determine the parallel part of the
code.

In Fig. 2 the results for the quantum molecular dynamics of C;H, and H50§r -a
are displayed. The dotted and dashed lines are the fits based on Amdahl’s law to the
data (circles and squares); the solid line shows the ideal linear speedup. The corre-
sponding parallel parts are pc,n, = 0.82 and py, o, = 0.83. In these cases the
parallel algorithm performs quite poorly. For C,Hy this is caused by the small size
of the problem. The number of Hamiltonian terms is rather small. This downgrades
the parallelization of the A-vector propagation and of the mean-field computation.
Additionally the particles are small thus the parallelization of the SPF propagation
is not very efficient. This is because the algorithm has to synchronize the scheduler
and worker threads many times for only a small amount of work. In the HsO; -a
case a particle with a very large grid is present causing a less efficient mean-field
computation.

In Fig. 3 the corresponding results are displayed for the H,+H, scattering and the
molecular dynamics of Hs OEL -b (The HsO;r -a and HSO;-b calculations differ in the
way in which the degrees of freedom are combined to particles). Again the circles
and squares show the measured data and the dotted and dashed lines are the fits. The
fitted values for the parallel part are py,p, = 0.97 and py,o+_, = 0.95. These are
the above-mentioned cases where the computation time of the SPF propagation is
negligible. For these examples, MCTDH is very well parallelized. This is because
the propagation of the A-vector and the computation of the mean fields generate
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Fig. 2 Speedup behavior of the C,Hy (circles, dotted line, p = 0.82) and the H5O;r -a (squares,
dashed line, p = 0.83) calculations. The circles and squares are the measured values, the dotted
and dashed lines are the fits to Amdahl’s law and the solid line is the ideal (linear) speedup
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Fig. 3 Speedup behavior of the Hy+H, (circles, dotted line, p = 0.97) and the HSO;'—b (squares,
dashed line, p = 0.95) calculations. The circles and squares are the measured values, the dotted
and dashed lines are the fits to Amdahl’s law and the solid line is the ideal (linear) speedup

the major part of the computation time. The large number of Hamiltonian terms
ensures an efficient parallelization. Here the SPF propagation takes only a small
fraction of the total effort thus it is of less importance that this part parallelizes less
efficiently.

7 Dynamics and Infrared Spectrum of the Zundel Cation

The infrared (IR) spectroscopy of the Zundel cation HsOgL has been the subject of
much research effort during the last years, both from the experimental [14—18] and
theoretical [1, 19, 17, 20-22, 12, 13] perspectives. A series of gas-phase measure-
ments based on the messenger-atom technique were able to provide well-defined,
clear spectra on the range between 800 and 4,000 cm™~!. The most intriguing feature
of such spectra, a doublet feature at 1,000 cm™ ! could only be reproduced, assigned,
and understood by full-dimensional (15D) quantum-dynamical calculations using
the MCTDH method [1, 22, 12, 13] In these calculations a set of polyspherical
coordinates had to be introduced in order to correctly account for the floppy, anhar-
monic motions of the cation, and the potential operator was constructed as a cut
high-dimensional model representation (cut-HDMR), also known as n-mode repre-
sentation, which was modified to take advantage of mode combination (for details
on the operator set up see Ref. [12]). Careful analysis of such cumbersome simula-
tions yielded, however, a physically appealing and intuitive picture of the nature of
the doublet, which could be traced back to a Fermi resonance between the funda-
mental proton-transfer mode and a vibrational state related to the pyramidalization
modes of the water molecules. In this vibrational mode one water molecule has
H;0" character (pyramidal), while the other one presents H,O character (planar).
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In this follow-up work on the Zundel cation we analyze the complicated mid-
dle spectral region between 800 and 2,000 cm~!. All states in this spectral region
are strongly coupled to the central proton motion along the oxygen—oxygen axis.
We discuss the analysis strategy that has been applied to assign the nature of the
spectral signatures and that can also be applied to label eigenstates of the system
computed by improved relaxation. All reported calculations were performed in the
Rechenzentrum-Karlsruhe using the Heidelberg MCTDH package [23] with the
shared memory parallelization described in the previous sections.

7.1 Understanding the Nature of Vibrational Eigenstates
and Spectral Lines

The MCTDH spectrum is obtained in the time-dependent picture by Fourier trans-
formation of the autocorrelation of the dipole-operated initial state [24]:

I(E) =

/ exp(i (E + Eo) t/h)(W,, ol exp(—i H t/I)|¥,0) dr,

—0Q

6C80h2

where E| is the ground-state energy and |¥,, o) = [t [¥). It is here assumed that all
spectral lines arise from transitions between the ground vibrational state |¥) and
excited vibrational eigenstates of the adequate symmetry |¥,). It is thus necessary to
have some means of understanding the important features of the different vibrational
states in terms of couplings, quanta of excitation in the harmonic limit, etc. This is
the basic information needed to understand the IR spectrum computed with Eq. 10
and subsequently the internal dynamics of the system.

Wavefunctions of excited states converged by improved relaxation [25] contain
all the possible information of that specific state. The intensity of a given excited
state |¥,) is readily obtained by computing the dipole moment |(¥,|ft|¥)|>. But
even if an excited state of interest |¥,) has been obtained, it is difficult to directly
inspect these mathematical objects due to their high dimensionality. Moreover, for
the higher excited states we do not have |¥,) at our disposal but only an autocorrela-
tion function providing spectral lines. In both cases we characterize the eigenstates
by their overlaps with carefully chosen test states, i.e., by the numbers [(@;.s|¥;) 2.
The following procedures are used:

1. Test states | D) are generated
a) By applying some operator O to a previously converged eigenfunction,
|Piest) = NO|W,), (10)
where N is a normalization constant, e.g., NZ|¥,) generates a test state which

in essence differs from the ground state |¥) by a one quantum excitation in
the proton-transfer coordinate z.
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b) By forming Hartree products, where the SPFs are obtained through diagonal-
ization of mode Hamiltonians /i ;. The /2; are low-dimensional Hamiltonians
and each ﬁ_,- operates on the space of a group of coordinates (see Paper I
for details on coordinates grouping into particles). Rather than using single
Hartree products one may use linear combinations of products in order to
satisfy a symmetry constraint.

2. The overlaps |(@s|¥,)|? are then computed

a) By direct evaluation of the scalar product if |¥,,) is available.

b) By Fourier transform of the autocorrelation function
a(t) = (Drest| €xp(—i H t)|Dresr). The overlap is obtained via the formula
[25]:

T T Tt
(@l i) = 5 Re / P a(t) cos(T 1 (11
0

Excitations related to test states will be denoted (n; g1, n q» . . .), where n repre-
sents the quanta of excitation on coordinate ¢; (in a separable limit). A test state will
be denoted by |D,, ¢, 1, 4,...) Where the terms with n; = 0 are omitted. In case a test
state has been generated such that it cannot be represented by this simple notation,
it will be defined more explicitly.

7.2 Analysis of the Middle Spectral Region

The simulated spectrum in the range between 0 and 4,000 cm ™! is depicted in Fig. 4.
The region below 700 cm™' has not yet been accessed experimentally. We will
center our analysis in the region between 800 and 2,000 cm™! that contains lines
related to global, highly coupled motions of the whole cation. The region between
the proton-transfer doublet and the doublet centered at 1,800 cm™! features cou-
plings related to the [O-H-Oy ] and [O-Oj ] motions. The MCTDH spectrum reported
in Fig. 4 presents three main absorptions in this range, located at 1,411, 1,741, and
1,898 cm~!. We call the eigenstates producing these peaks |¥,,1), |¥2), and |¥,,3),
respectively, where the m stands for middle spectral range.

Propagation of test states followed by Fourier analysis of their autocorrela-
tion functions as described above was used to assign these peaks. The following
test states were generated using eigenfunctions of low-dimensional Hamiltonians:
|D1z.1R)s |P1z2R). |Pru). The test state |Pp,) consists of the water bending with
ungerade symmetry, i.e., it is characterized by (|01) — [10))/ V2 where the two
entries indicate the quanta of bending motion of monomer A and B.

The overlaps |(®|¥)|?, where |@) is a test state and |¥) is an eigenstate, are
given in Table 1. The analysis contemplates also the states of the doublet at 1,000
cm™!, since these states are coupled to some extent to the ones in the middle spectral
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Fig. 4 Simulated MCTDH spectrum in the range between 0 and 4,000 cm™~!. Absorption is given
in absolute scale in mega-barns (Mb)

region, e.g., the eigenstate |¥) has a squared overlap of 0.10 with the test state
|®p, ). All states in Table 1 are of B;’ symmetry.

State |¥;,1), absorbing at 1,411 cm~! in the MCTDH spectrum, has a largest con-
tribution from the |®, ;) test state. The experimental HSO;r-Ne spectrum shows
a weak absorption in this region, at about 1,470 cm™'. We propose that this peak
is the same peak observed at a similar frequency in the MCTDH spectrum, namely
the state with the largest character of the combined excitation (1z, 1R). A band
appearing at 1,600 cm ™" in the MM/VCI spectrum [17] was assigned to the (1z, 1R)
transition. However, the experimental spectrum of HsOJ -Ne shows no absorption at
1,600 cm™~! [17].

Table 1 Overlaps |(®|¥)]?, where |®) are test states and |¥) are eigenstates

@) w7 [Pr1) L Z%)) [¥in3)
Energy [cm™!] 918 1033 1411 1741 1898
DR | 0.83 0.09 0.00 0.00 0.00

(

(D1] 0.10 0.46 0.04 0.10 0.04
(Piz1r| 0.00 0.00 0.44 0.06 0.01
{
(

Dy | 0.07 0.12 0.10 0.38 0.02
Dy, 2Rl 0.00 0.00 0.00 0.10 0.38
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State |¥,,,»), which is responsible for the absorption at 1,741 cm~! in the MCTDH
spectrum, has the largest contribution from the |®;,) test state. This peak is then
mainly related to the ungerade water bending and has been already assigned in
Ref. [17] and in a number of works. This peak can be assigned already from a
standard normal modes analysis, since its main contribution is from an internal
motion of the water monomers and less from the relative motions between them.
However, it must not come as a surprise that the eigenstate |¥,,) has a total
squared overlap of 0.26 with the test states containing one quanta of excitation
in the proton-transfer coordinate, namely |®,;), |®); 1r), and |®;;2g). In a fash-
ion similar to the coupling to the ws wagging motion, as the proton approaches
one water molecule, the equilibrium value of the H-O—H angle shifts to a larger
value because this water molecule acquires more H;O™ character. Conversely, the
water molecule at a larger distance of the central proton acquires H,O character and
the angle H-O-H shifts to lower values. The coupling between the proton-transfer
and bending motions is rather strong. This coupling shifts the proton transfer line
down and the bending line up by at least 120 cm™'. This estimate was obtained
by suppressing the correlation between proton transfer and bending by setting the
number of SPFs to 1, for alternatively the proton transfer mode and the water modes.
The frequency of the ungerade bending when decoupled from the proton-transfer
motion resembles that of the bare-water bending mode. Thus the shift to a higher
frequency is almost entirely due to coupling with the proton-transfer mode. In a
similar fashion, the proton-transfer absorption appears at a lower frequency than
would be expected from low-dimensional models which neglect the coupling to
the water molecules [26]. This emphasizes again the need of a full-dimensional
treatment.

State |¥,,3) is responsible for the absorption at 1,898 cm~! in the MCTDH
spectrum, which is the low-intensity feature of the broad double peak centered at
about 1,800 cm~!. This state has the largest overlap with the |®;, ) test state.
Comparison in position and intensity of this peak to the corresponding one in the
experimental HsO3 -Ne spectrum suggests that the latter is mainly related to the
(1z, 2R) excitation.

Analysis of the values in Table 1 shows that the eigenstates in the region 1,400—
1,900 cm~! are characterized by the asymmetric bending and combinations of the
proton-transfer fundamental and water—water-stretch fundamental and first over-
tone, with important couplings between them. Such a coupling was already noted
by Bowman and collaborators by analyzing the CI coefficients of their MM/VCI
expansion [17]. However, the exact nature of each band could not be disentangled,
and it was concluded that this “is indicative of large couplings among various zero-
order states in this region.” We show that, despite such couplings exist and play
an important role in shaping the spectrum, the different eigenstates involved retain
each its particular character (note that the largest numbers in Table 1 appear at the
diagonal) and can be assigned to well-defined transitions.
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8 Conclusions

The existing serial Heidelberg MCTDH code has been further extended to make use
of parallel shared memory hardware. In this work a scheduler—worker paralleliza-
tion scheme was developed and applied. Now the three main tasks of the MCTDH
propagation algorithm, the propagation of the A-vector, the propagation of the SPFs,
and the computation of the mean fields, are parallel. The resulting code was tested
on benchmarks systems to determine the efficiency of the parallelization. It turned
out that for special cases where the propagation of the SPF is negligible, the code
is well parallelized. In the general case the problem arises that the parallelized rou-
tines for the SPF propagation contain — usually short — loops over the SPFs which
makes the parallelization less efficient. In both cases — loops over SPFs and over
Hamiltonian terms — the parallelization works better if the larger is the size of the
loops. The degree of parallelization lies between p = 0.82 (worst case tested) and
p = 0.97 (best case tested) leading to speedups between 3 and 7 when running on
8 processors. Hence the parallelization of the wavepacket propagation of MCTDH
can be seen as a success.

The described development improved the MCTDH code essentially. However,
the present implementation is restricted to shared memory hardware. The number
of processors combined in parallel shared memory machines is still growing but at
a lower rate than the number of processors in the distributed memory computing
clusters. Hence it is an important task to use the experience of the shared mem-
ory parallelization of MCTDH to develop a parallel code for distributed memory
machines. This, however, requires a severe re-structuring of the existing code.

Simulations of the IR spectrum of the Zundel cation in full dimensionality (15D)
were reported. These simulations represent an update with respect to the simulations
reported in [1]. In particular we dealt with the spectral region between 800 and 2,000
cm™!, which is dominated by strong couplings of various large amplitude motions to
the proton-transfer fundamental. A strategy to analyze the nature of the eigenstates
of the system was discussed and applied. The recent advances in the parallelization
of the MCTDH code played a fundamental role in the success of the simulations.
Future directions of this work include the simulation of the isotopically substituted
forms of the Zundel cation for which recently their IR spectra were measured.
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Structural Properties and Torsional Dynamics
of Peroxides and Persulfides

Glauciete S. Maciel, Ana Carla P. Bitencourt, Mirco Ragni, Gaia Grossi,
and Vincenzo Aquilanti

Abstract For the study of molecules containing O—O and S—S bonds, an analysis
on the effect of level of theory and basis sets on electronic properties and geometri-
cal parameters for H,O, and H,S, was done. Substitutions of one or both hydrogens
in these molecules either by halogen atoms or alkyl groups were investigated for
properties like geometries, dipole moments, cis and trans barriers. Attention has
also been dedicated to the study of energy levels in the very anharmonic torsional
potentials, obtaining their distributions as a function of temperature and partition
functions for the torsional motion, of relevance for the isomerization rate lead-
ing to exchange between chiral enantiomers. Estimated rates both for underbarrier
tunnelling and overbarrier transitions are consistently smaller for the S—S cases
with respect to the corresponding O—O ones, due to the generally higher barriers.
Regarding intermolecular interactions, of specific importance for collisional chiral-
ity exchange, an exploration was done for both H,O,— and H,S,-rare gases systems,
extending the joint experimental and theoretical approach already tackled in this
laboratory for interactions of H,O and H,S with the rare gases.
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1 Introduction

For the series of molecules considered here, theoretical approaches to their structure
and to their dynamics (both intramolecular and intermolecular) are usually moti-
vated both by their interesting floppy nature and also by reference to applications.
Indeed several investigations have been dedicated in the recent years towards the
understanding and control of the reactions involved in phenomena of strong envi-
ronmental impact such as acid deposition and decrease of the ozone shell [1, 2].
In both processes the participation of peroxides and of the corresponding radi-
cals has been observed [3]. The relevant experimental and theoretical information
on these compounds are accordingly very large. In this laboratory, starting from
Ref. [4], a systematic and detailed analysis on the effect of the choice of both theory
level and basis set has been carried out for hydrogen peroxide with respect to the
determination of equilibrium geometry, dipole moment, cis and trans barriers and
has been continued studying the effect of substituents for the hydrogen atoms.

Persulfides also have been investigated with increasing interest, due to their
importance in biochemistry and in atmospheric processes [5-8]. The biological
activity of several molecules, like proteins, enzymes and antibiotics, is characterized
by the presence of the persulfide linkage. A number of experimental [9-13] and
theoretical studies [14-27] of the structural and energetic aspects of some persulfide
molecules have been performed and provide useful information on the electronic
mechanism involved in the S—S bond cleavage.

This work is an account of our recent work on the title systems. It started by
focusing on the properties of the simplest example of a chiral molecule, H,O, [4].
Structural and energetic properties were studied by quantum mechanical methods
for this molecule, with the purpose of elucidating the features of the internal modes,
and in particular the torsion around the O—O bond which leads to the chirality
changing isomerizations. The pictures in terms of stretching, bending and torsion
modes based both on the usual valence type description of the molecule and on
orthogonal local vectors have been compared and the greater accuracy of the latter
has been demonstrated [4].

The next section gives an account also of subsequent research where the struc-
tural effects of the substitution of hydrogen peroxides by halogens have been
considered. We have performed [28] a systematic study by quantum mechanical
methods of a series of XOOX’ molecules, corresponding to substitutions of one or
both hydrogens by halogen atoms (X) in HOOH’. The cis and trans barriers appear
to vary remarkably upon substitution. They have been compared with experimental
and theoretical information, when available. In addition, we have analyzed and sim-
ilarly compared also the effects of alkyl substitutions (ROOR’) [29]. The following
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presentation reports also corresponding work carried out regarding the analogous
compounds containing the S—S bond and includes some remarks related to dipole
moments.

Section 3 outlines, for this class of systems, the energy profiles along the dihedral
angles, of relevance for the torsional mode around —OO— and —SS— bonds. In
view of the interest for statistical approaches to equilibrium properties and to rates
of processes where torsional anharmonicity is relevant, as required for recent atmo-
spheric modelling studies and also for prototypical chiral separation experiments,
and in view of a possible dynamic mechanism for chirality exchange by molecu-
lar collisions [29, 30], in subsequent work we have calculated level distributions
and partition functions for the torsional mode around the O—O and S—S bonds
for a series of derivatives of hydrogen peroxide [30] and hydrogen persulfide [31],
respectively, for which we had previously determined potential energy profiles along
the dihedral angles [4, 28-31]. These topics are covered in Sect. 4. Specifically for
the hydrogen peroxide system, we have used two procedures for the reduction of
the kinetic energy operator and the calculated partition functions were compared
with previous work. Partition functions for the torsional mode are evaluated both by
direct quantum levels state sum and by a hierarchy of semi-classical and classical
approximations. It has been shown that among the tested semi-classical approaches
which applied to the torsional mode greatly improve the classical approximations
[30, 31], remarkable improvement is obtained by the explicit introduction of the
dependence of the moment of inertia from the torsional angle. These results per-
mit one to discuss the characteristic time for chirality changes for the investigated
molecules, either by quantum mechanical tunnelling (dominating at low tempera-
ture) or by transition state theory (expected to provide an estimate of racemization
rates in the high energy limit) [30, 31].

Further considerations follow regarding also information on intermolecular inter-
actions [32-34], having specific implications for theoretical and possibly exper-
imental studies of molecular dynamics of collisional-induced chirality changing
processes [35, 36].

Being focused on our own recent work, the present account makes no full justice
of the vast literature existing on the subject. The reported results are put into the
context of current and prospective research in the final section.

2 Structural and Energetic Aspects of Peroxides and Persulfides

2.1 XO00X’ and ROOR’ Molecules

An extensive systematic study, described in a previous paper [4], has been per-
formed on the choice of method and basis set for hydrogen peroxide. It was found
that the results obtained by the B3LYP density functional method using 6-311++4+G
(3df, 3pd) basis set and by the CCSD(T)//aug-cc-pVTZ method gave both consistent
geometric parameters and concordance with experimental data. Also the important
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available experimental features for stereomutation, such as the height of the trans
barrier, were accurately reproduced, justifying the use of this method and basis set
(B3LYP//6-31G++3df, 3pd) for the systematic investigation of alkyl substitution.
All calculations have been executed by the Gaussian package [37].

We have collected DFT results for the equilibrium geometrical parameters and
dipole moments for a series of substituents of the hydrogen and also extensions to
the persulfides, to be accounted for below. Our calculated coupled cluster results
were also reported in the cited references, together with other data from the lit-
erature, and shown to permit comparison and assessment. The most relevant geo-
metrical parameter of interest for us for peroxides is the dihedral angle in the
equilibrium configuration. Its determination has suffered a long and controversial
history: explicitly, discrepancies have regarded both experimental data and theoret-
ical values, as documented for hydrogen peroxide [4] and dimethyl peroxide [38],
consequently leading to uncertainties also in a property such as the dipole moment.

Let us focus now on alkyl substitution [29]. In detail, regarding bond angles,
OOH shows larger sensitivity to variations of conformal configurations than to the
changes in the alkyl substituent. For all compounds this angle is close to 100° in the
equilibrium structure, similarly to hydrogen peroxide, and variations are negligible
in the trans forms. An increase by 5° or 6° is observed when hydrogen peroxide and
its alkyl monosubstituted compounds are in the cis configurations. This increase
roughly doubles for double substitution. The dihedral angle for H,O, had been
discussed previously [4] and assessed at around 112°, also in general agreement
with a large body of experimental and theoretical evidence. The OH bond length
is practically invariant (between 0.965 and 0.968 A) both as the alkyl substituent
varies and as a function of torsion angle. For the OC bond the largest fluctuation was
observed (0.05 A) for the dimethyl peroxide and the terz-butyl hydroperoxide. It is
necessary to note that in the comparison between CCSD [29] and B3LYP data, the
first set presents consistently larger lengths for the peroxidic bond by 0.01-0.03 A.

The behaviour of bond lengths with halogen substitution and with configuration
can be presumed by inspection of data in Ref. [28]. The constancy of the OH bond
length, 0.97 A, for almost all systems is remarkable. For CN substitution, it is 0.04 A
larger. However, the O—O length shortens to 1.42, 1.41 and 1.36 A for monosub-
stitution by NO, Cl and F, respectively, at the equilibrium configuration, for which
still greater is the shrink for double substitution (1.36A for CI00CI, 1.34 A for
FOONO, 1.28 A for FOOCI and 1.22 A for FOOF: the latter value is similar to that
of in O,). There appears to be a qualitative correlation between the energy profile
and the lengths of the O—O bond and those of the OX bond, where X is CI or F,
as a function of the dihedral angle. The case of CIOOF exhibits an example of the
shortening at equilibrium of the O—O bond, accompanied by lengthening of the
O—F and O—Cl bonds [15, 28]. As far as bond angles are concerned, in the case of
alkyl substitution, the effect on the OOH angle of hydrogen peroxide has been found
to be negligible, and for halogens, CN and NO substitution is also small, fluctuations
being of the order of 3° for monosubstitution, the OOR angles increase with respect
to the OOH in hydrogen peroxide by 5-6° in most cases, similar to what is observed
in the alkyl cases [29]. This increase is somewhat smaller for substitution of one of
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the hydrogens by F. The OON angles show values around 104° both in HOONO
and in FOONO. Regarding the angle OOF, that in the FOONO case is practically
the same as in HOOF and increases by 2° and 3° in the equilibrium configurations
obtained for substitution of H by Cl and F, respectively. Likewise, the OOCI angle
increases slightly (1° or 2°) by insertion of a second electronegative atom.

Our results for cis and frans barrier heights confirm deficiencies of previous
analysis of available experimental data and will form part of our discussion in a
later section.

2.2 RSSR’ and XSSX’ Molecules

The persulfide compounds are characterized by a gauche conformation around
the S—S bond, which means that the dihedral HSSH angle is approximately 90°
[8, 31, 33]. The formed bond properties are mainly accounted by the p-character
of the nonbonding electrons, which occupy mutually perpendicular p orbitals over
each sulphur atom. The extension of these orbitals leads to superposition in the
molecular orbitals. A lone pair—lone pair repulsion, inherently caused by the for-
mation of and molecular orbitals, results in the destabilization and consequently in
stretching of the S—S bond, which is maximal on cis and frans geometries, 0° and
180°, respectively, and so the destabilization is minimal on 90° and 270° because of
the orthogonality of the two 3 p orbitals. For all theoretical levels and basis sets, the
HSS bond angle is 98°. These values are in good agreement with the experimental
ones reported in Refs. [8, 40—43], and in contrast with that of Winnewisser et al.
that underestimated the HSS angles at around 91° [43]. Generally these data are
assessed on the basis that the microwave-derived geometries rely on the uncertainty
of the value of the HSS angle, which serves as reference. In fact, the localization
of hydrogen atoms in the presence of heavy atoms is often problematic by diffrac-
tion techniques. Since the bond lengths derived from rotational constants are inter-
related with the bond angles, an erroneous determination of the latter will affect
other parameters. The torsional angles are weakly correlated with other geometrical
parameters and appear internally consistent [8, 44].

Preliminary studies have shown us that the inclusion of polarization functions is
crucial for the accurate determination of geometrical parameters [8]. For example,
the use of Pople basis sets of the type 6-31144-G overestimates the —SS— bond
length by 0.2 A, and the dihedral angle by 3°, with accompanying variation of dipole
moment. Larger basis sets such as 6-3114++G (2df, 2pd) yield comparable results
both with the experimental values and with those by Dunning-type basis sets.

Regarding specific features of molecular orbitals for H,S; in the equilibrium
geometry, a maximal stabilization arises because of the overlap which occurs
between each pair of free electrons with the adjacent molecular orbital of o* type
of HS. Two electronically degenerate conformations are possible and they are
antipodal with respect to the S—S bond. The rotational barriers around the SS
bonds depend on the dihedral angle according to similar consideration regarding
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the molecular orbitals. Although there are variations in the measured and calculated
barriers with different methodologies [8], the cis barriers are consistently larger than
the trans ones.

The geometrical parameters of the transitional cis and trans structures indicate a
distortion of the equilibrium geometry. For MP2(FU)/aug-cc-pVTZ results [33], the
calculated values of the S—S bond lengths appear larger by 0.043-0.052 A when
compared with the equilibrium length (2.059 A), and the angles HSS appear smaller
by 1.6° and 5.3°, for trans and cis geometries, respectively. For all methods, the HS
bond length appears not to vary appreciably with the geometry, ranging from 1.33
to 1.37 A, around an average of 1.35 A. Regarding the SS bond length, there is a
stretching, moving from the equilibrium to the cis and trans geometries by 0.05 A on
the average. The HSS angles are reduced by 2° and 6°, for trans and cis geometries,
in comparison with the equilibrium structure. The effect of the basis sets is to reduce
bond lengths and dipole moment when we used triple and quadruple zetas. The
inclusion of diffuse functions has little effect on the geometrical parameters but is
important to determine the dipole moments.

The geometrical parameters of the persulfides are substantially influenced by
the presence of electronegative atoms [31]. In both theoretical and experimental
data, we found that for the molecules with single and double halogen substitutions
(HSSF, HSSCI, FSSF and CISSCI), the S—S bond lengths decrease for increas-
ing electronegativity of the substituent, whereas the S—F and S—CI bond lengths
increase. An exception is observed for CISSF, in which the S—S bond length is
0.01 A larger than in the HSSH molecule. The decreases in the SS bond lengths
correspond to increases in RS bond lengths, the effects being much larger for SS
than for RS. In general, for the F—S bond, the increase is 0.30 A, whereas for
S—Cl, itis 0.71 A. For all persulfide compounds, the dihedral angles are 2—4° lower
than HSSH, and SSR bond angles increase by 3—7° for monohalopersulfides and by
8-10° for dihalopersulfides. In the alkyl persulfides, a variation of the SSR angle is
very small as the substituent group size increases (~0.6°) and similarly is small for
the passage from single to double substitution.

The relative stabilities as well as isomerizations between ASSA’ and A2S=S
(A=H, F, Cl and alkyl) have received some interest but still need further investiga-
tion (see Ref. [8] and references therein). Here, we have limited our study to ASSA’
structures.

2.3 Cis and Trans Barriers

The sensitivity to substitution of the values for barrier heights can be seen from
data in Table 1 and Figs. 1, 2 and 3, where comparison is also made with the anal-
ogous cases for substitutions in peroxides [28, 29] and persulfides [31, 33]. The
first observation that emerges from the Table is the difference between the values of
the barrier heights for the two series of compounds. Regarding persulfides, cis and
trans barriers are practically symmetrical for all compounds, while for peroxides it
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Table 1 Cis and trans barriers (cm™!) for a series of peroxides and persulfides at the B3LYP/6-
311++G (3df, 3pd) level®

Peroxides Cis Trans Persulfides Cis Trans

HOOH 2575.5 386.3 HSSH 2764.4 2009.9
HOOF 3338.7 3542.2 HSSF 5562.3 5131.2
HOOCI 2317.8 1617.8 HSSC1 4481.5 3929.5
Cl00Cl1 3523.7 2166.8 CISSC1 7969.3 6218.3
CIOOF 6037.5 4718.4 CISSF 9617.5 8252.5
FOOF 9728.5 8304.0 FSSF 12144.5 10923.0
HOOCH; 2080.0 151.9 HSSCH; 2881.4 2107.5
HOOC,H; 2270.6 236.5 HSSC,Hs 3030.0 2248.7
CH3OOCH§’ 3904.4 0.0 CH;3SSCH;3 4008.2 2094.0
C,Hs OO CZHIS’ 4365.7 0.0 C,H;sSSC,Hg - 2451.8

 For details, see text and references therein, where other methods and basis sets are also compared.
b These two systems have a minimum (equilibrium geometry) at 180° dihedral angles (trans con-
figuration).

¢ Cis barrier not computed.

is possible to see that the heights of cis and frans barriers vary appreciably with the
nature of the substituent: they generally increase with the electronegativity of the
substituent group.

This increase in the barriers in the frans geometry for persulfides has to be
ascribed to the higher lone pair—lone pair repulsion in the 3p diffuse orbitals of
sulfur with respect to the oxygen case [8]. For H,S,, we also note a smaller dipole—
dipole and atom—atom interactions, and a decrease in SH bond polarity with respect
to OH. This difference between trans barriers had also been interpreted in terms
of hyperconjugation [50, 51]. The 90° dihedral angle of H,S, reflects the pure
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Fig. 1 Energy profiles as functions of dihedral angle for H,O, and H,S, molecules, calculated by
the MP2(FU)//aug-cc-pVTZ method. Based in part and adapted from Refs. [4, 33]
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Fig. 2 Energy profiles as functions of dihedral angle for XOOX’ and XSSX’ molecules, calculated
by the B3LYP//6-314++G (3df, 3pd) method. Based in part and adapted from Refs. [28, 31]
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Fig. 3 Energy profiles as function of dihedral angle for ROOR’ and RSSR’ molecules, calculated
by the B3LYP//6-31++G (3df, 3pd) method. Based in part and adapted from Refs. [29, 31]

character of p orbitals of sulfur, as well as the low electronegativity difference
between H and S, which allows for partial S—S double bonding at the expense
of some H—S bonding. This has to be contrasted with H,O,. Another possibility is
the participation of 3d orbitals [8].

Regarding the employed basis sets, for H,S,, the use of the smallest of the series
of correlation consistent basis sets developed by Dunning, the cc-pVDZ, produced
unsatisfactory results for the trans barriers independently of the utilized level of
theory [33]. A maximum deviation of 230 cm~! for this molecule was observed
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with this basis set with the coupled cluster method. The expansion of the series up
to triple and quadruple zetas leads to an increase of both the cis and trans barrier
heights, but is not sufficient to improve the quality of results [33].

The comparison among several theory levels shows that, for H,S,, the B3LYP
and CCSD(T) methods underestimate barrier heights and mutually agree, indepen-
dently of the Dunning basis sets used. The B3PW91 method produced, with all basis
sets, cis barrier heights in agreement with experiment, while only the aug-cc-pVTZ
basis set leads to acceptable results for trans barriers. The better set of results was
observed for MP2, including all electrons [33]. For all aug-cc-pVXZ basis sets, good
agreement was found for both cis and trans barriers, while only the cc-pVTZ basis
set reproduces satisfactorily the trans barriers. In this case, particularly appropriate
was the use of a triple zeta function. So, the aug-cc-pVTZ basis set was chosen
for the study of interactions with rare gases [33], to be accounted for in a later
section. It has to be noted that by the B3LYP/6-3114+4G (3df, 3pd) methodology
the cis and trans barrier heights are 2764 and 2009 cm~', respectively, which in
this case are better than when we used Dunning basis sets. On the effects of Pople
and Dunning basis sets, see Ref. [44]. Note that what appears as the “best” results
do not always come from what are objectively our best calculations, presumably
because of some fortuitous cancellation of errors. This procedure is of course based
on the assumption, to be checked in each case, that experimental data are sufficiently
reliable.

Table 1 and Fig. 2 show that the presence of a single halogen atom practically
doubles the cis barrier height with respect to that of HSSH. Further substitution by
another halogen has a similar effect. As can be seen that the mono- and disubsti-
tuted chloro compounds present lower barriers than do their fluoro analogues, both
for peroxides and for persulfides. Those of the latter are consistently several times
higher than those of the former. In all cases except HOOF [28], trans barriers are
lower than cis ones so that racemization is expected to proceed essentially via a
route involving the trans barrier. Existing experimental information for peroxides is
discussed in Refs. [4] and [28-30] and is not available for several persulfides.

The increase in the calculated barriers for FSSF, accompanied by the shortening
of the S—S bond [31], has been attributed to the two hyperconjugated interactions
between the lone pair of 3p free electrons for each sulfur atom.

2.4 Interlude on Dipole Moments

A large discrepancy was observed between the experimental and calculated dipole
moments for H,O, [4]. So, it was considered interesting to examine the correlation
between the dihedral angle and the dipole moment. For this quantity there are con-
flicting experimental values in the literature, obtained with different methodologies,
the more recent one being 1.573 £ 0.016 D [45, 46]. To explain the large discrep-
ancy which is observed between the experimental and calculated dipole moments, it
is interesting to consider the correlation between the dihedral angle and the dipole
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moment. We performed calculations for structures corresponding to the variation of
the dihedral angle range of interest for the characterization of equilibrium config-
uration. The results obtained show a decrease in the dipole moment by 0.02 D as
the dihedral angle increases by 1° [4]. So a decrease by 8° of the computed dihedral
angle with respect to the experimental one would correspond to a difference by
0.16 D between experimental and computed structures.

In detail, the relationship between dihedral angle and dipole moments suggests
how to explain the discrepancies. In the calculations the molecule is considered as
frozen in the vacuum while in the measurements in the gaseous state an ensem-
ble of torsional levels and the corresponding distribution of dihedral angles must
be considered. For a related discussion, see [47, 48]. This would lead to averaged
distributions more probably towards the frans rather than the cis configuration, so
that dynamically one observes an effective larger dihedral angle and thus a lower
dipole moment, lower than that corresponding to the calculated equilibrium struc-
ture. Using the fact that, as discussed in the next section, we have computed the
wavefunctions for the torsional states populated up to room temperature, it becomes
possible to compute the dipole moment of hydrogen peroxide as a function of tem-
perature by averaging the calculated dipole moment-dependent torsional angle over
the square of wavefunction and over the torsional level distribution [29], reconciling
theory and experiment data from the literature.

A similar discussion can be carried out for hydrogen persulfide. The origin of
experimental information for this and related molecules is summarized in Ref. [8].
Also in this case it has to be considered the fact that in the calculations, the molecule
is considered to be frozen in the vacuum, while in the measurements, it is in the
gaseous state in an ensemble of torsional levels, and the corresponding distribution
of dihedral angles must be taken into account. This would lead to averaged distri-
butions more probably towards the frans rather than the cis configuration. It is also
reported below how the torsional modes of the S—S bond are affected by substituent
groups of the hydrogens in H,S,. This is of relevance for stereomutation issues [31].

Regarding intermolecular interactions, of specific importance for collisional chi-
rality exchange, a study has been completed on the H,O,-rare gas systems, for
which information should also come from molecular beam experiments in our lab-
oratory. This will extend to these systems the joint experimental and theoretical
approach already tackled for interactions of H,O and H,S with the rare gases.
Attention has also been dedicated in this work to a study of energy levels in the very
anharmonic torsional potentials, obtaining their distributions as a function of tem-
perature. This has been shown to be of relevance for the comparison of calculated
and experimental quantities other than dipole moments but can be straightforwardly
extended to prospective estimates of torsional partition functions configuration, so
that dynamically one may observe an effective larger dihedral angle and thus a
dipole moment, lower than that corresponding to the calculated equilibrium struc-
ture. Using the fact that we can compute the wavefunctions for the torsional states
populated as a function of temperature, it is possible to compute also the effective
dipole moment by averaging the calculated dipole moment dependence from the



Structural Properties and Torsional Dynamics of Peroxides and Persulfides 91

torsional angle over the square of the wavefunction and over the torsional level
distribution. In the case of H,O,, we have just documented (see above) that this led
to reconciling theoretical and experimental results.

The results on torsional levels [30] and the temperature dependence of their dis-
tribution for FOOF served for the calculation of the effective dipole moment as a
function of temperature following the same steps outlined previously for hydrogen
peroxide [29]. Such a dependence is weak in this case and does not improve the
agreement with experiment: in fact, our DFT value for the room temperature dipole
moments, accounting for the relative population of the torsional levels, is 1.32 D, to
be compared with the accepted experimental value of 1.44 D [49]. Note, however,
that probably the most accurate CCSD(T) values are consistently higher. Similar
results for the other cases are available, but for them, there appear to be no exper-
imental data for comparison. We reported in the cited references the variation of
dipole moments as a function of the dihedral angle for both H,O, [4] and H, S, [33],
and it is possible to see that the smaller is the dihedral angle the larger is the
dipole moment for both systems. However, in H,O, for the cis geometry, the dipole
moment is almost double than that of H,S,. As explained earlier, the electronega-
tivity difference between oxygen and sulfur justifies this behaviour. Dependence on
the basis set in general decreases with the increase of the basis. The behaviour is
similar for different theory levels, leading for both MP2(FU) and CCSD(T) to an
overestimate with respect to experimental information while DFT produces better
agreement. Possibly an analysis in terms of torsional wavefunction displacements,
similar to the one discussed in the hydrogen peroxide case, may lead to a more
accurate description in this case also.

3 Torsional Modes
3.1 Energy Profiles

Figure 1 shows the energetic profile for torsion around —OO— and —SS— bonds
for the simplest molecules for each series, H,O, and H,S,, for peroxides and persul-
fides, respectively. The most important observation regards the much higher value
for the trans barrier in the H,S, case, while the height of the cis barriers is compa-
rable in both cases.

Figure 2 shows energy profiles along the dihedral angles for substitution of one
or two of the hydrogens in HOOH and HSSH by halogen atoms [28, 31]. Taking
the case of hydrogen peroxide as a reference for comparison, the trans barriers for
Cl and F substitution are progressively higher in this order. For all monosubstituted
systems, except HOOF, the cis barriers are lower than hydrogen peroxide. For halo-
gen substitution, the cis and trans barriers are of similar height, so that the energy
profile looks reasonably symmetric. Regarding peroxides with double substitutions
by halogens, both cis and trans barriers appear to increase consistently, the effect of
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F being larger than that of Cl, as just observed in the case of single substitution. The
cis and trans barriers turn out to be of similar magnitudes in these cases. Equilib-
rium dihedral angles are only slightly less than 90° [28]. For CIOOCI, the literature
is also ample, and Quack and Willeke [52] report a state-of-the-art computational
study with detailed reference to both previous theory and experimental data. With
respect to geometries of equilibrium and cis and frans configurations, our results
agree with theirs. They also discuss torsional dynamics, with particular reference to
parity violation in tunnelling switching stereomutation.

Regarding the NO substitution on peroxidic bonds, see Ref. [28] and [53-58].
Our interest is in the behaviour with respect to torsion around the O—O bond, and
the designations as cis or trans refer to the HOON dihedral angle, while the OONO
dihedral angle is 180° in all our structures (frans configurations). Reference [59]
gives an extensive account of thecis configurations for the OONO dihedral angle.
The chosen orientation of the NO group is the one expected to show minimal influ-
ence of the O atom on the peroxide bond under focus here. The same choice was
made for CN substitution [28].

Comparison of the results obtained for hydrogen persulfide and for its alkyl
derivatives suggests that inclusion of the alkyl groups increases in a significant way
the cis barrier heights only for double substitution, as for CH3SSCHj3. The other
compounds of the series appear not to have large enough “volume” to influence
the barrier heights. It is interesting to note that in the corresponding ROOR/ sys-
tems [29], even a single methyl or ethyl group substitution leads to the lowering
of both barriers with respect to hydrogen peroxide, and double substitution gives
rise to an increase of thecis barriers and disappearance of the trans barriers. In
view of the higher S—S distances as compared to the O—O ones in these series
of compounds, it is reasonable to expect here a lower role of steric effects. Both
in Fig. 3 and in Table 1, it can be noted that monosubstitution of the hydrogen in
hydrogen persulfide does not alter significantly the heights for both barriers, but
disubstitution increases the cis barrier height correspondingly to the “size” of the
alkyl group.

The torsional modes around three different bonds, O—O (hydrogen peroxide),
S—S (hydrogen persulfide) and O—S (hydrogen thioperoxide), were compared
in Ref. [31]. The HOSH molecule is worth to be studied because its radicals are
involved in various processes associated with the atmospheric oxidation of sulfides,
one of the chemical processes that leads to acid rain and the depletion of ozone. It
is possible to see that, although HOOH has an equilibrium dihedral angle of 112°,
even a single S atom shifts this angle towards 90°.

Summarizing the discussion of differences between the effect of substitution on
peroxides and persulfides, the main one is on the frans barrier, which by alkyl sub-
stitution is practically unaffected in H,S, but drastically decreases for H,O,.

The energy profiles presented in this chapter refer to ground electronic states. In
view of relevance for atmospheric chemistry and of the role of the UV photons in
the photo-chemical processes in the ozone layer, it would be interesting to extend
these studies to the torsional modes of the excited electronic states.
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3.2 Torsional Levels and Their Temperature Distribution

We have emphasized in the previous sections our specific interest on the floppy
nature of these molecules. This poses the important problem of the dynamics around
the very anharmonic mode associated with torsion around the O—O and S—S
bonds. In Ref. [4] the observation that the torsional dynamics in H,O, is best
described in local orthogonal coordinates was crucial leading to the interpretation
of the OH groups as rigid rotors executing a torsion motion around a (Jacobi) vector
joining their centres of mass. The corresponding dihedral angle is thus the variable,
while the other five degrees of freedom are frozen at the equilibrium configuration.
Formulas relating geometrical and local vector parameters are given in Ref. [4].
In both cases, one has to consider the Hamiltonian describing the torsional mode
as involving three vectors. For the local vector parameterization, in view of their
orthogonality, one has very simple expressions, rigorously eliminating couplings in
the Hamiltonian.

As discussed in Ref. [29], this approach is not easily extendable in general to the
case of substituents. Accordingly, in all cases energy levels were estimated using the
torsional potential profile as a function of the dihedral angle. The cited references
in Ref. [28] and the supporting information of Ref. [29] list calculated data for
these profiles, for a 10° spacing; a finer grid is available on request. The simplified
procedure is adopted in the old literature, namely, an expansion of the torsional
potential as truncated to only four terms according to a recipe given in Ref. [60],
used as input cis and trans barrier heights, and the equilibrium dihedral angle only.
We extended it by a more accurate expansion where moments were obtained by
a Newton—Raphson fitting including at least six terms. Basis sets in terms of sine
and cosine functions were used, giving rise to secular equations, where the matrix
elements are analytical integrals over trigonometric functions. Obtained information
also includes composition of zero-point energies from the two approaches, exhibit-
ing the level of accuracy that can be obtained by truncation to only four terms, when
only equilibrium and cis and frans information are available.

Note that in view of the symmetry of the torsional potential by reflection on
the two (cis and trans) planar configurations, the problem block diagonalizes in
four symmetry classes, denoted by the quantum label t = 1, 2, 3 and 4. Levels
within each symmetry classes are denoted by the quantum number n=0, 1, 2, ....
The energy separation between levels with same n and different t is associated to
tunnelling through cis and frans barriers. Specifically, splitting between 7 = 1 and
2 and between 3 and 4 is for tunnelling through the cis barriers, which practically
degenerates for lower levels.

The trans tunnelling is responsible for the separation between levels with 7 = 1
and 3 or with 2 and 4. In Ref. [29], we showed, for the case of hydrogen peroxide,
a comparison between the obtained levels with both approaches and those observed
experimentally. Wavefunctions were also obtained. Once the energy E, _ of levels
has been obtained, another interesting property of these molecules can be easily
calculated, namely, their relative population (N,;/N) as a function of temperature
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T, using the Boltzmann distribution formula

Nnr _ exp[_Enr/kBT]
N = Y expl—Enc/ksT1’

nt

(D

where kp is Boltzmann’s constant. This interesting piece of information is also
exhibited in our paper [29] for the distributions at room temperature for all systems.
An extensive recent study of a set of approaches to the level distributions, also for
isotopic substitutions in H,O», is to be consulted for the general issue of the sta-
tistical thermodynamics of bond torsional modes [61]. We extended to persulfides,
for that series of molecules, a systematic quantum chemical investigation has been
outlined in the previous section. In these investigations, the emphasis has been on the
characterization of the torsional mode, which is responsible for the stereomutation,
namely the exchange between chiral enantiomers through the trans and cis barriers,
a motivation being the understanding of the possible role of collisional mechanism
for such processes [35, 36]. We also estimated torsional levels and their populations
as a function of temperature.

Interest in the specific features of torsional modes has been renewed recently; see,
for example, Refs. [62—-64] for spectroscopic investigations. The following section
will deal with the calculation of partition functions, of relevance both for statistical
thermodynamics and for reaction kinetic problems, see Refs. [65—70] and references
therein. Partition functions can be computed according to well-established formulas
by explicit use of the calculated torsional levels and also by giving a test for sim-
ple classical and semi-classical approximations. In the calculation of the classical
partition function, we found it important to consider a correction proposed in Refs.
[71, 72], which uses features of the linear approximation of the classical path (LCP)
approach and the quadratic Feynman—Hibbs (QFH) approximation of the Feynman
path integral. Another delicate aspect of the calculation of the classical torsional
partition functions is the dependence of the moment of inertia on the geometri-
cal parameters and on the dihedral angle. For discussions and calculations of the
effective moment of inertia of molecules with internal rotation, see, for example,
Refs. [60] and [73] and references therein. In our work [28], we tested alternative
expressions for the moment of inertia, which can be considered as a constant only
in a first approximation, and also considered a more general approach based on the
kinetic energy operator, which takes into account the dependence from the dihedral
angle, verifying that the explicit introduction of such a dependence from the dihedral
angle improves the classical approximations.

For both the peroxide and persulfide cases, the obtained results allowed us to
characterize the racemization rates, which determine the process of stereomutation
between the two enantiomeric forms connected by torsion around the O—O and
S—S bonds. As we will see below, computed level splittings provide the character-
istic time for quantum mechanical tunnelling, which is the mechanism responsible
for the chirality changing process at low temperature, whereas for high temperature,
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the time of racemization is estimated by transition state theory using the computed
partition functions.

4 Intramolecular and Intermolecular Chirality
Changing Processes

4.1 Intermolecular Rates

As an important application of the results of previous sections, we calculated the
tunnel splittings and racemization times for some of the investigated systems in the
spirit of Quack and co-workers [52]. The tunnelling time is calculated directly from
the level splitting of the symmetries T = 1 and t = 4 using the two-level equation
and the Heisenberg uncertainty principle,

W= g 2)
This can be interpreted as a racemization time at very low temperatures where
only the ground state is populated. In the opposite limit of high temperature, the
racemization time is modelled as occurring by passage over the trans barrier using
transition state theory with no tunnelling correction:

h
T = mQ (T)exp (Etrans/ ksT) 3)

where E;,q,; 1s the trans barrier height (lower than the cis in the cases considered
here, Table 1), kp the Boltzmann’s constant, and Q(T') the partition function for the
torsional mode calculated by any of the methods of previous section.

It can be observed in Table 2 that racemization times, for both low (7y) and high
(7r) temperatures, can be quite high, reaching the order of seconds (or more) for
some molecules containing the S—S bond. This behaviour is related to the height
of the trans barriers, which for the persulfides presented in Table 1 is always of
the same order of magnitude as the cis barriers. The reader will find it interesting
to compare the results in Table 2 for persulfides and those reported in the corre-
sponding peroxides molecules, in which the respective rates were generally much
smaller.

4.2 Intermolecular Interactions to Study Collisional Dynamics

Motivated by the perspective use in collisional dynamics studies, in a series of
papers, we consider atom—molecule interactions related to the systems consid-
ered in the previous sections. To this aim, we calculated atomic and molecular
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Table 2 Tunnelling splittings and racemization times for some peroxides and persulfides. Based
on data and adapted from Refs. [30, 31]

r
System AE(cm™") To(sec) T =200 K T =300 K T =600 K T =2,400 K
HOOH 1x10! 3x10712 1x10712 6x1071 2x10713 1x10713
HSSH 4x107° 5%107° 1x1077 1x107° Ix10~1 3x10°13
HOOF 4x1077 4%107° 4x1073 1x107° 3x10710 6x10713
HSSF - - 5x10? 3x1073 2x1078 2x10712
Cl00Cl1 < 10712 >7 1x107¢ 5%107° 3x10~ 1 8x10~13
CISSCl - - 5%10° 2x10° 7x1077 1x10~1
HOOCN 6x10° 1x10712  8x1071 5%10713 3x10713 1x10713
HOONO 4x1072 6x10710  2x10°"! 4x10~"2 8x 10713 2x10713
FOONO <107 >2 4x10? 6x10~* 1x1078 3x10712
HSSCI - - 1x10~! 1x1073 1x107° 1x10"2
FSSF - - 1x10?! 7x10° 3x1072 1x10710
CISSF - - 8x 102 2x10* 7x107° 3x10~ !
HSSCH; 2x 10710 8x 1072 3x1077 2x107° 2x 1071 4%1071
HSSC,Hs  1x10710 2x1072 1x107° 5%107° 2x 1071 5x10713

polarizabilities for the H,O—Rg, H,S—Rg, hydrogen peroxide-Rg and hydrogen
persulfide-Rg systems in order also to compare with correlation formulas developed
to predict strength and range of the intermolecular interactions [34]. It was seen that
this requires also inclusion of induction effects, for which we will use the calculated
dipole moments (see a previous section). Relevant comparison can be made with
available experimental data (H,O, H,S), while for H,O, and H,S, reference data
come from intermolecular potential energy surfaces based on ab initio calculations
obtained in the previous work [32, 33]. It can be observed that the investigated
atom—-molecule interactions extended previous experimental and theoretical studies
of those of H,O and H,S with rare gases [74, 75].

The extension of phenomenology of atom—atom interaction to molecules, where
additional features emerge in the picture of van der Waals interactions, requires
that account is taken of anisotropy and covalent-type contributions that manifest
at medium and short distances and which are expected to play a role. Systems
under focus here are the gas-phase complexes of molecules H, X, containing an
atom with a high electron affinity (in our case X = O,S), interacting with rare gas
atoms [34]. They exhibit intermediate and short-range contributions that can be
probed by molecular beam experiments and can also be modelled by reliable ab
initio calculations. Total cross sections measured in these experiments at different
collision energies give direct information on the isotropic interaction.

Combining theoretical and experimental data, in a strict interplay between theory
and experiments, the relative importance of the various contributions to the interac-
tion can be evaluated. A paradigmatic example is the water molecule, for which
an integrated experimental and theoretical investigation [74, 76] demonstrated the
incipient hydrogen bond formation for complexes with the heavier rare gas atoms
Ar, Kr and Xe. Previously obtained results from analogous experiments on O,—rare
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gases (prototypical van der Waals interactions [77-79]) suggested that both the
long- and medium-range features can be compared with those of the water systems
in view of the similarity of oxygen and water in terms of molecular polarizability,
which is the basic property for scaling van der Waals forces in the full distance range
[80-82]. For the lighter gases, He and Ne, similar cross sections in collisions with
water or oxygen confirm that a van der Waals interaction is the main component
also in the water case.

Indeed, the involved components (repulsion, dispersion, induction) can be mod-
elled on the basis of the polarizabilities of the partners [80—82]. For the heavier
members of the series, the orientationally averaged components of the water cross
sections still are comparable with those of the oxygen systems and continue to be
in accord with polarizability-based models for van der Waals’ long range attraction
[80, 82]. This has been found not to be the case for the “glory” features [74], which
are very sensitive to the depth and position of the potential wells showing, on going
towards Xe, an increasing binding strength, larger than expected for pure van der
Waals forces.

Phenomenological evaluation [80, 82] using atomic and molecular polarizabili-
ties and the permanent dipole moment of water suggests that under the condition
of the experiment, which involved water at high rotational temperature, the long
range attraction is accounted for more than 90% by dispersion forces, and induction
contributions play a minor role. This indicates that the increase in well depths is
the manifestation of a short-range reinforcing attractive component to the bond. Its
role amplifies as distance decreases (as typical of a covalent or charge-transfer con-
tribution): moving towards Xe along the series of rare gases, ionization potentials
decrease, proton affinities increase and there is circumstantial evidence for sharing
of external electrons between the partners in the complexes.

This is confirmed by quantum calculations [74], which are reliable in this case
to determine the most stable geometries of the complexes, and have shown that as
the atom approaches to the molecule, an alignment along the O—H bond direction
becomes progressively more pronounced for the heavier rare gases. The alignment is
a signature of the hydrogen bond [83], to be contrasted with the sideways approach
predicted on the basis of a pure van der Waals interaction, and shown to contribute
by about 30% for Xe at the distance of the minimum in the well Ry,. Similar
experimental studies have been done for H,S—rare gases [13, 14]. Complementary
quantum calculations [75, 84] have shown that the pathways in different directions
are nearly isoenergetic for the atoms, and there is evidence that even an embryonic
hydrogen bond contribution is negligible. Experimental data [75] have been used to
characterize the relative role of the basic components of the interaction, by compari-
son with the potential parameters predicted accounting for dispersion and induction
terms, with the conclusion that the van der Waals nature is dominant. Again, the
interesting picture emerged from recently measured experimental cross sections for
the H,S—Xe system: comparison with the ones calculated assuming a pure van der
Waals interaction indicates an additional attractive component [84], that although
small, could however be estimated to be of the order of 5-10% at R,,,.
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In order to study H,O,-Rg and H,S,-Rg interactions, the role of theory is
prominent due to the lack of experimental information for such systems [85]. These
molecules play a crucial role not only in atmospheric science, but also in other ample
fields of chemistry, such as combustion and biochemical processes. Again, note that
additional interest is deserved by these systems because they are the simplest exam-
ples of chiral molecules [4]. The theme of the previous section was the internal
torsion mode [4, 30-33], which is a floppy one, so that the cut of the molecular
potential energy surfaces (Figs. 1, 2 and 3) along its direction shows a double well
profile which connects the two possible enantiomers [35, 36].

For atom—molecule systems, well depths are comparable with the typical strength
of the atom—molecule interactions and a realistic representation of the potential sur-
faces (of use also for molecular dynamics simulations) must include the torsional
degree of freedom. As outlined in previous sections, quantum calculations are pos-
sible, for such semi-rigid models, at a quite accurate level and work has been done
for both H,O, and H,S, to determine the potential profile of torsion and torsional
levels and dipole moments [4, 29, 32, 33].

As customary for dimers of diatomic molecules [86-88], the potential energy
surface is represented as a finite sum of spherical harmonics, whose momenta are
radial coefficients accounting for the isotropic part of the interaction potential (elec-
trostatic, dispersion, repulsion due to overlap, induction, spin—spin coupling). The
profile described by these coefficients, as a function of the radial distance, is directly
comparable to experimental data, while the leading spherical zeroth order term
can be correlated with the van der Waals-type interaction. The calculated potential
energy surfaces for the systems Rg—hydrogen peroxide and persulfide [32, 33] have
been obtained keeping fixed bond distances and angles of the molecule. The ab initio
data have been fit as a sum of real hyperspherical harmonics involving explicitly the
internal dihedral angle of the molecule.

Three characteristic molecular configurations, corresponding to cis, equilibrium
and frans geometries, are of particular interest. As the dihedral angle varies, polar-
izabilities and dipole moments [29] for these geometries so do, so that the total
atom-molecule interaction energy can be partitioned as a sum of three terms each for
one of the geometries. The expansion basis functions were built up from symmetry
considerations, and the zeroth order term of the expansion obtained as a spheri-
cal average represents the isotropic part of the interaction. When we specify the
torsional angle dependence, we can discuss the interactions for various molecular
geometries, in particular for the cis, equilibrium and frans cases.

5 Remarks and Conclusion

The developments described in the previous section emphasizes the interplay with
experiments and in general the relevance of the results with reference to intra- and
intermolecular dynamics. The reader will find more information on how they can be
inserted in a proper context by reference to accounts and reviews we have presented
elsewhere.
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Specifically, Refs. [35] and [36] deal with the relevance for chirality change
processes, [85] with the interest for the chemistry of the atmosphere, while [77]
provides the background for the characterization of interatomic interaction.

On this last aspect, we have made references in the preceding section in particu-
lar to correlation formulas which have been tested with respect to their capabilities
to estimate the potential parameters for the intermolecular interactions of various
molecule-Rg systems. For H,S—Rg, H,O—He and H,O—Ne systems, as well
as for H,S,—Rg and H,0,—He and Ne [83] systems, the predicted well depths
and well positions reproduce the available experimental and theoretical data. The
intermolecular interaction of heavier gas atoms (Ar, Kr and Xe) with water and
hydrogen peroxide appears to involve additional significant contributions of possi-
ble “chemical” nature, such as charge transfer [89] or embryonic hydrogen bond
[74]. For these systems the isotropic contribution is only a part of the interaction
and the use of the correlation formulas leads to consistently underestimated results
for the interaction strength. A full interpretation of this behaviour will have to be
obtained by improving the ab initio potential energy surfaces beyond the semi-
rigid model, especially for H,O,. The inclusion of the internal torsional angle has
to be considered as a starting point in order to account for the effects that even
small changes in geometry can induce at the level of local short-range contribu-
tions to the atom—molecule interaction. These effects, as yet quantified only for
water, are expected to involve specifically the stretching of OH and SH bonds of the
molecules.
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Theoretical Spectroscopy of Inner-Shell
Electronic Processes and Photochemistry
of Fluorescent Molecules

Masahiro Ehara and Hiroshi Nakatsuji

Abstract The SAC-CI method has been applied to the theoretical spectroscopy of
the inner-shell electronic processes and the photochemistry of the organic light-
emitting diodes (OLED) and biological chemosensors. Wide varieties of the core-
electronic processes such as core-electron ionizations, shake-up satellites,
vibrational excitations, valence—Rydberg coupling, and its thermal effect have been
investigated by the SAC-CI calculations. The method has also been applied to
the electronic spectra and the excited-state dynamics of the polymer materials of
OLED such as poly para-phenylene vinylene and fluorene-thiophene. The photo-
chemistry of the biological chemosensor has been elucidated in particular for the
photo-induced electron transfer mechanism of the acridine-type fluorescent probe.

Keywords: SAC-IC - Theoretical spectroscopy - Inner-cell electronic processes -
Organic-light emitting diodes - Priological chemosensors

1 Introduction

Recently, investigations of the core-electronic processes invoked renewal of inter-
est, because significant developments in both high-resolution soft X-ray spec-
troscopy and accurate state-of-the-art theoretical methods have made us possible
to obtain precise knowledge of the core-electronic processes. One can observe
vibrational structures in the core-level photoelectron spectrum and thereby dis-
cuss the excited-state dynamics. This situation has motivated intensive cooperative
researches on the core-electron processes from the experimental and theoretical
sides.
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The photochemistry of fluorescent molecules like organic light-emitting diodes
(OLED) and biological chemosensors is an attractive and important subject. The
OLED is recognized as one of the promising candidates for the next genera-
tion electro-optical devices. Theoretical interpretation and prediction of the photo-
physical properties of the OLED molecules are relevant for developing the new
materials. The fluorescent probe which works as biological chemosensor has also
been focused and extensively investigated, since it enables the direct and real-time
measurements of the enzyme activities. The fluorescence change by the interaction
with the enzyme is essential and the elucidation of the electronic mechanism of
the fluorescence and the color-tuning are important for developing new fluorescent
probes.

In the series of our recent works, we have investigated the theoretical spec-
troscopy of the inner-shell electronic processes and the photochemistry of organic
light-emitting diodes and biological chemosensors with the SAC-CI method. The
SAC-CI method [1-3] has been successfully applied to the wide varieties of chem-
istry in particular for the molecular excited states. The method has been established
as an accurate molecular excited-state theory applicable to the various kinds of
electronic processes in the wide energy region [3-5]. In this chapter, we review
our recent SAC-CI studies on the inner-shell electronic processes [6—18] and the
organic light-emitting diodes [19, 20] and biological chemosensors.

2 Theoretical Spectroscopy of Inner-Shell Electronic Processes

Core-electron ionization spectra contain the information not only about inner-core
electrons but also valence electrons and chemical bonds. Extensive experimental
studies have measured the core-electron binding energies of numerous molecules
[21, 22] and the recent development of X-ray photoelectron spectroscopy (XPS)
has enabled the detailed analysis of the satellites accompanied by the inner-shell
ionization [8, 11-13]. The high-resolution XPS has also been applied to observe
the vibrational structure to investigate the geometry change and the dynamics in the
inner-shell electronic processes [6, 9—17].

The SAC-CI method is useful to study both the main and satellite peaks in the
core-electronic spectra as well as valence spectra. In the series of studies [6—18], the
SAC-CI method have been successfully applied to the various kinds of core-electron
processes; the core-electron binding energies [7]; the inner-shell ionization satellite
spectra of CHy, NHj3 [7], H,O [11], formaldehyde [8]; and the vibrational spectra
of the core-hole state of H,O [6], CO [10], N; [12], CO, [14], and N,O [16]. The
g—u splitting of homonucleus molecules like N, C;H,, C;Hy, and C,Hg has been
well predicted [7, 12]. The overlapping vibrational spectra of the low-lying shake-
up satellite states of CO [9, 13] and N, [12] were also successfully interpreted by
the present method; the potential energy curves of the inner-shell shake-up states
were accurately calculated. The method has also been applied to the core-electronic
excited states [15, 17, 18]. The irregular Rydberg behavior observed for the Ols
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excited states of N,O [15] and its drastic change due to the ground-state vibrational
excitations were clarified [17].

In this section, we briefly review the SAC-CI methodologies for the inner-
shell electronic processes and the recent applications to the core-electronic pro-
cesses like core-electron binding energy, inner-shell shake-up satellite spectrum,
vibrational spectrum of main line and satellites, and core-electronic excitation
spectrum.

2.1 SAC-CI Methodologies for Inner-Shell Electronic Processes

The SAC-CI method can be applied to the electronic processes in a wide energy
region. There are two approaches in SAC-CI for studying the inner-shell electronic
processes. One is based on the general-R method [23-25] in which the neutral
ground-state Hartree—Fock is adopted for the reference function. The wave function
for core ionization, for example, is given by

LTS DOLES DR D of e I ) o) EY8

ija ijkab igklabe 1
(1)

where R and S represent the operators in the SAC-CI expansion and @y is the
closed-shell ground-state Hartree—Fock. In this method, the higher-order R-operators
such as triples and quadruples are necessary for describing both orbital relax-
ation and electron correlations of the core-electronic processes. Although the SD-R
method is accurate for the one-electron processes of the valence excitations and
ionizations, higher-order operators are indispensable for the core-electronic pro-
cesses. For example, for calculating the core-electron binding energy, R-operators
up to triples are necessary and for the shake-up satellite states, the SDTQ- R calcula-
tions are required. One-rank higher operator is necessary for describing large orbital
relaxation in the calculation of the core-electronic processes. Thus, this method is
simple and accurate, but, its computational cost is relatively high since it usually
includes higher operators for the accurate calculations. Nonetheless, this method is
useful since it can be applied to the general core-electronic processes like the g—u
splitting in the molecules with equivalent atoms.

The other approach is the open-shell reference (OR) SAC-CI method [26], in
which the core-ionized ROHF is used for the reference:
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where Og @ g represents the core-hole ROHFE. The S and S’ operators are the exci-
tation and de-excitation operators, respectively. Since the OR-SAC-CI method starts
from the core-hole state, the method is efficient and accurate; the SD-R method is
sufficient for describing the core-hole state. However, it introduces the complex
expansion of the wave function due to the de-excitation operators. For applying
the g—u splitting of the molecules with equivalent atoms, the accurate calculations
including higher-order product terms are necessary since it starts from the different
reference functions for g and u states.

In the present applications, the former type of the method, the SAC-CI general-R
method, has been adopted and applied to the various kinds of the core-electronic
processes.

2.2 Core-Electron Binding Energies

For the theoretical study on the core-electron binding energy, the pioneering works
have been performed by the ASCF and DFT methods [27-29], however, the accurate
prediction is still difficult. The SAC-CI method has been systematically applied to
the core-electron binding energies of the C, N, O, and F ionizations of 22 molecules
[7]. For calculating the core-electron binding energy based on the method start-
ing from the neutral ground-state reference function, the R-operators up to triples
are necessary for describing orbital relaxations as well as electron correlations. In
Fig. 1, we show a comparison between the theoretical and experimental values for

298 _
co,
co
296 - -
CH,F,
> CH,CI,
2 CH,F H,CO
Q 294 -
S HCN HCONH,
@ CH,CI
292 - i
CH,
®CH,
290 k'
T T T T T T T
290 292 294 296 298
Exptl. (eV)

Fig. 1 Cls core-electron binding energy [7]
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the Cls ionizations of 12 molecules. The SAC-CI SDT-R method calculated the
core-electron binding energies of these molecules quite accurately. In general, the
core-electron binding energy shifts into higher energy, when the adjacent atom is
electron withdrawing. The SAC-CI method reproduced this chemical shift accu-
rately and the averaged absolute deviation from the experimental values was 0.13 eV
for these molecules.

2.3 Vibrational Spectra of Core-Hole States

In the core-electron processes, the reorganization of the electron distribution affects
the valence electrons and the characteristic geometry change usually occurs. This
geometry change can be observed in the vibrational spectrum. Vibrationally resolved
Cls and Ols photoelectron spectra of carbon monoxide have been measured by the
high-resolution X-ray photoelectron spectroscopy. To understand the physics in the
vibrational spectra, the potential energy curves of the ground and Cls and Ols
core-ionized states were calculated and the vibrational analysis was performed with
the grid method [10]. These vibrational spectra were also studied by the Green’s
function method [30]. The experimental and theoretical vibrational spectra for the
Cls and Ols ionizations are compared in Fig. 2. The geometry changes and the
Franck Condon factors (FCF) are summarized in Tables 1 and 2, respectively. In
the Cls ionized state, the CO bond shrinks by AR = —0.051 A, while the CO bond

length in the Ols ionized state was predicted to become longer by AR = +0.028 A.
The bond shrink in the Cls ionization can be explained by the enhancement of
the charge distribution C¥—0%. On the other hand, the Ols ionization causes the
Coulomb repulsion described by C**—O%" and results in the CO bond elongation.
Although the FCF is the sensitive quantity, the calculated FCF satisfactorily agrees
with those extracted from the experimental spectra in the sudden limit as shown in
Table 2.

2.4 Inner-Shell Shake-Up Satellite Spectra

Shake-up satellites that appear in the photoelectron spectra are challenging spectro-
scopic subject from both theoretical and experimental viewpoints. Theoretically,
a precise description of the satellite states is possible only with advanced theo-
retical methods because the spectra reflect very complex electron-correlation and
orbital-reorganization effects. Experimentally, the weak intensities of photoelectron
satellites make high-resolution photoelectron spectroscopy difficult. In this section,
we show the cooperative study by the SAC-CI and XPS on the inner-shell satellite
spectra of CO [13]. In these spectra, the valence and Rydberg excitations accompa-
nying the inner-shell ionizations make the satellite spectra complex. Therefore, the
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Fig. 2 Vibrational spectra of Cls and Ols ionizations of CO. The SAC-CI spectra are shown with

the vertical lines [10]

Table 1 Geometry and harmonic frequency of the Cls and Ols ionized states of CO [10]

Cls Ols

Exptl. SAC-CI Exptl. SAC-CI
R. (A) 1.077 1.075 1.165 1.156
AR, (A) —0.051 —0.051 +0.037 +0.028
w, (cm™1) 2479 2444 1864 1928

Table 2 Franck—Condon factors of the Cls ionizations of CO [10]

Transition Exptl. SAC-CI
0-0 1.000 1.000
0-1 0.637 0.628
0-2 0.154 0.134
0-3 0.019 0.012

accurate theoretical study of these spectra in a wide energy region is challenging

[31, 32].

Figure 3 shows the observed XPS and the SAC-CI general-R spectra of the Cls
satellites of CO. The SAC-CI method satisfactorily reproduces the shape of the
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Fig. 3 Cls shake-up satellite spectrum of CO [13]

experimental satellite spectrum, although the intensity of the XPS does not nec-
essarily agree with the theoretical monopole intensity. For reproducing the inner-
shell satellite spectrum, it is necessary to include R-operators up to quadruples, that
is the SDTQ-R calculations: the conventional SAC-CI SD-R method gives errors
beyond 10eV for these satellites and even qualitative assignment is impossible.
The SAC-CI SDTQ-R spectrum enabled the reliable assignments for the 16 satel-
lite bands. The satellite band 1 was assigned to the w7* shake-up state, while the
strongest band 2 was the 7™ shake-up state strongly interacting with the three-
electron processes like Cls~'727*". Weak satellite peak 3 is also assigned to
the double excitation, n~27* transition. The continuous sharp peaks above peak
4 in the higher energy region are dominantly assigned to the numerous Rydberg
transitions.

In contrast to the Cls satellite spectrum, theoretical analysis of the Ols satel-
lite spectrum has been very limited. Like formaldehyde, the Ols satellite spectrum
has different characteristics from the Cls spectrum. The different features of these
spectra can be interpreted in terms of charge reorganization. The comparison with
the experimental and theoretical spectra was made in Fig. 4. The accurate theoret-
ical prediction of the Ols satellite spectrum is difficult since most of the satellite
states are contributed by the three-electron processes. Peaks 1 and 2 are assigned
to the mr™ state and have the significant contribution of three-electron process
2 compared to the Cls ionization. Peaks 3—9 are characterized as Soo* or
Sono transitions interacting with the three-electron process of n27* and 727"
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Fig. 4 Ols shake-up satellite spectrum of CO [13]

configurations. The broad continuous bands in the higher energy region are domi-
nantly assigned to the transitions to the Rydberg orbitals.

2.5 Geometry Changes and Vibrational Spectra of Inner-Shell
Shake-Up Satellites

For the Cls shake-up satellite peak at 8—9eV above the mainline of CO, the
angle-resolved ion-yield (ARIY) spectroscopy was applied to observe the vibra-
tional structure. By measuring at the two different angles 0° and 90° relative to
the polarization vector, space symmetry of the electronic states can be resolved;
the measurement at 0° mainly observes the direct shake-up in ¥ symmetry, while
the measurement at 90° observes the conjugate shake-up in I'T symmetry. However,
since the ¥ and IT states interfere with each other at the polarization angle of 0°,
the separation of the symmetry is not complete in the spectrum at the measurement
of 0°. Therefore, we decomposed the overlapping spectra using the SAC-CI calcu-
lations [9, 13].

We calculated the potential energy curves of the shake-up satellites in this energy
region. Figure 5 shows the SAC-CI SDTQ-R potential energy curves of these satel-
lites. One 7 state and two IT states were found to exist in this energy region and
the A and X~ states were also located in the higher region. The geometry change in
the X7 state is large since this state is characterized as the w—m* excitation accom-
panied by the Cls ionization. On the other hand, two IT states are n—x* transition
and therefore, the structure relaxation of these two states is small. The A and X~
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states have the same character as the £ state and the potential curves of these states
are very similar to that of the XV state.

Vibrational analysis was performed with the potential energy curves in Fig. 5.
Figure 6 shows the theoretically decomposed vibrational spectra; the experimental
spectra were successfully decomposed into one X7 state and two IT states. Cal-
culating the accurate vibrational spectra of the X and IT states theoretically, the
experimental X spectrum was obtained as 1(0)—c x 1(90), where 1(0) and 7(90) are
the spectral distributions of the 0° and 90° measurement, respectively, and ¢=0.4
was selected with the help of the SAC-CI calculations. The satellite =% state shows
the excitation to the high vibrational levels reflecting the large geometry change,
while the vibrational excitations are not prominent in the two IT states. The vibronic
coupling is sometimes relevant for the core-ionized states. In the present case, two
IT states are relatively separated in the FC region and the independent vibrational
analysis for each state is reasonable. The A and X~ states may contribute to the
higher energy region of the band, but they are not prominent.

2.6 Strong Valence-Rydberg Coupling in Inner-Shell
Excited States

ARIY spectra were also measured in the O K edge of N,O [15]. The first ARIY
spectra of N,O were investigated in 1995 with the help of ab initio calculations [33].
Figure 7 shows the ARIY spectra measured at the angles of 0° and 90° compared



112

Fig. 6 Vibrational spectra of
the Cls shake-up satellite
states of CO decomposed by
the SAC-CI method [9]. The
SAC-CI spectrum was shown
with the vertical lines
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with the total ion-yield measurement. The measurement at 0° mainly observes the
¥ states, while the measurement at 90° observes IT states. As shown in Fig. 7, in the
Rydberg 450 state, irregular excitation to the higher vibrational levels was observed

[15].
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For clarifying this irregular vibrational progression, the potential energy surfaces
of the Ols core-excited states were examined [15]. In the SAC-CI calculations,
the equivalent-core approximation was adopted and the direct SAC-CI algorithm
[34] was used. Figures 8 and 9 show the potential energy curves and the electronic
part of the second moments <r?>, respectively, for the Ols excited states in X
and A symmetry along the Ryo distance. The second moment <r?> of the 4so
state drastically decreases in the large Rno distance and this shows that the strong
valence—Rydberg coupling occurs in the 4so state having o* component. Due to this
strong valence—Rydberg coupling, the 4so state has the potential minimum at large
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Fig. 10 Vibrational spectra of (a) Ols—4so and (b) Ols-3 pr excited states of N,O. The SAC-CI
spectra are shown by the vertical solid lines [15]

Rno distance. Thus, we conclude that the irregular Rydberg behavior in the 4so
state is caused by the strong valence—Rydberg coupling.

Based on the SAC-CI two-dimensional potential energy surfaces, Franck—Condon
analysis was performed for the 4so and 3 prr states. Theory reproduced the observed
vibrational excitations satisfactorily as shown in Fig. 10. The higher vibrational lev-
els are excited in the 4so state, while the vibrational spectrum of the 3pm state
shows the standard Rydberg-type vibrational progression. For the deviation of the
4so state, the 3po state may contribute to the higher energy region and the vibronic
coupling among these states is important.

2.7 Thermal Effect in Inner-Shell Excitation Spectra

Absorption spectra of the vibrationally excited “hot” molecules were observed for
the Ols excitations of N, O. The absorption spectra were measured at 300/700 K and
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the vibrationally excited absorption spectrum was extracted assuming the Boltz-
mann distribution (Fig. 11) [17]. Comparing the spectra of (0,0,0) and (0,v,,0),
the intensity of the nso Rydberg series is significantly suppressed, while that of
the A’(r) state is enhanced in the excitation from the vibrationally excited states
(0,v2,0). These observations suggest that the decrease in the bond angle causes a
decrease in the mixing of the valence character that enhances the transition proba-
bility to the Rydberg states. Energy shift was also observed in the spectra from the
vibrationally excited states.
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In order to understand these phenomena, we executed the SAC-CI calculations
of the energies and the second moment <r2> of the Ols excited states varying the
bond angle [17]. Figure 12 shows the cuts of the calculated potential energy surfaces
of the Ols excited states of A" symmetry. The 1A’ state correlates with the 7* state
and stabilizes along the bending coordinate. All other states are stable in the linear
structure. A characteristic curve crossing occurs between the o and & Rydberg states
along the bending coordinate. These potential curves explain the red shift of the
m* state and the blue shift of 3so and 4so states. In order to analyze the mixing
of the valence character in the Rydberg states, we examined the second moment
<r?>, which is anticorrelated with the amount of valence character (Fig. 13). The
second moments of the 3so, 4s0, and Sso states become large as the molecule
becomes bent. This indicates that the mixing of the valence character in these states
becomes less as the bond angle decreases. Consequently, the absorption oscillator
strength to the nso Rydberg states becomes small. These results confirm the inter-
pretation of the intensity changes observed for excitation from vibrationally excited
molecules.

As seen in Fig. 12, the A'(7*) state stabilizes along the bending coordinate,
whereas the 35 A’ state destabilizes more than the A”(7*) state. This anticorrelation
indicates that the A’(7*) and 3s A’ states are strongly coupled. This coupling opens
a flow of the valence character from the 3sA’, 4sA’, and 55 A’ Rydberg states to
the A’(7r*) state. Analyzing the MOs which contribute to the excitations, we con-
cluded that the counterpart of the decrease in the mixing of the valence character
in the 3s, 4s, and 5s states is an increase in the so-type character of the a’(*)
orbital.

Based on the SAC-CI calculations of the electronic part of the second moment
<r?>, the suppression is interpreted as being due to a decrease in the mixing of the
valence character in the nso Rydberg states with decreasing bond angle.



Theoretical Spectroscopy of Inner-Shell Electronic Processes 117

3 Photochemistry of Organic Light-Emitting Diodes
and Biological Chemosensor

Organic light-emitting diodes are one of the promising candidates for the next gen-
eration electro-optical devices such as panel display. Theoretical prediction of the
photo-physical properties of the OLED is relevant for the molecular design. The
excited-state chemistry of the OLED contains the interesting issue like localiza-
tion/delocalization of the excitation and the effect of the flexible conformation. We
have studied the absorption and emission spectra and the excited-state dynamics
of some OLED molecules like poly para-phenylene vinylene [19] and fluorene-
thiophene [20].

The biological chemosensor has also been focused and extensively investigated
since they enable the direct detection of the physiologically active substances in cell
and real-time monitoring of enzyme activities without influencing the proteins so
much. The photochemistry of some fluorescent probes is interesting since they are
controlled by the photo-induced electron transfer. We have investigated the photo-
chemistry of the biological chemosensor which probes the anion species.

3.1 Electronic Spectra and Excited-State Geometries of Poly
Para-Phenylene Vinylene

The optical properties of poly para-phenylene vinylene (PPV) that is well known
as an efficient light emitter have been extensively investigated [35-40], however,
the accurate theoretical prediction of the transition energies is still challenging. The
electronic spectra and excited-state geometries of the PPV oligomer (Fig. 14) were
investigated by the SAC-CI SD-R method. The calculated absorption and emission
energies of the lowest singlet excited state of PPVn (n=1-4) are compared with
the experimental values [36] and other theoretical values [37, 38] in Fig. 15. The
SAC-CI method predicted the experimental values in high accuracy; the mean devi-
ations are 0.09 eV for absorption and 0.03 eV for emission. The method reproduced
the chain length dependence of the excitation energy better than the TDDFT/B3LYP
calculations. The conventional TDDFT should be carefully used for the transition
energies of the molecules with long 7-conjugated chains.

M

nn=1-4
Poly-para-phenylene vinylene (PPVn)

Fig. 14 Molecular structure of PPVn oligomer
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Fig. 15 Excitation (leff) and emission (right) energies of the S; state of PPVn (n=1-4) plotted to
the repeat unit n [19]

The ground-state and lowest singlet (S;) and triplet (T;) excited-state struc-
tures of PPVn were calculated to be planar by the SAC-CI method. The calculated
ground-state geometry agrees very well with the experimental values; the deviations
are within 0.005 A and 0.07° for the bond length and bond angle, respectively, for
PPV1. The changes in bond length (Ar) along the CC conjugation due to singlet
and triplet excitations of PPV1 are shown in Fig. 16. In the S; and T; states, the
central vinylene C=C bond length increases, whereas the vinylene C—C bond length
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Fig. 16 CC bond length changes in the S; and T, states of PPV1 [19]
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S1-So Force acting on C

Blue: decrement Red: increment (interval =0.003)

Fig. 17 Electron density difference between the Sy and S; states calculated by the SAC/SAC-CI
method [19]

decreases. These changes are localized in the central part of the PPVn oligomers.
The bond length alternation changes significantly in the excited states from that of
the ground state. Larger bond length changes were obtained for the T, state than for
the S; state.

These changes in the geometry due to excitation can be explained using the elec-
trostatic force (ESF) theory [41, 42]. In ESF theory, the geometric relaxation in the
excited state can be explained by the force acting on nuclei caused by changes in the
electron distribution. Molecular shape in the ground and excited states is determined
by the balance of the atomic dipole (AD), exchange (EC), and gross charge (GC)
forces. The SAC/SAC-CI electron density difference between the ground and S
states due to excitation of PPV1 is shown in Fig. 17. The electron density in the
central vinylene C=C bond region decreases and that in the vinylene C—C bond
region increases. More precisely, the electron density in the o -bond region increases
and that in the w-bond region decreases; this is a general trend in these PPVn
molecules. The EC force along the central vinylene C=C bond decreases because
of the decrement of electron density in the C=C bond region, whereas the EC force
is enhanced along the vinylene C—C bond. Consequently, the central vinylene C=C
bond length increases and the vinylene C—C bond length decreases. The accumu-
lations (depletions) of electron density in the vicinity of C nuclei also explain the
bond angle change in the excited states. For example, in PPV1, angle A3 (Fig. 17) is
enlarged in the singlet excited state (119.4°) from that in the ground state (118.3°)
as a result of an accumulation of electron density in the region of the associated C
nucleus.

3.2 Conformational Effect of Fluorene-Thiophene
and Its Derivative on Electronic Spectra

The fluorene co-polymers constitute rigorous candidates for the flexible and tunable
light-emitting diodes [43-45]. By introducing the suitable substituents, the optical
properties can be controlled because of its flexible structure. In particular, fluorene-
thiophene co-polymers have been focused since they are the candidates for the
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FT FMT

Fig. 18 Molecular structures of the FT and FMT oligomers

blue-light emitter. The unit of these co-polymers, fluorene-thiophene (FT), and
fluorene-methyl-thiophene (FMT) (Fig. 18) show the characteristic electronic spec-
tra [43]. The energy region of the absorption spectrum is almost the same; how-
ever, the shape of the electronic spectra of these molecules is different. To inter-
pret the difference of the spectra, the ground and excited states of these molecules
and the conformational effect on the electronic spectra were investigated by the
SAC-CI method [20]. The FT and FMT monomers were examined for elucidating
the essence of the spectrum shape, and the electronic spectra up to trimers were
calculated.

The ground-state potential energy curves of the FT and FMT monomers along
the torsion angle are shown in Fig. 19. The dihedral angles of the most stable con-
formation of FT and FMT are 6 = 27° and 43°, respectively. These molecules have
very flexible structure with regard to the torsion. The potential energy curves are
very flat for the torsion; the relative energy of the conformers for 6 = 0°-60° is
within about 1.0 kcal/mol. This low rotational energy barrier indicates that it allows
a wide range of nonplanar conformation of these molecules at room temperature.

The optical properties of the low-lying excited states of these molecules are
dependent on the torsion angle. The excitation energy and oscillator strength as the
function of the torsion angle are displayed in Fig. 20. The first to third excited states
interact with each other along the torsion. The avoided crossing occurs between the
first and third excited states in the region of 6 = 30-60°; this interaction is clearly
seen in the oscillator strength.
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Fig. 19 The ground-state 001 ‘ ‘ \ T \ ]
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Since the ground-state potential energy surfaces are flat for the torsion and the
excitation spectra are dependent on this coordinate, thermal average of the con-
formers should be considered in order to simulate the absorption spectra. The sim-
ulated absorption spectra of FT and FMT, in which thermal distribution at 298 K
is taken into account, are compared with the experimental spectra in Fig. 21. The
simulated spectra with thermal average showed excellent agreement with the exper-
imental spectra. For FT, the contribution of the conformer whose torsion angle is
up to & = ~ 30° is dominant and the asymmetric spectrum is obtained. In the
case of FMT, the strong shoulder was measured in the higher energy side of the
peak. This shoulder is attributed to the second excited state of the conformer of
6=30-45°.

The SAC-CI calculations show that the thermal average of the conformers is
important to interpret the electronic spectra of the fluorene-thiophene co-polymer.

3.3 Photochemistry of Biological Chemosensor

The fluorescent artificial chemosensor has been focused since they can directly
detect the physiological active substances in cell and enables real-time monitor-
ing of enzyme activities. In this field, probes of anions are the most relevant and
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Fig. 21 Experimental and SAC-CI absorption spectra of FT and FMT [20]

difficult issue. Recently, novel molecular fluorescent probes which can selectively
recognize the phosphodiesters have been developed [46, 47]. One of these flu-
orescent probes, acridine-based probe, shows drastic fluorescence change in the
presence of Zn>* ion. The photochemistry of this acridine-based fluorescent probe
has been investigated by the SAC-CI method, in particular for the electronic mech-
anism of the photo-induced electron transfer and the origin of the energy shift in
the fluorescence. First, the stable structures of the mono-nuclear and bi-nuclear
Zn(II) complexes were determined with the density functional theory. The fivefold
structure was most stable for the mono-nuclear complex and threefold+threefold
structure was stable for the bi-nuclear complex. The fluorescence of this probe
molecule is controlled by the photo-induced electron transfer. For the photo-induced
electron transfer, relative energy of the charge transfer state and 7 * excited state
is very important. The solvation effect and the geometry relaxation were found to
be relevant for these states. These two factors control the photo-induced electron
transfer of this fluorescent probe. Characteristic energy shift of the fluorescence
was found to be determined by the location of the Zn(II) ion in the fluorescent
acridine unit.

4 Summary

The SAC-CI method has been applied to the theoretical spectroscopy of the inner-
shell electronic processes and the photochemistry of the organic light-emitting
diodes and biological chemosensor.
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Various kinds of the core-electronic processes such as core-electron ioniza-
tions, shake-up satellites, vibrational excitations, and valence—Rydberg coupling
have been investigated by the SAC-CI general-R method. The general-R method
calculated the core-electron binding energies and the shake-up satellite spectra very
accurately. The method also predicted the geometry changes of the core-hole states
and the shake-up satellites and reproduced the vibrational spectra of these states.
The irregular vibrational progressions observed in the Ols—4so excited state of N,O
and the thermal effect of the O1ls absorption spectra were elucidated in terms of the
valence—Rydberg coupling.

The SAC-CI method has also predicted the absorption and emission spectra of
the organic light-emitting diodes in high accuracy. The geometry changes in the
excited states of PPV were interpreted with the ESF theory. For FT and FMT,
the thermal average was shown to be important to simulate the electronic spec-
tra. The method clarified the electronic mechanism of the photo-induced electron
transfer of the acridine-type fluorescent probe. The solvation effect and geometry
relaxation in the charge transfer state and the 7™ excited state were found to be
essential.
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Electron-B-Nuclear Spectroscopy of Atoms
and Molecules and Chemical Bond Effect
on the f-Decay Parameters

Alexander V. Glushkov, Olga Yu. Khetselius, and Ludmila Lovett

Abstract We discuss the cooperative electron B-nuclear processes in atoms and
molecules, including the excitation, ionization, electronic rearrangement, induced
by the nuclear reactions and PB-decay. The relativistic many-body perturbation
theory (PT) with the optimized Dirac—Kohn—-Sham (DKS) zeroth approximation
is used to calculate the B-decay parameters for a number of allowed (superal-
lowed) transitions (**P-*3S, 24! Pu—2*! Am, etc.) and study a chemical bond effect on
B-decay parameters. A few factors are taken into account: changing the integration
limits in the Fermi function integral, energy corrections for different chemical sub-
stances and the possibility of the bound p-decay or other decay channels. We stud-
ied the electronic rearrangement induced by nuclear transmutation in the -decay
gHe4 — (gLi;r)* +e~ +7e. The half-life period T, for B-decay of tritium atom (ion)
has been estimated while taking into account the bound B-decay channel and some
other accompanying effects. The estimated values of 77, for the tritium B-decay
and free triton decay are (77,2), = 12.26 years (correction due to the electron-
atomic effects (ATy,2/T1/2)a = 0.82%) for the tritium atom and (77,,);, = 12.36
years for the triton decay. These data are in physically reasonable agreement with
experimental data. We first present the value 7j/, in a case of the B-decay in the
halogen-containing molecular tritium (*HCI): (T1/2)m=12.28 years (®HCI) and the
correction due to the chemical bond effect is (AT7}/2),,=0.024 (i.e. 0.20%).
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1 Introduction

Methods for influencing the radioactive decay rate have been sought from the first
year of formation of nuclear physics. -decay strengths influence nuclear transmu-
tations, the pathways of stellar nucleosynthesis in stars and the resulting abundance
of atomic nuclei. Nuclear transmutation (i.e. change in the nuclear charge) induced
by nuclear reactions of radioactivity is often accompanied by a redistribution of the
electrons around the final transmuted nucleus. Electrons originally in the ground
state of the target atom (molecule) can be excited either in the bound spectrum
or to the continuum of energy. Calculations of the population distribution of the
atomic states of the daughter atom require a complete description of both the bound
spectrum and the continuum of energy. Calculation of the f-decay parameters while
taking into account the cooperative electronic processes (an interaction between beta
particle, generated by an atomic nucleus, and the electron shells, which surround a
beta active nucleus in the atomic or molecular system) and the chemical environ-
ment contribution is now of a great theoretical and experimental interest (see, for
details, Refs. [1-148]). Discrepancies in the experimental data for parameters of the
B-decay in the heavy radioactive nuclei can be partly explained by contributions of
the cooperative electron-nuclear processes and chemical bond effect. Naturally, the
problem of detecting a neutrino mass is of a great importance. The possible source of
the corresponding data about it is the p-decay spectrum shape. As it is well known,
neutrinos were postulated by Pauli (1930) to properly explain the p-decay of the
free neutron n — p + e~ + V, without violating energy-momentum conservation.
In recent years new experimental feasibilities have allowed for improvements in
the measurement of the B-decay parameters resulting in a more accurate definition
of the neutrino mass [1-16]. These data are especially important for standardiza-
tion of the p-decay parameters for a whole number of the heavy radioactive nuclei
[1-16, 24, 29-31]. It is interesting to note that discrepancies in data on the half-
life period for >*!'Pu are not explained hitherto, though quite a reasonable comment
is connected with taking into account the bound B-decay channel, etc. (see Refs.
[3-13, 15, 31, 41]). The population distribution of the atomic states of the daugh-
ter atom requires a complete and correct description of the cooperative electron-
nuclear processes and chemical environment effect on the pB-decay parameters
[1-19, 24, 29-31]. One has to consider the following effects: (i) Changing the
electron wave functions because of the changing atomic electric field; changing the
valence shell occupation numbers in different chemical substances. (ii) The integra-
tion limits (calculating the Fermi integral function) are also changed in a case of
the different chemical substances; as a rule, B-particle and neutrino take away the
difference between the initial and transmuted final nuclei, provided by the nuclear
and electronic rearrangement. One must also mention the additional channel, when
B-electron occupies a free state in the bound atomic spectrum. Approaches imple-
mented up to now can be characterized as force ones using, first of all, the change in
energy balance of radioactive decay: creation of isomeric states, variation of energy
of the chemical bond in molecules with radioactive atoms and p-decay to bound
states in the ionized atoms [1-37, 29-31, 42-76].
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The last channel was discovered for the first time in experiments on the
synchrotron and SIS/ESR (GSI, Germany), when the bound B-decay '®*Dy%+—
163H0%+was studied by using the technology of the highly or fully ionized atomic
beams (multicharged ions) [5, 6, 42]. In fact, the B-transition Dy®**— Ho%* was
observed, which is accompanied by a capture of the p-particle on the K and L
shell levels in the bound spectrum of the daughter atom. In fact, the complete ion-
ization of 'Dy in the storage ring of a heavy ion accelerator makes its B-decay
to the K-shell of '®*Ho possible, with a half-life of 47 days, while in the neutral
atom this decay is energetically forbidden [6]. The similar effect was obtained for
187Re [7]. The authors of Ref. [7] observed the bound-state B-decay of fully ionized
187Re nuclei circulating in a storage ring. Let us remember also that such an effect
may be responsible for creation of elements in the space and astrophysical plasma
(see details in Refs. [10-16, 124, 143, 144]). The authors of Ref. [8] reported the
first measurement of a ratio Ag,/Ag. of bound-state (1) and continuum-state (Ag.)
B-decay rates for the case of bare 2’TI3!* ions. These ions were produced at the
GSI fragment separator FRS by projectile fragmentation of a 2°Pb beam. In Ref.
[4] the half-lives of isomeric states of fully ionized '*Tb, Dy and ">'Er were
measured. These nuclides were produced via fragmentation of about 900 MeV /u
209Bi projectiles, separated in flight with the fragment separator (FRS) and stored
in the cooler ring (ESR). The authors of Ref. [4] observed for the first time dras-
tic increases of the half-lives of bare isomers by factors of up to 30 compared to
their neutral counterparts. This phenomenon is due to the exclusion of the strong
internal conversion and electron-capture channels in the radioactive decay of these
bare nuclei. The authors of Ref. [7] reported on the study of the dominating breakup
channels involving na®He or 3n2« in the final state, with special emphasis dedicated
in this contribution to the three-particle channel.

One could also mention the known change of the decay rate for 'Be, which
was measured most thoroughly. The change in the K -capture rate by ~1072 due
to the influence of the energy of chemical bond and the atomic configuration of
the environment (including measurements with “Be placed inside the fullerene Cygp)
was registered (see Refs. [10-12, 50-59, 62—-68]). It has been experimentally and
theoretically found that the chemical environment (chemical bond, pressure, etc.)
effect resulted in changing (~ 0.1-1.0%) the corresponding decay constant. The
helium isotope mass-spectroscopy method for measuring the triton decay constant
for various cases of the electron environment was used to determine the tritium
half-life without allowance for decay to beta-electron bound states and to calculate
the respective reduced half-life in Ref. [9]. More intriguing effects are considered in
a case of «-decay (see Refs. [13, 145-147]). Results on variation of the decay rate
of Mossbauer isomers due to interference of electromagnetic waves in the system of
the emitter and a screen from the same atom in the ground state situated at a distance
of ~2 mm seem quite impressive [146]. The values of the measured relative varia-
tion of the decay rate for ''*™Sn and '>™Te reach ~10%.

The elementary cooperative electron-f and y-nuclear processes in atoms and
molecules were considered in the pioneering papers by Migdal (1941),
Levinger (1953), Schwartz (1953), Gol’dansky—Letokhov—Ivanov (1971-1976),
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Kaplan—Markin—Yudin (1973-1975), reviews by Batkin—-Smirnov (1980), papers by
Freedman (1974), Carlson et al. (1968), Intemann (1983), Isozumi et al. (1977),
Law—Campbell (1975), Martin—Cohen (1975), Mukouama et al. (1978), Law—
Suzuki (1982) and Wauters—Vaeck (1997) et al. [1-5, 14, 43-60, 60-82, 120, 124].
The elementary cooperative electron-a-nuclear processes were considered in the
papers by Levinger (1953), Hansen (1974), Watson (1975), Anholt—-Amundsen
(1982), Law (1977) and Mukoyama-Ito et al. (1988) (see Refs. [14, 43-60,
60-82, 120]). In this context, the known Mossbauer, Szilard—Chalmers and other
cooperative effects should be mentioned [14, 60]. The consistent quantum electro-
dynamics (QED) theory of cooperative electron-y -nuclear processes in atoms and
molecules is developed in Refs. [25-28, 39, 40, 71-76]. In fact, it is possibly a
reverse bridging between nuclear structure theory and quantum chemistry (atomic
and molecular physics). Data on B-decay parameters can be used for studying the
chemical bond nature, treating the spatial structure of molecular orbitals, identifying
the electron states in some tritium-containing systems and diagnostics of the com-
pounds by means of exchange of the hydrogen atoms by tritium (“tritium probe”)
[56, 57, 62-72].

In this chapter we discuss the cooperative electron-f-nuclear processes in atomic
systems (e-p-nuclear spectroscopy), including the processes of excitation, ioniza-
tion and electronic rearrangement, induced by nuclear reactions and p-decay. The
relativistic many-body PT with the optimized DKS zeroth approximation and tak-
ing into account the nuclear, radiation, exchange-correlation corrections is used to
calculate the B-decay parameters for a number of allowed (super allowed) transi-
tions (3*P-338, 2'Pu—*' Am, etc.) and study the chemical bond effect on B-decay
parameters. There are a few factors that have to be taken into account: changing
the integration limits in the Fermi function integral, energy corrections for different
chemical substances, and the possibility of the bound B-decay or other decay chan-
nels. We studied the electronic rearrangement induced by nuclear transmutation in
the pB-decay ‘Z‘He4 — (gLi;)* + e~ 4+ V.. The half-life periods for p-transition in
the tritium atom (molecule) are estimated by taking into account the bound f-decay
channel correction and some other accompanying effects.

2 Calculation Method in a Theory of the -decay
and Cooperative Electron- §-Nuclear Processes

2.1 Introduction: General Formalism

As it is well known, the fundamental process behind p-decay is weak interaction
of the down (up) quarks (for example, d — u + e~ + ., etc.) via the exchange of
virtual bosons [81.8 (W*) and 91.2 (Z°) GeV/c?], opened in CERN (1983). The first
theory of B-decay was proposed by Fermi (1934), who introduced the local (con-
tact) 4-fermion interaction of the nucleons and leptons. Hamiltonian of the Fermi
nucleon-lepton interaction is as follows:
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Hﬂ = Gﬁ(lppyulpn)(lpeyulpv). (l)

Here Gg is the Fermi constant, Ware the four-component wave functions of the
particles (solutions of the Dirac equation), ¥, = Uty,, ytare the Dirac matrices,
w=0,1234;y° = y; v =—y (i =1,2,3). The nucleon—lepton interac-
tion had purely vector form in the Fermi theory. The modern “V-A” theory usually
uses an effective f-decay Hamiltonian which was introduced by Feynman and Gell-
Mann:

Hg = @J“(X)Lﬂ(x) +c.c., 2)

V2

where J# is the nucleonic current, L, is the leptonic current and x is a spatial—
temporal coordinate. Despite a great progress in development of the comprehensive
theory for the nuclear B-decay (electroweak interactions), hitherto many practical
questions are far from a satisfactory treatment. The further consistent calculations of
the B-decay parameters that take into account accompanying cooperative effects are
needed. The wide-spread quantum mechanical methods (such as the Hartree—Fock
(HF) method, the random-phase approximation, the Coulomb approximation (CA),
the Hartree—Fock—Slater (HFS) and Dirac—Fock (DF) methods, DFT etc.) are usu-
ally used in the atomic calculations and calculations of the $-allowed (superallowed)
transitions parameters [1, 2, 11-16, 29-31, 80—-133]. The difficulties of the corre-
sponding calculations are well known (insufficiently correct account for exchange
and correlation in the wave functions of B-particle, problem of gauge invariance,
generation of the non-optimized bases of the wave functions for a discrete spectrum
and continuum, etc.). The nuclear, relativistic, radiative corrections should be accu-
rately taken into account too. As a rule, to estimate the B-spectrum shape and decay
parameters, the special tables [15, 29-31] of the Fermi functions are usually used
(the CA data). In some papers (see Refs. [13—-16, 29-31]), the HFS approach that
takes into account the nuclear finite size effect was used. In Ref. [15], the finite size
correction was taken into account as correction to the CA calculation result and the
screening effect was calculated within the atomic model potential scheme. In some
papers (see Refs. [29-31] and references therein), the DF method is used. A gauge-
invariant QED PT formalism for the calculation of the spectra and wave functions
for heavy atoms while taking into account the relativistic, correlation, nuclear and
QED effects has been developed in Refs. [24-28, 37-41, 76-82, 120, 122-124].
This formalism provides two optimized gauge-invariant (GI) calculation schemes
with the DF (GIDF) and DKS (GIDKS) zeroth approximation. Below, the DKS
scheme is used in our calculation.

As it is well known, a probability of the transition from the initial state |§> with
the energy E¢ to some final state < f'| with the energy £ ; per unit of time is defined
as follows [15, 124]:

dWe ;= Qn/h)| < fIH|E > |2(dN/dE)|E=EO, Ey=E; — E¢, 3)
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where the value (dN/dE) defines a density of the final states of a system per unit of
energy and the corresponding matrix element is

< flH|E >=/IﬁfHﬂI/f§d3r1...d3rA, 4)

where Hp is the interaction Hamiltonian and ¢, v are the wave functions of the
initial and final states correspondingly. The expression for a number of the B-, 7-
particles with energy in the interval from E till E+dE is as follows:

! 2 2 2.4 2
dWey = m|< fIHgl€E >|"\/E2 — m*c*E, (Ey — E.)* dE,, 5)

1 2
Wiy = 5z |< FIHRIE =By~ Eo)? = m2ct (By — Ep) E3dEs.

Further we will study the allowed and super allowed p-transitions. The contribution
of these transitions is most significant to the resulting spectrum of the f-decay. At
the same time, the forbidden transitions contribution is usually about a few per cent
of the total intensity. Distribution of B-particles on energy in a case of the allowed
transitions is as follows:

dWs(E)/dE = #Gz -F(E,Z)-E-p-(Ey—E)*-|M|* (7)

Here E and p=(E>-1)'/? are the total energy and pulse of B-particle, respectively;
Eo=1+(E,/m.c?), E, is the boundary energy of B-spectrum; | M| is a matrix element,
which is not dependent on an energy in a case of the allowed p-transitions. The
Fermi and integral Fermi functions are defined as follows [13, 29, 124]:

1 2 2
F(E,Z)= 2—132(8_1 + /i), ®)
Eg
f(Eo, Z) = / F(E,Z)-E-p-(Ey— E)dE. 9)

1

Here f.; and g_; are the relativistic electron radial functions; the indexes =1 = ,
where x = (I — j)/(2j + 1). The half-life period can be defined as follows:

T = 27°1n2/[G{IM|* f (Eo. Z)]. (10)

Here two calculation schemes are usually used: (i) The relativistic electron radial
wave functions are calculated on the boundary of the spherical nucleus with radius
R (see [13, 14]). (ii) The values of these functions in zero are used [24, 29-31].
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2.2 The DKS Basis of the Relativistic Wave Functions

As usual, a multielectron atom is described by the Dirac relativistic Hamiltonian
(the atomic units are used):

H=> hri)+Y_V(rr)). (11)

i>]

Here, h(r) is one-particle Dirac Hamiltonian for electron in a field of the finite
size nucleus and V is potential of the inter-electron interaction. In order to take
into account the retarding effect and magnetic interaction in the lowest order on
parameter o (the fine structure constant), one could write [77, 86]

. (1 — ;0 j)
Vv (rirj) = exp (la),-‘,-r,-j) I (12)
ij
where w;; is the transition frequency; «;, «; are the Dirac matrices. The Dirac
equation potential includes the electric and polarization potentials of a nucleus and
exchange-correlation potentials. The standard KS exchange potential is [91]

V) = —(1/m)Brpr)]'". (13)
In the local density approximation the relativistic potential is [92]

SE
Vxlp(r), r] = % (14)

where Ex[p(r)] is the exchange energy of the multielectron system corresponding
to the homogeneous density p(r), which is obtained from a Hamiltonian having
a transverse vector potential describing the photons. In this theory the exchange
potential is [98]

2 1/2
3. B+ + D7 1}’ (15)

Valo(r).rl = V) {51“ BB D2

where B = [372p(r)]'/? /c. The corresponding correlation functional is [91, 92]
Velp(r), r1 = —0.0333 - b - In[1 + 18.3768 - p(r)'/?], (16)

where b is the optimization parameter (for details see Refs. [80, 124-126]). Earlier
it was shown [80, 124—126] that an adequate description of the atomic character-
istics requires using the optimized basis of wave functions. In Ref. [80], a new ab
initio optimization procedure for construction of the optimized basis is proposed.
It is reduced to minimization of the gauge-dependent multielectron contribution
Imé E;y,y of the lowest QED PT corrections to the radiation widths of atomic levels.
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In the fourth order of QED PT (the second order of the atomic PT), there appear the
diagrams, whose contribution to the /mdE;,, accounts for the correlation (polariza-
tion) effects. This contribution describes the collective effects and it is dependent
upon the electromagnetic potentials gauge (the gauge non-invariant contribution).
All the gauge non-invariant terms are multielectron by their nature (the particular
case of the gauge non-invariance manifestation is a non-coincidence of the oscillator
strengths values, obtained in the approximate calculations with the “length” and
“velocity” transition operator forms). The above-cited contribution to imaginary
part of the electron energy can be defined after quite complicated calculation as

follows [80]:
2
Im6SE iy (o — s|b) = —C4— //// dridrydridry
T
1

1
Y (ot
Wmn + Ways Win — Wys

n>fm=f
XWX (r)W (r)W r)w, (r3) - [(1 — aqa2) /r12] - {las — (a3nsa)(cansa)]/raa
X Sin[@an (r12 + 134)] 4 [1 4 (03134)(€47134) |0gn COS[@en(r12 + 134)1}
X W (r3) Wy (ra) W, (r) W (r1). (17)

Here, C is the gauge constant, f is the boundary of the closed shells; n > f indicat-
ing the unoccupied bound and the upper continuum electron states; m < f indicates
the finite number of states in the atomic core and the states of a negative continuum
(accounting for the electron vacuum polarization). The minimization of the func-
tional Imd Eyiny leads to the DKS-like equations for the electron density which are
numerically solved. As a result one can get the optimal PT at one-electron basis.
In concrete calculations it is sufficient to use a more simplified procedure, which is
reduced to the functional minimization using the variation of the correlation poten-
tial parameter b in Eq. (16) [124-126].

The differential equations for the radial functions Fand G (components of the
Dirac spinor) are

oF F
— 4+ {04+x)——(+m—-V)G =0,
ar r
0G G
—+0=-x)—+(E-—m-=V)F =0, (18)
ar r

where F and G are the large and small components, respectively; x is the quan-
tum number. At large x, the functions F' andG vary rapidly at the origin; we have
F(r),G ()~ r'~ !y = /x2 — a?z2. This creates difficulties in numerical inte-
gration of the equations in the region r —0. To prevent the integration step from
becoming too small it is usually convenient to turn to new functions isolating the
main power dependence: f = Fr'=xl | ¢ = Gr'=ItI. The Dirac equations for F
and G components are transformed as follows:
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==+ 1xDflr —aZVg —(«ZE,; +2/aZ)g,
g =—IxDg/r —aZVf +aZE,,f. (19)

Here E,, is one-electron energy without the rest energy. The boundary values are
defined by the first terms of the Taylor expansion:

g:(V(O)—EnX) raZ/(Zx+1); f=Tlaty <0,
f=(V©O—E,—2/a*Z*)aZ; g=1laty >0. (20)

The condition f, g—0 at r—o0 determines the quantified energies of the state E,, .
The system of equations (19) is numerically solved by the Runge—Kutta method
(“Superatom” package is used [76-86, 124-126]). The self-consistence condition
of the continuum-state functions means that the normalized functions differ by
less than 107° in relation to their values at the maximum point on two neighbour
iterations. The normalization of the electron radial functions f and g provides the
behaviour for large values r as follows:

g,(r) = r'[(E + 1)/E]"?sin(pr +8,),
f2) = 77 G JIXDIE = 1)/ETV? cos (pr + 8y). 1)

2.3 Nuclear Finite Size and Radiation Effects

In order to account for the nuclear finite size effect we described the charge distri-
bution in the nucleus p (r) by the following Gaussian function:

p(r|R) = (4;/3/2 /ﬁ) exp (—yr?),

(o]

/drr2p(r|R) =1; /drrSp(rlR) =R, (22)

0 0

where y = 4 / 7 R? and R is the effective nuclear radius. The following simple
dependence of R on Z is assumed: R =1.606 x 10~'3Z!/3 (cm). Such a definition of
R is rather conventional. We assume it as some zeroth approximation. The Coulomb
potential for the spherically symmetric density p(r|R) is

[e¢]

Vet (r| R) = — ((1/r) /dr/”,z,o (r'| R) + /dr/r/p (r'| R). (23)
0

r

It is determined by the following system of differential equations:
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r

Vo (r, B) = (1 /rz) / dr'r?p (r,R)=(1 /rz) y(r, R),
0
Y (. R)=r’p(r.R),

8r
p' (r,R) = —8y°"r [/m exp (—yr?) = =2yrp (r, R) = —af (r,R), (24)
with the boundary conditions

Vit (0, R) = —4 [(zr) , y (0, R) =0,
p0,R) =4y [/m =32 /R*. (25)

The presented nuclear model was used earlier in many calculations of the atomic
and nuclear systems [91-142]. It can be improved where necessary. Moreover, any
relativistic mean field model, nuclear DFT, the HF theory with density dependent
forces, etc., may be used [91, 92, 98, 120-126].

The procedure for taking into account the QED corrections is given in Refs.
[124-126]. Different approaches to estimating the QED corrections are developed
and discussed, for example, in Refs. [93-132]. Regarding the vacuum polarization
effect let us note that this effect is usually taken into account by means of the
Uehling potential in the first PT order. This potential is usually written as

[e¢]

2 WVEE—=1 2«
U(r)——h—r/dtexp(—Zrt/aZ) (1+1/2t )t—2 =_37[_rc(g)’

1
(26)

where ¢ = r/aZ. The more exact approach is proposed in Refs. [77, 124-126].
The Uehling potential may be approximated by the analytical Ivanov—Ivanova func-
tion [77]. The use of the new approximation for the Uehling potential allows one
to decrease the calculation error for this term down to 0.5-1% [79, 126]. Besides
using a quite simple analytical functional form for approximating the potential,
Eq. (26) allows its easy inclusion into the general system of differential equations.
At least, this procedure was earlier approbated in the precise atomic calculations
[79, 124-126]. The function C(g) in two limited cases has the known asymptotics
as follows:

C(g)— Ci(g)=1In(g /2) + 1.410548 — 1.037845g,
g — 0,
C(g) > Cy(g) = —1.8800exp (—g) /g*/*,
g — O0.

27

An account of the two limiting expressions for C(g) is realized as follows:
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C@)=Ci(@C()/ (Ci(e)+Ca(2)). (28)

The final expressions are as follows:

C@=C@te/(te+te).

G () =C2(9) f(9).
(e =((1.1022/ g — 1.3362) /g +0.8028) .

Other details can be found in Refs. [77, 124-126, 148].

2.4 Test Calculation of the He Spectrum

Below we present the test calculation results for the excited state spectrum of He
to check the quality of the wave function basis without and with an account of the
optimization. The energies AE of the transitions to the He low lying excited states
and dipole electric transition oscillator strengths are presented in Table 1. The exper-
imental data and theoretical multiconfiguration HF approximation, Wauters—Vaeck
B-spline method, data are listed too (cf. [51, 87, 90, 120, 124]). In a whole, there
is an acceptable agreement between all theoretical and experimental data. Using
the optimization scheme leads to the improvement of the corresponding oscillator
strengths values in a comparison with other theoretical results.

Table 1 Energies AE of the transitions to the He-excited states and the oscillator strengths

AE AE AE AE f f f f
State Exp. MCDF  B-spline GIDKS MCDF DKS  GIDKS  Exp.
25 38 19.820  20.00  20.83 20.83

25 18, 20.616  20.88  20.64 20.63

2pPy1a 20965 2124 2097 20.97

2p Py 21218 2151  21.24 21.23 0264 0286 0276 0276
3538, 22719 2291 2275 22.73

3s 1y 22921 23.14 2294 22.94

3pPoi,  23.007 2322 23.02 23.02 0.072  0.076 0073  0.0734
3p P 23.088 2332 23.11 23.10

3 Study of the Electronic Rearrangement Induced by Nuclear
Transmutation: the p-Decay of *He

Here we consider the electronic rearrangement effect induced by the f-decay of ®He.
The main purpose is to treat the polyelectronic system:
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SHey — (LiD)* + e + Te. (29)

As in Ref. [51], we have calculated within the framework of the sudden approxima-
tion (since the velocity of most B-electrons is quasirelativistic) the population of the
bound and continuum states of Li*. If we neglect the effect of recoil of the daughter
nucleus, the corresponding transition probability to a final atomic state is given by

T I? =< wyl¥; >, (30)

where ¥; corresponds to the wave function of the initial state with nuclear charge
Z and ¥y to the wave function of the transmuted ion with nuclear charge Z'(Z' =
Z +1 for B-decay). The sum over all the transitions involving the same initial state is
1. In Tables 2 and 3 we present the DKS calculation results of the energy eigenvalues
(in at. units) and the excitation energies (in cm™"') for lsnl 1S states in the He-
like ion of Li*. The total energies of the lowest members of Li*!S Rydberg states
obtained using the B-spline basis set by Wauters—Vaeck and the Hylleraas basis
sets (within the complex coordinate approach) are listed in Tables 2 and 3 too [25,
26, 51]. The agreement between our results, the B-spline results and the complex
coordinate values using Hylleraas basis sets is satisfactory. In Table 4 we present
the values of calculated transition probabilities (in %; >0.05) to Li* states induced
by B-decay of ®He. Our results are compared in Table 4 with data of the pioneering
work by Winther and B-spline data by Wauters—Vaeck (see Refs. [48-52, 120, 124]).

Table 2 Eigenvalues of energy (in atomic units) for the 1snl 'S states in Li*

State Hylleraas B-spline DKS

1s21S —7.2799135 —7.2793492 —7.2795438
1s2s 'S —5.0408767 —5.0408201 —5.0408413
1s3s'S —4.7337556 —4.7337397 —4.7337488
Isds 'S —4.6297832 —4.6297767 —4.6297798
1s5s 1S —4.5824274 —4.5824240 —4.5824256
1s6s 'S —4.5569496 —4.5569529
1s7s 'S —4.5416882 —4.5416916
1s8s 'S —4.5318274 —4.5318322
25218 —1.905845 —1.904924 —1.9052764
2p21s —1.630439 —1.628787 —1.6293165

Table 3 Excitation energies (in cm™) for the 1snl 'S states in Li*

State Experiment B-spline GIDKS
1s21s 0 0 0

Is2s 1S 4,91,335 4,91,262 491,298
Is3s'S 5,58,778 5,58,653 5,58,704
Isds 'S 5,81,597 5,81,464 5,81,502
1s5s 'S 5,91,989 5,91,860 591,917
1s6s 'S 5,97,581 5,97,451 597,513
1s7s 'S 6,00,930 6,00,800 6,00,875
1s8s 'S 6,02,964 6,03,032
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Table 4 Transition probabilities (in %) to the Li*states induced by the p-decay of *He

State Winther Wauters—Vaeck, B-spline GIDKS
1s218 67.0 70.85 68.13
1s2s 1S 16.6 14.94 14.37
1s3s 'S 2.7 1.86 1.81
Is4s'S 0.8 0.62 0.63
1s5s 'S 0.29 0.26
1s6s 'S 0.16 0.14
1s7s 'S 0.10 0.10
25218 1.56 1.24
2p2'S 0.18 0.16
253s 'S 0.23 0.21
2s4s 'S - 0.05

Table 5 Total transition probabilities (in %) for the population of different electronic states induced
by the B-decay of °He

Final °Li™ state Experiment Wauters—Vaeck B-spline Present work
Bound states 89.09 87.4
Autoionizing states 2.97 2.56
Ionization of one electron 10.4.£0.2 7.47 9.85
Ionization of two electrons 0.042.4£0.007 0.32 0.09

Contrary to the wave functions used in the B-spline of Wauters—Vaeck and in our
scheme, the Li* wave functions used by Winther are not orthogonal. It implies that
the sum over the transition probabilities to all the Li* states is not 1.

In Table 5 we present the results of calculating the total transition probabilities
for the population of different electronic states induced by the B-decay of He. It
is interesting to calculate not only the transition probabilities to discrete states but
also the ionization probability of one or two electrons. Using a radioactive recoil
spectrometry experiment, Carlson et al. have measured that the single ionization
probability is (10.440.2)% and the B-spline and DKS values agree very well with
this result [24, 48-52]. In the same experiment the double ionization probability was
found to be (0.042+0.007)%. Our value is well correlated with this result. Further
we consider the quantity Py, the probability per nuclear disintegration, which an
atomic K vacancy (a hole in the 152 shell) is created. The analysis of different cal-
culation schemes is presented in Ref. [51]. In the sudden approximation this quantity
is simply defined as follows [51]:

Py =1—[ < Wp(ls?')|¥(1s* 1S) > (31)

If electronic correlation effects are not taken into account, this formula simply
reduces to 1 — (lsf|1s,-)4, with the 1s radial distributions being optimized in, for
example, HF approximation. This approach has been used by Carlson et al., who
predicted a Py value of 26.9% for the B-decay of ®He.
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The introduction of electronic correlation significantly increases the probability
to Px=27.61% (Law—Campbell result), Px=32.91% (Izozumi et al.), Px=29.15%
(Wauters—Vaeck) and Px=31.87% (our result). In any case one can conclude that
the optimized DKS method is quite an adequate approach to the calculation of
parameters for excitation, ionization and electronic rearrangement in atoms, ions
and molecules induced by the B-decay. It is obvious also that the method as applied
here is not restricted to using the sudden approximation. Moreover the main cor-
rections (kinematics, recoil, etc.) to this approximation, for example, in a case of
nuclear reactions may be further considered [51, 71, 72, 124, 149, 150].

4 Theory of the Chemical Environment Effect on the g-Decay
Parameters

4.1 Introduction

Here we consider the contributions of the chemical bond and electronic rearrange-
ment effects on the numerical values of B-decay parameters. We have estimated the
energy corrections due to the electronic rearrangement induced by the f-decay. The
allowed (superallowed) B-transitions, *H—*He, ®He-°Li, 3P-33S, 33S-3Cl, %Ni-
03Cu, 2'Pu—2*' Am, are studied. The parameters of some allowed and superallowed
B-transitions are listed in Table 6 [79, 80]. Indeed, such a choice is defined by the
following circumstance. The expressions (12)—(15) are exact for these transitions
and the corresponding nuclear matrix elements are simplified in comparison with
forbidden transitions. For example, the value f'1 can be defined exactly for super-
allowed B*-transitions: [ 1 = [(T F T3)(T £ T3 + 1)]'/2. Here Tj is the isospin
projection, which is defined as 73 = (Z — N)/2. An account of the meson exchange
currents (this contribution is about a few percent) for p-transition between purely
isospin states does not change the result, connected with the isospin conservation.
The value fo = 0 for the superallowed 0" —OTtransition between the neigh-
bour members of an isomultiplet and for T=1 : [ 1 = V2. Let us remember
that the known theoretical parameter £ for a majority of the p-transitions is [15]
E=aZ/2R > 1.

Table 6 Parameters of the allowed (superallowed) p-transitions

Decay Zma—Zaaughe 1" — 1_;’ Type Eo,keV  Tip lg ft
H-He 1—-2 127 —1/2%  super. 18.65 12.296 years ~ 3.05
OHe-°Li 23 0t —1+ super. 3,500 0.813s 2.9
Bp_33g 1516 12F 53/2%  allow. 249 253 days 5.0
355350 1617 320 32 <> 1674 87.4 days 5.0
£8c-*Ca 2120 0t —0* super. 5,409 0.683 s 3.5
HCa-HSc 20—21 2- =727 &> 257 165 days 6.0
SNi-%3Cu 2829 1/2= =3/2~ <> 65.8 100 years 6.6

2#py24TAm 9495 512F —3/2- 1 forb.  20.8 14.4 years 5.8




Electron-B-Nuclear Spectroscopy and Chemical Bond Effect 139

The B-decay **'Pu—2*' Am is non-unique of the first forbiddance (£=18, i.e.
& > 1). As aresult, the expressions are correct for this transition too. The chemical
bond effect on the B-decay parameters is studied in a number of publications (see
Refs. [1-15, 24-27,29-31, 124-126]). An account (or non-account) of the chemical
environment contribution leads to the known discrepancies in the data for half-life
periods. A part of these discrepancies is due to the $-decay channel contribution
(the B-particle occupies the external non-occupied atomic level). One could also
take into account a few additional factors, provided by the chemical bond effect: (i)
Changing the electron wave functions because of the changing atomic electric field
and shell occupation numbers in different chemical substances; (ii) The integration
limits (Fermi integral function) are also changed in a case of the different chemical
substances; as a rule, the p-particle and neutrino take away the difference between
the initial and final nuclei, provided by the nuclear and electronic rearrangement.
We already mentioned the bound p-decay channel. The confirmation of this decay
channel was found in the synchrotron and SIS/ESR experiments (GSI, Darmstadt,
Germany) [3-8, 42]. The mass-spectrometric St. Petersburg experiment (Russia)
should also be mentioned [9]. It was the first to measure a change in the lifetime of
a trittum nucleus due to changes in its electron surroundings. Despite these remark-
able experimental results of previous years, accurate data on the corresponding
parameters are absent for a majority of the p-decays.

4.2 B-Decay of Tritium

In the experiment of Ref. [9] a change in the tritium nucleus lifetime due to
changes in its electron surroundings was discovered. To calculate the absolute val-
ues of the difference of the decay constants AA,, and half-life periods (71, =
[n2/}) for molecular and atomic tritium ATy» = (T1/2)m—(T1/2)aWe use the value:
(T1/2)m= (12.296£0.017) years. The experimental values for Ai,, and AT are
as follows [9]:

Adgm = (4.6 £0.8) - 10" 57!
(AT} 2)am = (0.03152 + 0.00553) years = 11.5 & 2.0 days.

In the reaction HY —3He*™ + ¢~ + 18.6keV the B-electrons are generated with
wavelengths, which are characteristic for the atomic electron systems. In this case
the interaction between the beta-electron and orbital electrons and vacancies is very
effective. Further it leads to observable changes in the half-life period. It is well
known [1-3, 9, 124] that hitherto the attempts to define nuclear constant values
(which characterize the beta processes) on the basis of data for the tritium decay fail.
The obtained values for the half-life period and boundary beta spectrum energy in
the corresponding experiments are dependent upon the type of the studied chemical
compound. As a result, there is no possibility of agreement between the experi-
mental values of T/, and Ey. It is of great interest to study an effect of the triton
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chemical surrounding on 7. It is especially important in light of the known sim-
plicity of such atomic structures as *H, *H*, *H~. Using the experimental data on
the difference between the decay parameter values for atomic and molecular tri-
tium it experimentally found the half-life period value for the atomic tritium [9]:
(T1/2)a=(T12)m—(AT12)am=(12.2644-0.018) years. Further it is possible to find an
absolute value of the free triton half-life period (77,2); by using the experimental
value (71/2), and theoretical data on the B-decay atomic effects in 3H. We have
taken into account the following effects: (i) the electron excitation in the bound
spectrum while occupying the He level by the B-electron; (ii) excitation to the con-
tinuum spectrum due to the exchange of the orbital electron by B-electron; (iii)
the charge screening effect by the orbital electron; and (iv) the excited states in
3Het. According to Ref. [9], the corresponding correction to the value (77/2)4is
0.8640.08%, which results in the value of the free triton half-life period as follows:
(T 2);= (12.36940.020) years. An account of the chemical surrounding effect in
a case of the T-containing compounds is an important problem not only from the
point of view of the B-decay theory, but in light of using the tritium electron sen-
sor (probe) to reveal the spatial correlations of coordinates for molecular study-
ing object, definition of the electron density distribution, direction of the chemical
bonds, etc. (see Refs. [1, 2, 9, 50-52, 56-59, 62—-68]). The tritium electron probe
possesses a complex of the known parameters, provided by specific features of the
B-decay (namely, by an opposite direction of the p-electrons pulse in relation to a
nucleus spin direction because of the non-conserving parity in the 3-decay; definite
helicity of the corresponding antineutrino; a spin of antineutrino is collinear to a
pulse and the definite helicity is taken by an electron too; the exact representation
of the B-electrons energy spectrum in the range from zero to the boundary energy
18.6 keV, which is not perturbed by the atomic effects). It is obvious that studying
the tritium P-decay in some atomic-molecular systems allows one in principle to
define a whole set of parameters for the input electron flux. Further it allows one
to treat the electron structure of a system. We have estimated the numerical values
of the B-decay parameters in the atom (ion) of tritium while taking into account the
atomic factors. Let us note that a channel of forming p-electron in the K -shell is not
significant in the case of the tritium ion $-decay [124]. Our estimate for the tritium
atom half-life period (7,2), =12.26 years; the correction to value (77,2),due to the
electron-atomic effects is 0.0082x12.26 years [i.e. (AT1/2/T1/2)a=0.82%]. In result,
the half-life period value (77 ), is [31, 134] 12.36 years. Obviously, there is a physi-
cally reasonable agreement between the calculated and measured values. One could
wait for more contradictory picture in the case of the B-decay in more complicated
atoms because of the large complexity of taking into account the atomic effects in
comparison with quite simple system *H. In Refs. [31, 134] the first estimate of
the T half-life period in the case of B-decay for the halogen-containing molecular
T (*HCI) was presented. The calculation was carried out within the non-relativistic
KS approach while using the exchange-correlation potentials (13) and (16). The
obtained value for (771,2) is (T1,2), = 12.28 years; the corresponding correction due
to the chemical bond effect is (AT1/2)an = 0.024, i.e. 0.20%. For comparison let
us remember the experimental (molecular tritium) value: (77,2),, = 12.296 years
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and the chemical bond effect correction (ATj/2)am = 0.03152, i.e. 0.26%. Obvi-
ously, here there is physically reasonable agreement too. From the other side, the
corrections due to the chemical bond effect for the molecular tritium and halogen-
containing tritium compound will be different.

4.3 The Chemical Bond Effect on the B-Decay Parameters

Further we present the DKS calculation results for the p-decay parameters and
corrections due to the chemical bond and other atomic effects [14, 24-27, 30,
124-126]. The energy corrections to the boundary energy of B-spectrum due to

the electron shells reconstruction are presented in Table 7. The following p-decays
3BpO)_33g(+1)  3Bp(+H_33g(+)  35gO)_35CI(+D) | 35GHD_35CI(+3) OIN{O_BCy+D),

BING(HD_63Cy(+3) | 241 py(0)_241 Apy(+D) - 241 pyy(+2)_241 A (+3) - 241 pyy(+2)_241 Ay (+3)
and 2*'PutP 24 Am* are studied. Calculation is carried out in the free ion
approximation. The value §E corresponds to the correction for the boundary
B-spectrum energy due to the electron shell reconstruction. The value §?E is the
difference of the corresponding corrections. Analysis shows that the DKS values
are a little larger than the corresponding values that are obtained on the basis of the
relativistic HFS and DF methods [14—16, 24, 29-31]. Obviously, the classical DF
and HFS methods give a little more error in calculating the energy parameters in
comparison with their optimized versions. It is worth comparing the Fermi function
values for different calculation models [24, 29-31]. Two alternative definitions of
the Fermi function values are usually used: (i) the relativistic electron radial wave
functions calculated on the boundary of the spherical nucleus with radius R (see
[14, 15]) and (ii) a definition of the Fermi function by means of the squares of
expansion amplitudes of the radial wave functions ffl(O) + gEI(O), r — 0 (see
[29-31, 24]). According to Refs. [3, 24, 29-31], the difference in the Fermi function
values increases with increasing Z. The same effect is characteristic for the integral

Table 7 The energy corrections to boundary energy of the B-spectrum due to the electron shells
reconstruction

The total shell energy, eV Differences in energy, eV

Decay Configuration Mat. atom  Daught. atom §E 8°E
P® — s&D [Ne]3sz3pf/23p3/2 9,239 10,782 1,543

ptHh — 5+ [Nel3s*3p7 9,230 10,759 1,529 14
SO — c1+b [Ne]3s23pf/23p§/2 10,791 12,471 1, 680

SH2 s CI+Y [Ne]3s23pf/2 10,760 12,407 1, 647 33
Ni©® — Cu*D [Ar]3a’§‘/23dg‘/24s2 41,238 44,871 3,633

Ni+? — Cu™*? [Ar]3d§‘/23d§‘/2 41,214 44,821 3,607 26
Pu©® — Am™*Y  [Rn]5£$,7s% 8,06,868  8,29,365 22,497

Pu™? — Am™® [Rn]5f$, 8,06,852  8,29,331 22,480 17
Pu™? — Am™®  [Rnl5 f5,7s? 8,06,845  8,29,309 22,464 33

Put — Am™  [Rn]5f2, 8,06,800  8,29,245 22,445 52
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Fermi function. It is found that the integral Fermi function fis changed for different
B-decays [for example, 3*P-3S (E; = 249keV), ¥S-3Cl (E, = 167keV) on
2-4%; ®Ni-Cu (Ey = 65.8keV) on 5%, *'Pu->*' Am (E, = 20.8keV) — 32%]
in the case of using the Fermi function definition on the basis of the wave func-
tions values on the boundary of a nucleus and values of these functions in zero
[29-31, 124].

In Table 8 we present the calculation data regarding the chemical bond effect
on the half-life period for the f-decay **P®—33S. In column A, we present the data
obtained on the basis of calculation within the optimized DF approach (GIDF). The
GIDKS data are listed in column B and the standard DF calculation data in column
C [24, 29-31]. We use the following notations: Af/f is the relative changing decay
probability (Fermi integral function), which is equal to the change in the § half-life
period with the opposite sign (—ATy,2/Ty,2). Let us give a short comment regard-
ing the choice of the boundary energy values. The value 2,49,000¢eV is accepted
for the boundary energy of the P decay. Analogously, the value 2,49,014¢eV is
used for the decay of P**? in the first variant of calculation. The pair of the energy
values 2,48,986 and 2,49,000eV is chosen in the second variant of the calcula-
tion correspondingly. All presented results lead to an identical conclusion about the
dependence of the change in the half-life period on the ionic degree. All versions
of the calculation give very close values of Af/f [29-31]: Af/f = 0.0079%
(GIDF), Af/f = 0.0082% (GIDKS), Af/f = 0.0075% (DF). One concludes
that the corresponding change Af/f is sufficiently small. The experimental data for
B-decay 3*P®—33S are absent. But our data are correlated with recent theoretical and
experimental data for "Be, 2’Na and “°K isotopes [10, 11]. These data suggest that
the effect of chemistry (plus pressure) is quite little and discernible. Calculation for
33p_338 decay shows that the integral Fermi function is less in the case of the ionized
phosphor B-decay in comparison with the neutral phosphor. As a result, f-decay of
the ionized phosphor runs more slowly. From the other side, the Fermi function
value is more for neutral phosphor and its decay runs more quickly. In Table 9 we
present the GIDKS data on the chemical bond effect on the half-life period for the
B-decay 3>S—¥CI. The value 1,67,453 eV is accepted for the boundary energy of
the S decay.

Analogously, the value 1,67,420¢V is used for decay of S™2 in the first vari-
ant of the calculation. The pair of energy values 1,67,420 and 1,67,390¢V is cho-

Table 8 The chemical bond effect on the half-life period for the decay 3P’ —33S decay

Decay of a neutral atom Decay of an ionized atom
Atom  Egp, eV f(Eo, Z) Ion Ey, eV f(Eo, Z) Af/f, 1073 %
p© 2,49,000 4.87541(—=2) A PUP 248987 4.87501(-2) 8.2
2,49,013  4.87617(-2) 2,49,000  4.87580(—2)
p© 2,49,000 4.87565(-=2) B PUY 248986 4.87524(—2)  8.39
2,49,014  4.87637(—2) 2,49,000  4.87598(—2)

PO 249,000 4.87529(-2) C PU® 2480988  4.87492(—=2) 7.5
249012 4.87608(—2) 249,000  4.87572(—2)
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Table 9 The chemical bond effect on the half-life period for the decay 3°S—33Cl (DKS data)

Decay of a neutral atom Decay of an ionized atom

Atom Ey, eV f(Eo, Z) lon Ey,eV f(Eo, Z) Af/f, %

S© 1,67,420 1.36835(—2) SeH 1,67,387 1.36780(—2) ~0.04
1,67,453 1.36913(—2) 1,67,420 1.36858(—2)

sen in the second variant of the calculation correspondingly. The two versions of
the calculation give practically the same data for Af/f: 0.037% (GIDF), 0.039%
(GIDKS), 0.03% (DF). Calculation for the 3*S—*>ClI transition shows that the inte-
gral Fermi function is less in the case of the ionized sulphur B-decay in compari-
son with the neutral S case. So, the ionized sulphur decay runs more slowly. From
the other side, the Fermi function value is more for neutral sulphur in comparison
with the ionized S and its decay runs more quickly. However, the corresponding
difference in values of the half decay period 77 ,is sufficiently small. The released
energy due to the electron shell rearrangement (~ 1.7 keV) for the considered decay
358-3Cl is added to the energy, which is given to the B-particle by a nucleus. In the
case of the S© decay this correction to the boundary kinetic energy is more than
33eV when compared to the case of the S‘*?decay. The experiment allows one
to define only the sum of energies, obtained by leptons from atomic nucleus and
electron shells [29-31]. In our case, the experimental value Ej is 1,67,400£100eV.
There is absolutely the same situation in the case of the decay **Ni—®3Cu. The cor-
responding data are presented in Table 10. The value 65,800eV for the boundary
energy is accepted in the case of the Ni”’decay. Analogously, the value 65,826 eV
is used for decay of Ni? in the first variant of the calculation. The pair of energies
65,774 and 65,800¢eV is chosen in the second variant of the calculation. Surely a
little more significant changing of the 7; ,value occurs for Ni. The Fermi function
value in the case of the double ionization (i.e. Ni®?) is less on 0.11-0.13% (the
HFS, DF, GIDF, GIDKS schemes) than in a case of neutral Ni. So, the neutral ®*Ni
decay runs more quickly. Our results are correlated with the recent theoretical and
experimental data [10, 11].

There is another situation (significant changes in the 7, value) for 241py—24 Am
decay. This transition is of great interest because of the different dependence of
the change in T ,0n the chemical surrounding and the large discrepancies in the
B-decay parameters data. The typical example of the Pu compounds is the pair
PuO, and PuO. In Table 11 we present the GIDKS calculation results (Af/f =
—AT 5/ Ti)2) regarding the chemical bond effect on the half-life period for the
B-decay 2*'Pu—2*' Am.

Table 10 The chemical bond effect on the half-life period for the decay **Ni—*Cu (DKS data)

Decay of a neutral atom Decay of an ionized atom
Atom Ey, eV f(Ey, Z) Ton Ey, eV f(Ey, Z) Af/f, %
Ni©® 65,800 1.38439(-3) Ni(+?) 65,774 1.38287(—3) 0.11

65,826 1.38583(—3) 65,800 1.38430(—3)




144 A.V. Glushkov et al.

Table 11 The chemical bond effect on the half-life period for the decay **'Pu—>*' Am

Decay of a neutral atom Decay of an ionized atom
Atom Ey,eV  f(EyZ) Ion Eyp, eV f(EyZ) Af/f =—=AT )/ T1p2, %
20,800  1.72164(-3) 20,783 1.71596(-3) —0.33
20,817  1.72522(=3) Pu™® 20,800 1.71953(-3) —0.33
20,800  1.72164(=3) Put? 20,767 1.71148(-3) —0.59
Pu@® 20,833  1.72952(-3) 20,800  1.71931(-3) —0.59
20,800  1.72164(=3) Pu™® 20,748 1.70615(—3) —0.90
20,852 1.73403(-3) 20,800 1.71842(-3) —0.90

According to the DF, GIDF and GIDKS calculation results [12—14], the Fermi
function values in the case of the Pu double ionization are less than ~0.1-0.9%
in comparison with analogous data for the neutral Pu decay. So, the neutral **'Pu
decay runs more slowly in comparison with ionized Pu*?. The Fermi function
value change is ~0.1-0.4% (the HFS data) and ~0.3-0.8% (GIDF data). An account
of the channel of B-decay with occupying the external atomic orbitals gives a rea-
sonable explanation of the Pu half decay period values dependent on the chemical
composition [24, 29-31, 15, 124]. Surely, it would be desirable to compare the
theoretical data with any experiment. It is known that in a compound the typical
(Mulliken, etc.) atomic charge often is about half of the nominal oxidation state.
Our results (Af/f ~1%) are correlated with other theoretical and experimental
data [10, 11]. From the other side, one could wait for a possible giant change in the
half-lives of bare isotopes compared to their neutral counterparts [94]. Our prelim-
inary data indicates such an effect. Surely, the FRS—ESR experimental studying is
of a great interest in this case.

5 Concluding Remarks and Future Perspectives

We considered the cooperative electron-f-nuclear processes in atomic systems
(including processes of the excitation, ionization, electronic rearrangement) and
chemical bond effect on the p-parameters. The optimized relativistic DKS calcu-
lation method that takes into account the finite size of the nucleus, radiation and
exchange-correlation corrections is applied to calculation of the f-decay parameters
for a set of the allowed (superallowed) transitions: 3¥P-33S, 3>S-3Cl, $N-9Cuy,
241py—24 Am, etc. We have also studied the chemical bond effect on parameters
of the B-transitions 3*P(O)-33§+D pHD_gH+2) 3580 351+ §H+2)_C1+3) 63N;iO)—
63Cu(+1), Ni(+2)_cu(+3)’ 241Pu(0)—241Am(+1), Pu(+2)_Am(+3)’ Pu(+2)_Am(+3)’ Pu(+4)_
Am™_ The correct treatment of chemical environment effect is shown to modify
the B-decay characteristics (integral Fermi function, half-life period, probability).
We studied the electronic rearrangement induced by nuclear transmutation (i.e.
change in the nuclear charge) in the pB-decay gHe4 — (gLigL)* + e + D.. We
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have calculated the excitation to the final discrete states of ®Li* (including to the
double excited autoionizing states) as well as the total probabilities for single and
double ionization. The half-life period for B-decay of the tritium atom (ion) has
been estimated, taking into account the bound p-decay channel correction and some
other accompanying effects (population of the bound states of *He, population of
the continuum states resulting from exchanging the orbital electron by p-electron,
the charge screening effect due to the orbital electron, etc.). The estimated val-
ues of the half-life period Ty, for tritium B-decay and free triton B-decay are
as follows: (T1,2)s = 12.26 years (correction due to the electron-atomic effects
(ATy2/T1/2)a = 0.82%) for the tritium atom and (77,2); = 12.36 years for the
free triton. These data are in physically reasonable agreement with the experi-
mental data: (7,2),= (12.264£0.018) years, (AT12/T1/2)a = 0.86 £ 0.08% and
(T12)r = (12.369 £ 0.020) years for atomic tritium and (77 2),, = (12.29640.017)
years, (AT12)am = 0.03152 (i.e. 0.26%) for the molecular tritium. We presented
the values Tj,; in a case of B-decay for the halogen-containing molecular tritium
(CHCD: (T, 2)m = 12.28 years (PHCD) and the correction due to chemical bond
effect (AT1/2)am=0.024 (i.e. 0.20%).

In conclusion let us note that the further development of the electron-p-nuclear
spectroscopy of atoms, ions and molecules is of a great theoretical and practical
interest. The development of new experimental methods (combination of the FRS
and ESR) [3-12, 147]) for the measurement of the B-decay parameters promises
the further essential progress in our understanding of radioactive nuclear decays.
Obviously, the storage rings are ideal tools for precise measurements of masses and
B-decay lifetimes of nuclei of relevance for astrophysics. Such an approach can be
useful, providing perspective for the development of new nuclear models, search
of the new cooperative effects on the boundary of atomic and nuclear physics,
carrying out new methods for treating the spatial structure of molecular orbitals,
diagnostics of the hydrogen-containing compounds by means of exchange of the
hydrogen atoms by tritium, studying the chemical bond nature and checking differ-
ent theoretical models in quantum chemistry and solids physics and studying the
properties of energy releasing in the tritium (DT, TT) plasmas. Finally, an avail-
ability of more exact data on the B-decay lifetimes and other (nuclear) parame-
ters with taking into account the chemical bond and much larger bound B-decay
effects is also important in astrophysics and cosmology, studying the substance
transformation in the Universe, relationships for n/p, 3H/*He, cosmological con-
stants, etc. [1-16, 120, 124, 140-150]. In any case, the electron-f (more gener-
ally, @, y, i )-nuclear spectroscopy of atoms and molecules opens absolutely new
possibilities in the bridging of nuclear physics and traditional quantum chemistry
(atomic and molecular physics) [1-16, 124, 140-150]. Obviously, these possibilities
are strengthened by quickly developed nuclear quantum optics (see Refs. [14, 20—
28, 40, 41, 56-80, 147-150]). Really, a superintense laser (more exactly, x-raser or
graser) field may provide a definite measurement of the change in the dynamics of
the nuclear processes, including - (or y- and «-) decay, as it has been underlined,
for example, in Refs. [20, 56-59, 74, 76, 150].
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Quantum Chemical Approach to Interatomic
Decay Rates in Clusters

V. Averbukh, P. Koloren¢, K. Gokhberg, and L.S. Cederbaum

Abstract Since their theoretical prediction in 1997, interatomic (intermolecular)
Coulombic decay (ICD) and related processes have been in the focus of intensive
theoretical and experimental research. The spectacular progress in this direction has
been stimulated both by the fundamental importance of the discovered electronic
decay phenomena and by the exciting possibility of their practical application, for
example, in spectroscopy of interfaces. Interatomic decay phenomena take place
in inner-shell-ionized clusters due to electronic correlation between two or more
cluster constituents. These processes lead to the decay of inner-shell vacancies
by electron emission and often also to the disintegration of the resulting multiple
ionized cluster. The primary objective of the theory is, thus, to predict the kinetic
energy spectra of the emitted electrons and of the cluster fragments. These spectra
are determined by an interplay between the electronic decay process and the nuclear
dynamics. Key to the reliable prediction of the observable quantities is the knowl-
edge of the time scale of the interatomic decay. Here we review the recent progress
in the development of ab initio quantum chemical methods for the calculation of
interatomic decay rates in excited, singly ionized, and doubly ionized systems as
well as some of their applications, e.g., to rare gas systems and to endohedral
fullerenes.
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1 Introduction

The present day knowledge of interatomic (intermolecular) decay mechanisms in
clusters encompasses a diversity of distinct physical phenomena, all stemming
from interatomic (intermolecular) electronic interaction. In this section we give an
overview of the predicted and observed interatomic decay processes.

1.1 Interatomic (Intermolecular) Coulombic Decay: A General
Decay Mode of Auger-Inactive Inner-Shell-Ionized States

Core vacancy states of atoms and molecules represent very highly excited states of
the corresponding atomic or molecular ions, typically lying above the double or even
multiple ionization thresholds. As a result, these states decay by electron emission
in a specific type of autoionization process named after its discoverer, Auger [1].
Kinetic energies of the electrons emitted in the course of Auger decay are given by
the differences between the bound states of singly and doubly charged species and
thus are quantized. This property explains the great spectroscopic value of the Auger
electron spectroscopy (AES) [2], as well as its importance for numerous analytical
applications, e.g., in surface science (see, for example, Ref. [3]). Auger decay is typ-
ically an intraatomic process, only modestly affected by the environment. Usually,
such an effect is manifested in the so-called chemical shift of the Auger electron
lines (see, for example, Ref. [4]).

In 1997, the authors of the theoretical work [5] took a pioneering approach to the
issue of the environment effects on the decay of vacancy states [5]. The question
posed by the authors was:

Can a vacancy decay non-radiatively only due to the effect of the environment?

Surprisingly, it turned out that such an environment-mediated decay is not only pos-
sible, but also a general phenomenon, typical of relatively low-energy inner-shell
vacancies in a wide variety of clusters [5]. In order to get an idea of the new decay
process discovered by Cederbaum and co-workers, one can consider the decay of
2s vacancy of neon, once in an isolated ion and once in a cluster, e.g., in Ne,. The
25! state of the isolated Ne* lies below the double ionization threshold of Ne and
thus cannot decay by Auger mechanism. As a result, (2s~!) Ne* decays radiatively
on a nanosecond time scale. However, if (2s~!) Ne™ is allowed to interact with an
environment, e.g., with other Ne atoms, the situation changes dramatically. Indeed,
as shown schematically in Fig. 1 for neon dimer, in a Ne,, cluster, one can consider
not only the high-energy Ne?*Ne,_; doubly ionized states, but also the ones of the
type (Ne™),Ne,_,. The latter states are relatively low in energy due to the separation
of the positive charge between two neon atoms. In fact, the charge-separated states
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Fig. 1 A schematic representation of the ICD process in Ne dimer. A 2p electron of the
inner-valence-ionized Ne recombines into the 2s vacancy while a 2p electron of another Ne is
ejected into continuum. The resulting doubly charged cluster decomposes by Coulomb explosion
mechanism

lie several electron-volts lower than (2s~!) NetNe,,_;. This leads to a very inter-
esting interatomic decay process in which 2p electron of the ionized Ne fills the
2s vacancy, while 2 p electron of another Ne atom is ejected into continuum. Since
such a process is enabled by the Coulombic interaction between the electrons of the
two Ne atoms, it has been called interatomic Coulombic decay (ICD). In a small
loosely bound cluster, such as neon dimer, the repulsion between the two charges
created by ICD leads to Coulomb explosion of the system [6] (see Ref. [7] for an
exception). Under such conditions, the excess energy of the initial vacancy state
is partitioned between the outgoing electron and the separating positively charged
fragments. Thus, while Auger decay leads to quantized Auger electron energies,
ICD in small clusters makes the total of the electron and the cluster fragment ener-
gies to be quantized. The kinetic energy of the relative motion of the fragments is
often called kinetic energy release (KER).

The last several years have witnessed a series of remarkable advances in the
experimental study of ICD. Hergenhahn, Moller, and co-workers have presented
the first experimental evidence of ICD by clearly identifying the new process in
neon clusters [8]. Dorner, Jahnke, and co-workers have conducted a detailed study
of ICD in neon dimer [9] using the cold target recoil ion momentum spectroscopy
(COLTRIMS) [10]. They have been able to measure in coincidence both the ICD
electrons and the neon ions generated by the Coulomb explosion of (Ne™),. The
coincidences detected by Frankfurt group were found to be arranged along the
energy conservation line corresponding to the sum of the electron energy and the
KER being about 5 eV. Thus, the experiment of Dorner and co-workers constitutes
the most detailed direct proof of the ICD. The electron kinetic energy and the KER
spectra of Frankfurt group were later confirmed by theoretical calculations [11].
Going back to larger neon clusters, Orwall et al. have estimated the dependence
of the ICD lifetime on the neon cluster size by distinguishing between the “bulk”
and the “surface” peaks in the ICD electron spectra [12]. These experimental find-
ings were found it to be in a reasonable agreement with earlier theoretical predic-
tions of Santra et al. [13] (see also the more recent theoretical work of Vaval and
Cederbaum [14]).



158 V. Averbukh et al.

Both theoretical and experimental investigations have established ICD as a highly
general and a very efficient decay process. Indeed, ICD is characteristic of vacancy
states of van der Waals clusters (see, e.g., Refs. [5, 8]), hydrogen-bonded clusters
(see, e.g., Refs. [15, 61]), and even endohedral fullerenes [16]. The ICD lifetimes
were found to belong to the range of 1-100fs [12, 13, 16], many orders of magnitude
shorter than those of the competing photon emission process. Thus, ICD is the main
decay mode of moderate-energy (Auger-inactive) inner-shell vacancies in clusters.
Further studies of ICD are motivated, however, not only by the generality and effi-
ciency of this new physical process, but also by the perspectives of its practical use,
for example, in spectroscopy. The very first step in this highly promising direction
has been already done by Hergenhahn and co-workers who have shown that the ICD
electron spectra can be used in order to identify the Ne/Ar interface [17].

1.2 Beyond ICD of Singly Ionized States

1.2.1 Interatomic Decay in Inner-Shell Excitations

Recently, Barth et al. [18] have addressed the question whether interatomic decay
can occur not only in the inner-valence-ionized, but also in the inner-valence-
excited states of clusters. They have created Ne (253 p) excitations in Ne,, clus-
ters (n being 70 on average) and detected the electrons emitted due to the (Ne
2s’13p)Nen_1 — (Ne 2p’13p)(Ne+ 2p’1)Ne,,_2 + e~ process. Aoto et al. [19]
studied in detail a similar decay phenomenon in neon dimer. This process is related
to ICD exactly in the same way in which the resonant Auger effect [20, 21] is related
to the regular Auger effect [1, 2]. Consequently, it has been called resonant inter-
atomic Coulombic decay (RICD) [18].

The RICD physics is richer and more involved than the ICD physics due to
several reasons. First, the interatomic decay of inner-shell-excited states is accom-
panied by the intraatomic autoionization, e.g., (2s7'3p)Ne — (2p~")Ne + e~.
Whereas ICD competes only with slow radiative decay, RICD has to compete with a
fast non-radiative process. Nevertheless, both experimental [18, 19] and theoretical
[22] evidences show that this competition does not lead to a suppression of RICD.
Another important difference between ICD and RICD comes from the fact that the
inner-valence-excited electron can participate in the RICD process. Exactly as the
resonant Auger decay [20, 21], RICD can occur either by spectator (sRICD) or
by participator (pRICD) mechanism. While the sRICD process has been observed
experimentally, pRICD has yet to be identified in the RICD electron spectra.

Yet another distinction between ICD and RICD has its origin in the higher energy
accumulated in the inner-valence-excited states relative to the one of the inner-
valence-ionized states. For example, (2s~'3p)Ne lies about 45.5eV above the Ne
ground state, whereas (2s~') Ne™ lies only about 26.9eV above the Ne* ground
state. As a result, decay of inner-valence-ionized states can be accompanied by dou-
ble ionization of the cluster. This can happen according to a variety of mechanisms
which have been discussed qualitatively in Ref. [22]. The predicted double ioniza-
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tion interatomic processes still await their detailed quantitative study. The essential
question is whether the double ionization processes are fast enough to compete with
autoionization and sRICD.

1.2.2 Auger-ICD Cascade

It is well known that Auger decay of core vacancies often results in highly excited
states of the corresponding doubly ionized species. Sometimes, this brings about
another stage (or even several stages) of Auger decay, forming what is usually called
a decay cascade. Often, however, the excited doubly ionized states created by Auger
process are not energetic enough to decay by an intraatomic mechanism. Under such
conditions, formation of decay cascade is impossible in isolated species, but can
occur in clusters with the second step of the cascade being of the ICD, rather than
of the Auger type. The Auger—ICD cascade has been first predicted by Santra and
Cederbaum [23] in neon dimer (see also the more recent theoretical work [24]) and
has first been observed by Ueda and co-workers [25] in argon dimers (see also the
theoretical work [26]).

The Auger-ICD cascade in neon dimer can be represented as (1s~')Ne*Ne —
(2s712p~")Ne?* Ne + e~ — (2p~2)Ne?™ + Ne* + e~. Interestingly, a similar
process starting with 2p ionization of argon dimer is energetically forbidden: the
3s7!13p~! states of Ar’* are not energetic enough to lead to ICD. Observation of
Auger-ICD cascade in Ar, [25] has been nevertheless possible due to the fact that
Auger decay populates not only the 3s~'3p~! main states, but also higher-energy
satellites having admixture of 3p~33d configurations. More recently, ICD after
Auger decay in neon dimer has been extensively studied [27-29]. Experimental
work on the Auger—ICD cascade in NeAr is now in progress [30].

Further exploration of the fascinating subject of the interatomic decay phenom-
ena and development of spectroscopic tools on their basis requires intensive the-
oretical effort to guide the experimental work. Such an effort is hardly possible
without efficient, advanced theoretical tools involving both ab initio description of
the electron correlation driving the decay and a treatment of the ensuing dynamics
of the ionized cluster fragments. The next section gives the theoretical picture of
interatomic decay within the Born—-Oppenheimer (BO) approximation. Ab initio
theory of the interatomic decay widths is presented in some detail for the case of
the ICD process in Sect. 3. Sections 4 and 5 are devoted to ab initio theory and
computational algorithms for the interatomic decay widths in doubly ionized and
inner-shell-excited systems, respectively. Some considerations on the future of the
field are summarized in Sect. 6.

2 Born—Oppenheimer Picture of Interatomic Decay

The main objective of the theory of ICD is to enable efficient and reliable calcu-
lation of the measurable spectra, i.e., ICD electron kinetic energy spectrum and
(where applicable) KER spectrum. The theoretical description is usually given
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within Born—Oppenheimer approximation, in which the electronic states are decou-
pled from nuclear motion and depend only parametrically on the nuclear coordi-
nates. In this picture, the inner-shell ionization and the subsequent ICD process can
be visualized as a series of transitions between potential energy surfaces (PESs)
belonging to electronic states of different number of electrons (i.e., accompanied
by electron emission). These transitions are represented schematically in Fig. 2.
Initially, the system is assumed to be in the ground electronic state of the neutral
(N-electron) system. The corresponding PESs of loosely bound clusters are char-
acterized by shallow minima (e.g., in meV range for van der Waals systems) and
large equilibrium interatomic distances. Photoionization brings the cluster almost
instantaneously into inner-shell-ionized (typically, inner-valence-ionized) [(N — 1)-
electron] state, being the intermediate state of the decay. The PES of the singly
ionized system is affected by the charge-induced dipole interaction that increases
the binding energy and decreases the equilibrium interatomic distances relative to

E (eV)

—-0.004

| | |
2.5 3 3.5 4 4.5 5
R (Angstrom)

Fig. 2 Schematic representation of ICD process in Born—Oppenheimer picture. PESs of NeAr [33]
are used as a representative example. Lower frame: ground-state PES of the neutral diatom (initial
state). Upper frame: inner-valence-ionized (intermediate state) PES. Middle frame: doubly ionized
(final state) PESs. Transitions between the PESs accompanied by loss of an electron are shown by
dashed—dotted lines. Directions of motion of nuclear wave packets on intermediate and final state
PESs are shown by dashed lines
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the van der Waals ground state. This means that after landing on the inner-shell-
ionized PES, the nuclear wave packet is driven toward shorter internuclear dis-
tances. Due to the ICD, the intermediate state has finite lifetime. This means that
the nuclear wave packet moving on the intermediate state PES can lose some of
its density to the final (doubly ionized) state PESs. The latter are typically dom-
inated by the repulsion between the two positive charges and are often close to
the purely Coulombic repulsive shape. The geometry at which the decay occurred
determines the partition of energy between the outgoing electron and the repelling
fragments.

The above qualitative picture has its full formal analog in the so-called time-
dependent formulation of the theory of nuclear dynamics of electronic decay pro-
cesses. This theory is given in some detail in Ref. [11] and in references therein.
Here we will consider only its few principal points. Let us denote the nuclear
wave packets for the initial (i), intermediate (d), and final (f) electronic states
as ¥;, ¥,;, and ¥, , respectively, where the index m accounts for the possibil-
ity that there are several final electronic states (see Fig. 1). We assume that the
electric field used in order to ionize the initial state is weak enough (weak-field
approximation) and describes the coupling between the intermediate and the final
states of the decay in the so-called local approximation [11]. Under these approx-
imations, the nuclear wave packets obey the following set of coupled differential
equations:

d N
hEllI/i(Ra n) = Hi(R)|¥i(R, 1)),
) A A
hal%(R, ) = F(R, DI¥i(R, 1)) + Ha(R)|¥a(R, 1)), 6]

h%m{(& £,1)) = Wu(R, &)|Wa(R, 1)) + (HS(R) + &)W (R, &, 1)),

where ¢ is the energy of the electron emitted during ICD.

The Hamilton operators for the nuclear motion in the initial and final electronic
states in Eq. (1) are defined as I:I,- = TN + \7, and I:Inf = TN + f/,,f , where TN is
the nuclear kinetic energy and V; and V] are the initial and final state PESs, respec-
tively. The effective Hamilton operator governing the intermediate state dynamics
has to account for the fact that the intermediate state is an electronic resonance.
Within the local approximation, this is done by lending the intermediate state Hamil-
tonian a non-Hermitian character:

Ha(R) = Tv(R) + Va(R) — i ['(R)/2, )

where V,(R) is the intermediate state PES and I"(R) is the total decay width.

The coupling operators F and W,, describe the excitation from the initial to the
intermediate electronic state and the coupling of the latter to the mth final state,
respectwely Since we assume the inner-shell ionization to occur 1nstantaneously,
F can be taken to be R independent and simply a §-function in time. The W,
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operators describe the coupling of the intermediate state to the different final states.
Within the local approximation, they are energy independent and are related to the
corresponding partial decay widths: I, (R) = 27| W,,(R)|>.

As shown, e.g., in Ref. [11, 31, 32], all the information concerning the decay
spectrum can be derived from the knowledge of the final nuclear wave packets.
Indeed, at sufficiently large time (i.e., when the decay is complete and the norm of
all the intermediate wave packet is zero), only the final states are populated and thus
carry all the spectroscopic information of interest. In particular, the decay spectrum
as a function of the emitted electron energy ¢ is given by [11, 31]

o(e) = lim > oue.t) = lim D IR e DWI(R, £, 1)) . (3)

Equations in (1) show clearly that the shape of the spectrum (3) is determined
by two competing time scales: that of the nuclear wave packet motion on the inter-
mediate PES and that of the interatomic decay. If the decay is fast relative to the
nuclear motion, the ICD occurs around the equilibrium geometry of the neutral
(see Ref. [33] for a recent example of this kind). If, on the other hand, decay is
slow on the scale of the nuclear wave packet evolution, ICD occurs within a wide
range of geometries. In the latter case, various contributions are expected to interfere
resulting in a complex pattern of o (E) [see Eq. (3)]. Thus, an accurate computation
of the ICD width of the intermediate state is crucial for a reliable prediction of the
ICD spectra.

3 ICD Widths by Fano—ADC-Stieltjes Method

Calculation of ICD widths can be achieved within one of the two main theoretical
approaches. One of them relies on the introduction of complex absorbing potential
(CAP) [34, 35] into the (N — 1)-electron Hamiltonian [36] (see Refs. [37] on the
relation between the CAP method and the method of exterior complex scaling).
The decay widths are then given by the imaginary parts of those eigenvalues of the
resulting non-Hermitian Hamiltonian [E = R(E) — iI"/2] that are stationary with
respect to the non-physical CAP parameters. The (N — 1)-electron Hamiltonian can
be represented using a variety of ab initio techniques, such as, for example, config-
uration interaction (CI) or algebraic diagrammatic construction (ADC) [38] within
the intermediate state representation (ISR) [39]. The application of the CAP—CI
method to calculate ICD widths has been reviewed in detail in Ref. [40]. More
recently, CAP-ADC method [40] based on the ADC-ISR representation of the
many-electron Hamiltonian has been developed [41-43] and applied to ICD [14].
An alternative ab initio approach to calculate the interatomic decay widths on which
we would like to concentrate here [44] relies on Fano theory of resonances [45],
ADC-ISR representation of the many-electron wave functions [39], and Stieltjes
imaging technique [46].
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3.1 ICD Within Fano Theory of Resonances

Fano theory of resonances [45] as well as its generalized version [47, 48] developed
for the description of Auger decay widths represents the wave function ¥ at some
energy E above threshold as a superposition of bound-like (@) and continuum-like
(xe) components, which can be thought of as the initial and final states of the decay:

N.
Vr = E)0+ Y [ Coul o) .. @
p=1

where the index B runs over the N, possible decay channels. In the specific case of
interatomic (intermolecular) decay in clusters, the bound part of the wave function,
@, corresponds to the singly ionized state, typically created by the inner-valence
ionization of one of the cluster subunits. The state @ is characterized by the mean
energy

Ep = (P|H|®P), 5)

H being the full Hamiltonian of the system. The N, decay channels in Eq. (4) are
defined by the doubly ionized states of the cluster characterized by the energies
Eg <E,B=1,...,N.i.e., by the energetically accessible final states of the inter-
atomic (intermolecular) decay. The continuum functions corresponding to the decay
channels are assumed to diagonalize the Hamiltonian to a good approximation:

(Xp.o|H — Elxpe) ~ (Eg + — E)p 3 8(Ep + 6 — Eg —¢€). ()

Using the assumption of uncoupled continuum functions, Fano theory provides
an analytic expression for the evaluation of the decay width:

N N,
2
r=>"Ty=21Y |Ms(E . ep)| . Mp(E.e)=(P|H — Elxpe). (1)
p=1 p=1

where E, is the real energy of the decaying state, E, ~ E¢ = (®|H|P) and &g
is the asymptotic kinetic energy of the ejected electron for the decay channel 8,
Er =F B + & B-
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3.2 Initial and Final States of the ICD by Algebraic Diagrammatic
Construction in the Framework of the Intermediate State
Representation

For the result (7) to be applicable to the computation of the interatomic decay rates,
one has to provide sensible approximations for the multi-electron bound (&) and
continuum (xg ) wave functions. In our case, these are wave functions of a singly
ionized N-electron cluster, i.e., (N — 1)-electron states. Such states can be conve-
niently constructed using the single ionization ADC technique. The ADC method-
ology has been originally developed within the Green’s function formalism [38].
Here, however, we would like to briefly review the single ionization ADC from a
different standpoint, using the intermediate state representation (ISR) as proposed
by Schirmer et al. [39].

Consider the Hartree—Fock (HF) ground state of the N-electron neutral cluster,
qﬁ(’)\’ . One can form a complete orthonormal set of the (N — 1)-electron basis func-
tions, ®§N71), applying the so-called physical excitation operators, {C,}, to the HF
ground state:

oV =¢,0), (8)

Ay . . T . . )
{C;} = {cis clc,-cj,l < J clcbc,-cjck,a <b,i<j<k;..},

where ¢; and cl are annihilation and creation operators, respectively, the subscripts
i, J, k,...relate to the occupied spin orbitals, and the subscripts a, b, c, . . . relate to
the unoccupied spin orbitals. The basis set (8) is used in the familiar CI expansion
of the wave function. This expansion, once truncated after some specific excitation
class [J], possesses such important drawbacks as slow convergence and lack of
size consistency. The ADC method overcomes these drawbacks by using a more
complicated basis for the expansion of the (N — 1)-electron wave functions. The idea
is to apply the physical excitation operators, {C}, to the perturbation theoretically
corrected or “correlated” ground state of the neutral system,

v =yl 9)
v = o)+ + o+

where llfo(") is the nth-order correction to the HF ground state obtained by the stan-
dard many-body perturbation theory (see, e.g., Ref. [49]). Unfortunately, the result-
ing correlated excited states (CESs), ¥ are not orthonormal. ADC takes care of this
problem by orthonormalizing them in two steps to obtain the so-called intermediate
states, ¥, . First, Gram—Schmidt orthogonalization between the excitation classes is
performed to obtain the “precursor” states
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Wi =w) — 3 (| o)) U (10)

K
[KI<[J]

i.e., the functions belonging to the higher [e.g., two-hole, one-particle (2hlp) or
[J] = 2] excitation class are made orthogonal to those of all the lower [in this case,
only one-hole (1h) or [K] = 1] excitation classes. Second, the precursor states are
orthonormalized symmetrically inside each excitation class:

b, = (#*%) &, (#) — (e, 1
=2 (7)), W e'), =W (11)

J,
[J'1=171

where (,0#) is the overlap matrix of the precursor states belonging to the same
7

excitation class. The above two-step procedure can be applied iteratively, noting that
the correlated excited states of the lowest (1h) excitation class are by definition also
the precursor states.

Any state of the (N —1)-electron system can be represented using the orthonormal
basis of the intermediate states:

gD = Z Z Y, 9. (12)

i [J]=i

The expansion coefficients, Y, are obtained by the diagonalization of the Hamilto-
nian matrix constructed in the basis of the intermediate states. It is a crucial feature
of the ADC approach that the Hamiltonian matrix elements of the type (¥, |H |¥;)
can be expressed analytically via the orbital energies and the electron repulsion
integrals if one performs the orthonormalization procedure of Egs. (10, 11) approx-
imately and consistently with the order of the many-body perturbation theory which
is used for the construction of the correlated ground state [see Eq. (9)]. Moreover,
it can be shown [39] that truncation of the expansion (12) after the excitation class
[J1 = m introduces an error of the order of 2m, which should be compared to
m + 1 for the slower-converging CI expansion. The accuracy of the expansion in
excitation classes (12) should be, of course, consistent with that of the perturbation-
theoretical series for the correlated ground state (9). Thus, the order, n, at which
the perturbation-theoretical expansion (9) is truncated is the single parameter defin-
ing the level of the ADC approximation. For this reason, ADC schemes of various
quality are usually denoted as ADC(n), n = 2, 3, 4, ..., in full analogy with the
well-known MP2, MP3, MP4, ... perturbation-theoretical techniques for the ground
state of the neutral system. The ADC(2) scheme for singly ionized states describes
the many-electron wave functions in the basis of 1h and 2hlp intermediate states
treating the coupling between the 1h states and between 1h states and 2hlp states
in the second and in the first order, respectively. ADC(2) approximation neglects
the coupling between the different 2hlp basis functions. The extended ADC(2)
scheme [ADC(2)x] takes into account the coupling between the 2hlp states in the
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first order (i.e., on CI level). The third-order ADC(3) scheme, while still confined
to the basis of 1h and 2hlp intermediate states, treats the coupling between the 1h
states and between 1h states and 2hlp states in the third and in the second order,
respectively. A detailed description of the single ionization ADC(2) and ADC(3)
schemes, including the expressions for the Hamiltonian matrix elements can be
found in Ref. [50]. The proof of the size consistency of the ADC(n) schemes has
been given in Ref. [39]. The main limitation of the existing ADC(n) schemes is
that they are applicable to ionized and/or excited states of closed shell systems only.
Here we are interested in applying ADC to the interatomic (intermolecular) decay
in ionized van der Waals and hydrogen-bonded clusters, all of which satisfy this
requirement.

Our main purpose is to demonstrate that the ADC(n) schemes can be used for
the ab initio calculations of the decay rates within Fano formalism. To this end,
we need to show that both bound (@) and continuum (xg.) components of the
(N — 1)-electron wave function describing the decay process [see Eq. (4)] can be
approximated by the expansion in the basis of the intermediate states (12). Suppose,
a vacancy residing on the subunit A of a weakly bound cluster can decay by one
of the interatomic (intermolecular) mechanisms, but cannot decay non-radiatively
if created in the isolated species A. Clearly, the final state of such a decay will be
characterized by two vacancies, one or both of them residing on another cluster
subunit. Thus, in order to construct the ADC(n) approximation for the bound part,
@, one can restrict the physical excitation operators of the higher excitation classes
to such where all the holes reside on the subunit A only:

v =Cud, (13)

{CJ} = {c;; clcicj,i < J,¢ij € A;cic;cicjck,a <bi<j<k g reA; ..},

where ¢; € A is an occupied spin orbital of the neutral cluster localized on the
subunit A. In this way, the intraatomic (intramolecular) relaxation and correlation
effects inside the subunit A are taken into account, whereas any kind of interatomic
decay cannot be described due to the restriction imposed on the holes. Upon the
completion of the selection process, one can construct and diagonalize the Hamil-
tonian in the basis of the restricted set of the intermediate states using the standard
methods. The ADC(n) state approximating the @ component can be identified, for
example, as the one possessing the maximal overlap with the cluster orbital repre-
senting the initial vacancy. Since no configurations corresponding to the open decay
channels were used in the ADC-ISR expansion for the bound-like component, @
will be one of the lowest energy eigenvectors of the ADC Hamiltonian. Therefore, a
highly efficient Davidson diagonalization technique [51] can be used to diagonalize
the matrix.

Once the ADC(n) approximation for the bound component of the wave function
has been provided, the remaining task is to construct the approximate continuum
components, xg ., describing the possible final states of the interatomic (intermolec-
ular) decay. Such states are naturally found among the ADC(n) eigenstates of the
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2hl1p character:

Xpe ~ M= Y W, 1= Y Y P (14)

i [J]=i [J]=2

The lI/qZhlp functions can be constructed without any restriction of the kind of
(13) being imposed on the physical excitation operators. It is, thus, possible that
some intermediate states contribute both to @ and to llfqzmp expansions, leading to
((l>|11/q2 hlp) # 0. This does not lead to complications as the Fano formalism that
we are using does not assume the orthogonality of the bound and the continuum
components.

Application of the selection scheme described above is not straightforward in
the case of symmetric clusters, e.g., those in which the ionized inner-shell orbital
is delocalized due to inversion symmetry. As has been shown in Ref. [52], this
difficulty can be circumvented by using the appropriate linear combinations of the
“standard” configurations.

3.3 Stieltjes Imaging Technique for Calculation of the Interatomic
Decay Widths

Despite the ability of ADC(n) to produce 2h1p-like wave functions in the continuum
region of the spectrum , there still exists a series of major difficulties in associating
these ADC(n) eigenstates with the approximate continuum states of Fano theory.
All these difficulties stem from the fact that the ADC(n) calculations, and ab initio
quantum chemical calculations in general, are routinely performed using the £2
bases, usually the Gaussian ones. As a result, the £ and not the scattering boundary
conditions are imposed and the lllqzhlp functions are not properly normalized:

(et =5, (15)

[compare to Eq. (6)]. Moreover, the corresponding eigenenergies, E, jh]p, are discrete
and are not expected to fulfill the energy conservation relation for the non-radiative
decay, E;hlp = Eg, except by a coincidence. Finally, it is not possible to define
rigorously to which decay channel such or another l,I/q2hlp state belongs. Indeed, the
scattering boundary conditions corresponding to the outgoing electron of the kinetic
energy ez are not imposed on the £? lI/q2 "P function, neither is it derived from an
(N — 2)-electron state of a well-defined energy Eg.

In order to deal with the above complications, one should reconsider the relation
(7) for the total decay rate and adapt it to the limitations imposed by the £? character
of the final state wave functions. To this end, let us rewrite Eq. (7) as following:
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Nr

=21 (®IH — Er|Xp.e,)(Xp.cy| H — E;|®). (16)
p=1

It is easily noticed that the yg ., functions define an N,.-dimensional space at the
resonance energy, in which they act as basis vectors. If the objective is the calcula-
tion of the total width only, one can make also any other choice of the basis in this
N.-dimensional space,

N. N,
D UXpey) gy | = D X5 Xh (17)
B=1 B=1

where {xg.,} and {x /;} basis sets are related by a unitary transformation. This shows

that the 2hlp states, !I/qz hlp, do not have to correspond directly to the open decay
channels in order to be used in the calculation of the total (but not partial!) decay
width.

The remaining gap between the £> ADC(n) eigenstates and the true continuum
functions appearing in Eq. (7) can be bridged in the following way. The expression
(7) relates the total decay width to the matrix elements coupling the bound and the
continuum components of the wave function, (®|H — E,|xg.e,). The bound wave
function component, @, is effectively zero outside some region in space which we
will call here the “interaction region.” The interaction region roughly defines the
dimensions of the system in which the decay process occurs and is spanned by £2
basis used for the construction of @. The continuum components, xg ., are on the
other hand non-zero even at the infinite distance from the cluster. It is clear that the
Hamiltonian matrix element between the two components has a contribution only
from the interaction region. One can, thus, substitute the continuum components
in Eq. (7) by the approximate ones, g .,, which are equal to the true continuum
components within the interaction region and go to zero (e.g., as Gaussians) outside
the interaction region. Consequently, it is possible to use £> approximations in the
true continuum components, such as lI/q2 hlp, in the total widths calculation, provided
that the £? functions are (i) renormalized, such that they are equal to the continuum
wave functions inside the interaction region and (ii) interpolated in energy, such
that they satisfy the energy conservation, E;hlp = E4. Both of these goals can
be achieved using the procedure known as Stieltjes imaging. This technique has
been introduced by Langhoff in the context of calculation of photoionization cross-
section using £> wave functions and later generalized to the decay rate evaluation
by Hazi [46]. Both mathematical foundations and the implementation algorithms
of Stieltjes imaging have been repeatedly described in the literature. Here we will
only note that the renormalization of the so-called pseudospectrum of the discrete
L? states possessing energies in the continuum region of the true spectrum can be
achieved using the fact that the spectral moments of the quantities of the type of
(7) calculated using the pseudospectrum are good approximations to the spectral
moments constructed using the true continuum. In our case, this leads to
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Z/ EX[(@IH — E/lxpe,)|” dE ~ Y (EXW) [(@|H — E, 192" . (18)
B q

The property (18) allows one to use the techniques of moment theory in order to
obtain the correct matrix element of the kind of (7) interpolated to the needed value
of the continuum state energy. This can be done through a series of consecutive
approximations of increasing order, ng. The more spectral moments one can reli-
ably calculate using the pseudospectrum, the higher is the maximal possible value
of ng and with it, the quality of the final result. A reliable calculation of the spectral
moments, in turn, requires a sufficient density of the pseudospectrum states through-
out the energy range contributing to the sum (18). This density can be controlled
by the choice of the £? basis. In the present work, we use the computationally
efficient implementation of Stieltjes imaging described in detail by Miiller-Plathe
and Diercksen [53].

As we have noted above, £> methods, such as Stieltjes imaging, do not allow
one to formulate a rigorous procedure for the calculation of the partial widths. Such
a rigorous calculation must involve the true degenerate continuum functions corre-
sponding to the various decay channels. Despite the fact that these functions are not
available within the framework of the method used in this work, it is still possible
to estimate ICD partial widths using Stieltjes imaging technique [44] by an ad hoc
procedure suggested in Ref. [54].

Equation (18) implies that one has to know the full discretized spectrum of the
Hamiltonian in order to reproduce the spectral moments required in the Stieltjes
imaging procedure. It has been realized very early that such a requirement can
make the technique inapplicable for large systems in high-quality £ basis sets [55].
Very recently, we have proposed a method to overcome the full diagonalization
bottleneck of the Stieltjes imaging [56] by using the block Lanczos pseudospec-
trum [57] much smaller than the Hamiltonian matrix dimension. This technique
has been applied successfully to the calculation of the total photoionization cross-
section of benzene within the ADC(2) scheme explicitly taking into account sin-
gle and double electronic excitations [56]. Generalization of the Stieltjes—Lanczos
method to the calculation of decay widths is currently being developed by the
authors.

3.4 Selected Applications of the Fano—-ADC-Stieltjes
Method to Interatomic Decay Widths in Clusters

Interatomic decay widths as functions of cluster geometry are not only an essential
input for simulations of ICD electron spectra [11, 33], but are also very interesting
physical quantities in their own right. The magnitude and the functional form of
I'(R) can tell us a lot about physics of interatomic decay. For instance, at large
distances, the ICD width can be shown to follow an inverse power law, in most cases
Tiep(R) o« R~ [13, 58, 61]. This asymptotic behavior of the decay width can be
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explained by a physically appealing virtual photon transfer model which represents
the decay process as an emission of a virtual photon by the inner-shell-ionized atom
followed by its absorption by a neighboring neutral. The virtual photon transfer
model neglects the overlap between the atomic orbitals of the atoms participating in
the interatomic process and thus its validity around the equilibrium geometry of the
neutral cluster was a subject of debate (see, e.g. Ref. [59]). Using the Fano—ADC-
Stieltjes ab initio approach of Sects. 3.1,3.2, 3.3, we have been able to show that
the orbital overlap effect leads to a dramatic enhancement of ICD widths in rare
gas—alkaline earth diatoms [44, 61] (see Fig. 3).

The discovery of the overlap effect on the ICD rates led us to ask the question of
what kind of chemical environment leads to highest possible ICD rates retaining the
clear-cut interatomic nature of the process. It has been realized quite early [13] that
higher ICD rates are favored by environments with the highest possible number of
nearest neighbors. In large neon clusters, for example, a “bulk™ 2s vacancy would
decay faster than the “surface” one [12]. It turns out, though, that even the “bulk”
neon ICD rates can be outmatched by interatomic decay in a very interesting group
of chemical compounds called endohedral fullerene complexes, e.g., in Ne@Cg
[16]. Indeed, in (2s~!) Net @Cg, the inner-valence-ionized Ne has as many as 60
nearest neighbors to interact with (see Fig. 4), which leads to as many as several
hundreds of ICD channels. As a result, the lifetime of (25 ~') Net @Cyj is only about
2 fs, in fact shorter than Auger lifetime of isolated core-ionized neon atom [16].
The ultrafast character of ICD is not the only unique feature of interatomic decay
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Fig. 3 Doubly logarithmic plot of the total non-radiative decay width of Ne 2s vacancy in MgNe
cluster as a function of internuclear separation. Full line—ADC(2e) result; dashed line — virtual
photon transfer prediction ([61]) for ICD width. Radiative width of the 2s vacancy in free neon
atom [60] and the equilibrium distance of MgNe in the ground state are shown by horizontal and
vertical dashed lines, respectively
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Ne*(2s™)

Fig. 4 A schematic drawing of the ICD process in (25~!) Ne@Cg: a photon causes inner-valence
ionization of the endohedral Ne atom, an outer-valence electron of Ne recombines into the 2s
vacancy with the released energy being utilized for fullerene ionization

in endohedral fullerenes. A detailed consideration of the possible decay pathways
reveals that the relatively low multiple ionization energies of the fullerenes give
rise to a number of intriguing new processes, such as double ICD (DICD) (being
interatomic analog of double Auger decay [62]), double electron transfer-mediated
decay (DETMD), and a two-step cascade of interatomic decay [16]. A combina-
tion of ultrafast ICD with the rich pattern of the possible decay channels makes
endohedral fullerenes particularly attractive for future theoretical and experimental
studies.

4 ICD in Doubly Ionized Clusters

As pointed out in Sect. 1, Auger decay of core vacancies often produces highly
excited states of the corresponding doubly ionized species which can, in full analogy
with the case of single inner-valence vacancy, undergo interatomic (intermolecular)
decay of the ICD type in clusters. Despite the recent progress in the experimen-
tal investigation of ICD following Auger decay [25, 27-29, 63], the theoretical
description of the phenomenon is much less advanced than that of ICD in single
ionized clusters, mainly due to unavailability of accurate data on the interatomic
decay widths. However, the success of the Fano—ADC-Stieltjes method, described
in Section 3, motivated extension of the approach to the description of the inter-
atomic decay of excited doubly ionized states in clusters [64].
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4.1 Fano-ADC-Stieltjes Method for Interatomic Decay Widths in
(N — 2)-Electron Systems

Most computational aspects of the method are fully analogous to the single vacancy
case and will not be repeated here. Instead, we will focus only on the few points
of difference. Obviously, the principal difference is that the wave function ¥ of
Eq. (4) represents now doubly ionized (N — 2-electron) cluster. Therefore, double
ionization ADC technique has to be used to construct the bound (@) and continuum
(xp,e) (N — 2)-electron states. Suitable ADC scheme for the pp-propagator has
been derived by Schirmer and Barth [65]. To describe the bound component (&,
initial state of the decay) of the wave function ¥y within the ADC(n) approach,
it is necessary to restrict the physical excitation operators generating the CESs W}’
(and, in turn, the intermediate states ¥,) in such a way that open channels of the
interatomic decay are not included in the resulting basis.

The intraatomic nature of the Auger decay makes it possible to follow similar
strategy as in Sect. 3.2, based on the spatial localization properties of the occupied
spin orbitals. Indeed, the initial state of the decay is characterized by two vacancies
being localized on a single cluster constituent A, while in the triply ionized final
states of Auger—ICD cascade, one or more vacancies reside on another cluster sub-
unit. Therefore, in analogy with Eq. (13), the CESs for the initial state expansion
are generated with the restriction that all the holes reside on the subunit A only:

v =C, (19)
{Cry =A{cicjii < j.gij € A cleicieni < j <k,gijx €A ...},

where ¢; € A is an occupied spin orbital of the neutral cluster localized on the
subunit A. Note that we are now working with two-hole (2h, J = 1), three-hole,
one-particle (3hlp, J = 2), ...excitation classes. Upon diagonalization of the
Hamiltonian constructed in the restricted basis of intermediate states generated from
the CESs of Eq. (19), the approximation to the initial state is identified as the eigen-
state of the desired symmetry with the largest overlap with the 2h configuration
describing the initial two vacancies. The approximate continuum components, xge,
corresponding to the possible final states of the interatomic decay, are obtained in a
separate ADC(n) calculation as the eigenstates of the 3h1p character:

Xpe ~ W=D, 1= Y Y Pk (20)

i [J]=i [J]1=2

Once the ADC(n) approximations for the bound and continuum components of the
wave function (4) are constructed, one can use the Stieltjes imaging procedure of
Sect. 3.3 to renormalize the matrix elements computed with the L2 wave functions,
lI/q3 hlp, and interpolate them in energy as necessary for the computation of the decay
widths.
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4.2 ICD After Auger Decay in Rare Gas—Alkaline Earth Clusters

To demonstrate the similarities and differences between ICD in singly and doubly
ionized clusters, let us investigate the non-radiative decay widths of doubly ion-
ized Ne?*(2s~'2p~") in MgNe diatomic. In the first order of perturbation theory
picture, the decay process proceeds in the same way as ICD of the single Ne 2s
vacancy, since the initial Ne 2 p vacancy is only a spectator. Higher orders of pertur-
bation theory involve also pathways in which the initial Ne 2p vacancy participates
actively, but partial width analysis shows that these processes account only for about
5% of the total decay width. The qualitative similarity of the two decay processes
is confirmed in Fig. 5, which shows the total non-radiative decay widths of dif-
ferent symmetries of MgNe?"(2s~!'2p~') as functions of internuclear distance R.
The decay width of MgNe™ (25~ !) is shown as the full line for reference. At large
distances all the widths follow the I"(R) o< R~ law, predicted by the virtual photon
model for dipole—dipole interatomic decay processes. At smaller distances around
the equilibrium geometry the overlap between atomic orbitals of the two involved
atoms leads to significant enhancement of ICD widths as in the case of ICD of singly
ionized cluster. Note, however, that the overlap enhancement is less pronounced, in
particular in the case of triplet initial states.

It turns out that, although the spectator Ne 2p vacancy does not affect signif-
icantly the qualitative behavior of the interatomic decay rates, it has very strong
impact on the magnitude of the widths. For example, at R = 12 A, the decay width
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Fig. 5 Doubly logarithmic plot of the total non-radiative decay width of MgNe*"(2s~'2p~")-
excited state of different spatial symmetries and spin multiplicities. For reference, the full line
shows the ICD width of the single Ne 2s vacancy. The equilibrium distance of MgNe in the ground
state is shown by vertical dashed line
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of the ' =* state of MgNe?*(2s~12p~") is about 2 times larger than the width of
the singly ionized cluster and the width of the *IT state is even 3.5 times larger.
The change in the magnitude in the presence of additional vacancy is caused mainly
by two factors. First, the electron missing in the 2p shell reduces the number of
decay pathways, which increases the lifetime of the decaying state. On the other
hand, spatial orbitals of multiple ionized atom or molecule are more compact, which
increase their Coulombic coupling and in turn also the efficiency of the energy-
transfer-dominated pathways of the interatomic decay process. The competition of
these two effect explains why, at large distances where the energy-transfer character
of the decay prevails, the excited doubly ionized states decay faster. In the orbital
overlap-dominated region, on the other hand, the compactness of the atomic orbitals
leads to reduction of the overlap enhancement, in particular for the triplet initial
states.

To understand more deeply the diverse magnitudes of the total decay widths of
various doubly ionized states of different spatial symmetry and spin multiplicity,
particular decay pathways and corresponding partial decay widths have to be ana-
lyzed. It appears that, for the <% initial state in particular, the vacancy in the 2p
shell can impede certain very important decay pathways. For a thorough discussion
the reader is referred to Ref. [64].

5 Decay Widths of Inner-Shell-Excited Systems by
Fano-ADC-Stieltjes Method

ADC(n) schemes for the excited states of many-electron systems can be described
within the ISR approach analogously to how it was done in Sect. 3.2 for the singly
ionized states. The main difference between the ADC(n) approximations for N-
electron and (N — 1)-electron systems is the necessary inclusion of the N-electron
ground state into the ISR orthonormalization procedure (see Sect. 3.2), where it
plays the role of zeroth excitation class. ADC(1) scheme represents the excited N-
electron states in the basis of one-hole, one-particle (1hlp) intermediate states and
can be shown to be related to the well-known random phase approximation (RPA)
[66]. N-electron ADC(2) uses second-order perturbation theory for the correlated
ground state and expands the excited states in 1hlp and 2h2p excitation classes.
ADC(2) treats the 1hlp—1hlp and 1h1p-2h2p couplings in second and first order,
respectively, and neglects the coupling between different 2h2p intermediate states.
The extended ADC(2) scheme, or ADC(2)x, takes into account the 2h2p—2h2p inter-
actions to first order. The details of the ISR-ADC schemes for the calculation of the
excited states can be found in Ref. [67] and references therein.

As it was emphasized in Sect. 1.2.1, RICD is always accompanied by intraatomic
autoionization. Practically, this means that any computational scheme for the decay
widths of inner-valence-excited states in clusters must be capable of taking the
intraatomic autoionization into account. Let us concentrate for the moment on
the problem of computation of autoionization widths of isolated atoms within the
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Fano-ADC-Stieltjes method and construct the appropriate selection scheme for the
1hlp and 2h2p ADC intermediate states. Suppose, we are interested to compute the
decay rates of excited noble gas atoms (Ne, Ar, and Kr), where the excited states
belong to the ms~'np Rydberg series (m = 2, n > 3 forNe;m = 3, n > 4
for Ar; m = 4, n > 5 for Kr) [68]. We see that, due to energy conservation, no
singly excited configuration with a hole on the ms orbital or a deeper shell can
represent an open decay channel. Therefore, all such configurations should be used
in constructing the bound-like state @ [see Eq. (4)]. Similar considerations can be
applied to the doubly excited configurations with one or both of the holes residing
on the ms or deeper lying orbitals. We offer the following mathematical formulation
of these conditions. The intermediate states ¥; = C; lIJON with

(Cryelcler, —er > —&mss

cchcjck,a <b,j <k, —e&j—¢& >—Ep} 21

represent closed decay channels and should be used to expand the bound component
¢. The quantity ¢; is the HF energy of the ith orbital, or, according to the Koopmans’
theorem, the first-order approximation to the respective ionization potential.

The doubly excited configurations mp~2ab with both holes on the outer-valence
mp orbital and a, b standing for virtual orbitals of appropriate symmetry do not
appear among the states in Eq. (21). In order to decide whether to include them in
the expansion of @ or not, we need to answer the following question.

Is a spectator resonant Auger decay possible in the systems under study?

If the answer is positive, then excited singly ionized species with two holes in an
outer-shell are allowed final states and, therefore, the configurations mp~—2ab cannot
be used to expand @. Since spectator resonant Auger decay is forbidden in Ne, Ar,
and Kr, we can include the configurations mp~2ab among those in Eq. (21). These
intermediate states are used to set up an ADC(n) matrix, which is diagonalized, and
one of its eigenvectors is identified as the bound-like component @.

Let us now consider which configurations contribute to the continuum-like part
Xg,s- 1t is obvious that any singly excited configuration with a hole on an orbital
higher than ms represents a valid open channel. Mathematically this condition
can be written as —&; < —g&,,. The allowed final states are of predominantly
singly excited character, which might suggest that only singly excited configura-
tions should be used in constructing them. However, mp~2ab states are necessary
to describe the electronic correlation in the final state. Thus, they should be included
in the expansion of the final states. Since the formulation of the Fano method which
we use does not call for the orthogonality between the bound and continuum parts,
we proceed as follows. The singly excited configurations obeying —&; < —&y;
together with mp—2ab states are used to set up another ADC(n) matrix. It is diago-
nalized and a number of its eigenvectors having the largest weight of singly excited
configurations are taken to be the continuum states xg .. Using this procedure, we
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improve the description of the final states while avoiding the inclusion of spurious
open channels.

We applied the selection scheme described above to compute the decay rates of
the excited inner-valence states in Ne, Ar, and Kr atoms by Fano—ADC-Stieltjes
method [68]. For all three atoms, we calculated the decay widths I" of the first three
inner-valence-excited states, i.e., 2s’1np (n = 3,4,5,...) for Ne, 3s’1np (n =
4,5, 6) states for Ar, and 4s‘1np (n = 5,6,7) for Kr. The results are shown in
Tables 1, 2, and 3.

Table 1 Experimental [69] and theoretical decay widths I" for the autoionizing 2s~'np
(n = 3,4,5) states of Ne. The results of time-dependent density functional theory in the local
density approximation (TDLDA) are taken from Ref. [70]. R-matrix (RM) theoretical results are
taken from Ref. [71]

n=3 n=4 n=>5
Tp (meV) 13 (£2) 45 (£1.5) 2 (£1)
FADC(I) (meV) 30.48 9.31 5.59
FADC(Z) (meV) 8.93 2.86 1.72
FADC(Z)x (meV) 11.46 3.78 1.94
IrpLpa (meV) 13.90 3.86 1.62
I'ry (meV) 349 6.65 247

Table 2 Experimental [72] and theoretical decay widths I' for the autoionizing 3s~'np
(n = 4,5, 6) states of Ar. The TDLDA results are taken from Ref. [70]

n=4 n=>5 n==~6
Tep (MeV) 76 (£5) 25 (£7) 16 (£7) 111
FADC(]) (I'IICV) 50.61 13.52 5.59
I'apc(2) (meV) 61.5 18.42 8.05
FADC(Z)X (IIICV) 67.76 25.85 12.14
I'rpLpa (meV) 183.4 42.8 18.2

Table 3 Experimental [73] and theoretical decay widths I' for the autoionizing 4s~'np
(n =5, 6,7) states of Kr. The TDLDA results are taken from Ref. [70]

n=>5 n==6 n=7
I'exp (MeV) 22.8 (£0.8) 13.2 (£0.5) 7.8 (£0.6)
FADC(]) (rneV) 34.26 9.4 3.97
FADC(Z) (meV) 42.37 12.13 5.1
FADC(Z)X (meV) 54.69 16.14 7.16
I'rpLpa (meV) 130.4 27.8 11.6

The Fano—ADC-Stieltjes autoionization widths for inner-valence-excited states
of Ne and Ar (see Tables 1 and 2) lie within the experimental error for all n’s. The
results in the case of Kr (Table 3) exhibit a comparatively large deviation for the
lowest Rydberg term and improve greatly toward higher excitation energies. This is
explained by the prevalence of electronic correlation effects in Kr which can only
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partly be taken into account by the ADC(2)x technique [68]. Theoretical results
obtained by TDLDA are comparable to those of Fano—ADC(2)x—Stieltjes data in
the case of Ne but become worse than those for Ar and Kr. The R-matrix results,
unlike the TDLDA and the present method, fail to reproduce the experimental decay
width of the lowest Rydberg 2s~!3p term in Ne.

The success of the Fano—ADC-Stieltjes method to describe the intraatomic
autoionization calls for the generalization of this technique to the case of inter-
atomic decay of inner-valence-excited states, i.e., RICD. At present, only lowest-
order perturbation-theoretical (Wigner—Weisskopf) estimations of the RICD widths
are available [22]. The much more accurate Fano—ADC-Stieltjes method cannot be
readily applied to the RICD problem because of the full diagonalization bottleneck
of the Stieltjes imaging procedure (see discussion in sect. 3.3). At present, work is
in progress on the implementation of the new scheme for the Fano—ADC-Stieltjes
calculation of the RICD widths.

6 Outlook

The preceding sections outlined a remarkable activity, both theoretical and exper-
imental, aiming at in-depth study of interatomic decay processes. A manifold of
new physical processes have been observed and still more new phenomena have
been predicted theoretically. The first demonstration-of-principle experiment has
been performed showing the potential of ICD electron spectroscopy as an analytical
technique for the study of interfaces [17]. All these developments clearly point at
the study of interatomic decay in clusters as at an emerging field of research. Key
to theoretical progress in this new field is the ability to obtain reliable estimations
of the rates of the various interatomic decay processes. The Fano—ADC-Stieltjes
approach described in this chapter seems to be the method of choice. While estab-
lished fairly well for singly and doubly ionized systems, the Fano—ADC-Stieltjes
technique is yet to be generalized to the case of RICD of inner-valence-excited
states. This goal appears to be well within reach as the full diagonalization bot-
tleneck of the Stieltjes imaging technique has been already overcome successfully
for the related problem of calculation of photoionization cross-section [57]. Further-
more, it would be desirable to extend the existing Fano—ADC-Stieltjes approaches
for singly ionized states to the ADC(3) and ADC(4) levels of the ab initio theory.
Indeed, going to the ADC(3) level of approximation of the many-electron states
will help to describe the decay of inner-valence-ionized states more accurately than
it is done on the currently implemented ADC(2)x level. This could be very impor-
tant for the vacancy states of elements beyond the second row of periodic table
(e.g., 357! Art). ADC(4) level of theory would provide a quantitative description
of double decay processes (e.g., DICD) as well as highly accurate results for the
decay of core-ionized states. As plausible applications of the envisaged ab initio
theory, one could cite, for example, the rich pattern of interatomic decay processes
in endohedral fullerenes. Of particular interest is the question of the relative time
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scale of the various single and double decay processes as well as the possible
interrelation between ultrafast character of ICD in these systems and the fullerene
plasmon.

While the experiment has so far targeted rare gas clusters, a solid theoretical
evidence for interatomic decay in other systems, such as hydrogen-bonded clus-
ters and endohedral fullerenes, represents an excellent motivation for bringing some
chemical diversity into the experimental studies. First steps along this direction have
been taken by Hergenhahn and co-workers who have been able to measure ICD
in inner-valence-ionized water clusters [74], Dorner, Jahnke, and co-workers who
performed coincidence measurements on ICD in water dimer [75], and by Aziz
et al. who have identified an ICD process involving a 1s-ionized OH™ ion and a
water molecule in NaOH solution [76]. Relevance of interatomic decay processes
for water and water solutions naturally leads to the question of the relevance of ICD
for biochemical environment, e.g., in the processes leading to radiation damage. At
present, this direction is only very little explored and certainly has a high potential
for future studies.

A separate chapter in the experimental study of electronic decay has been opened
with the advent of new high-frequency radiation sources: attosecond lasers [77] and
X-ray free electron lasers (XFELs) [78]. Attosecond lasers operating in the XUV
domain provide a unique opportunity to study the electronic decay processes in
time domain using the so-called streaking probe [79]. The moderate photon energies
needed to initiate interatomic decay, together with the characteristic time scales of
1-100 fs make interatomic decay processes natural candidates for the application
of the attosecond pump—probe techniques. The first step toward the time-dependent
theoretical description of electronic dynamics in the course of interatomic decay has
been already taken [80].

While the intensities of the presently available attosecond pulses do not reach
strong field regime (the laser field acting on the electrons is much weaker than the
one due to atomic or molecular core), XFELs are expected to produce unprecedented
field strengths of up to tens of atomic units [78]. Certainly, at such field strengths,
the process of creation of a vacancy state can no longer be described perturbatively,
as it is done in Sect. 2. New theoretical approaches treating the inner-shell ionization
and/or excitation non-perturbatively will have to be found.

In this chapter, we have outlined the major successes and challenges of the study
of interatomic decay with the particular emphasis on the development of ab initio
theoretical methodology. It is our hope that more theoreticians and experimentalists
will enter the new fascinating world of interatomic decay and contribute to turning
the new basic concepts into a powerful spectroscopic tool.
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Spectroscopy of Atoms in Liquid Helium
Environment: A Theoretical Perspective

Kaline Coutinho, Sylvio Canuto, Prasanta K. Mukherjee,
and Burkhard Fricke

Abstract This brief review is dedicated to provide possible interpretations of spec-
tral properties such as the energy levels, spectral line positions and line profiles
of atoms embedded in a liquid helium environment from a theoretical standpoint,
keeping in view the wide range of availability of highly precise laser spectroscopic
data in this field. Different models adopted for the interpretation of the experimental
data as well as current quantum mechanical viewpoints in this regard have been
described. Possible future direction for the interpretation of the available experi-
mental data is suggested.

Keywords: Confined atomic systems - Atoms in liquid helium - Atomic
Spectroscopy - Liquid simulation

1 Introduction

Liquid helium has been the subject of intense investigation for many years. Of
particular interest are the extraordinary properties of the superfluid phase below
the critical temperature at ~ 2.17 K. In more recent years there has also been an

P. K. Mukherjee (=)

Department of Spectroscopy, Indian Association for the Cultivation of Science, Jadavpur, Kolkata
700 032, India and Department of Physics, Ramakrishna Mission Vivekananda University, Belur
Math, Howrah, India,

e-mail: profpkmukherjee @ gmail.com

K. Coutinho
Instituto de Fisica, Universidade de Sao Paulo, CP 66318 Sao Paulo, SP 05315-970, Brazil,
e-mail: kaline@if.usp.br

S. Canuto
Instituto de Fisica, Universidade de Sao Paulo, CP 66318 Sao Paulo, SP 05315-970, Brazil,
e-mail: canuto@if.usp.br

B. Fricke
Institute of Physics, University of Kassel, D-34109 Kassel, Germany,
e-mail: fricke@physik.uni-kassel.de

P. Piecuch et al. (eds.), Advances in the Theory of Atomic and Molecular Systems, 183
Progress in Theoretical Chemistry and Physics 20, DOI 10.1007/978-90-481-2985-0_9,
© Springer Science+Business Media B.V. 2009



184 K. Coutinho et al.

increased interest in the study of the properties of foreign particles embedded in
a liquid helium environment. Early investigations on the quantum fluid properties
were performed by using electrons and positively charged He't ions as external
probes [1]. A large number of experimental investigations have already been per-
formed for the study of the properties of impurities implanted in liquid helium by
different means [2-36]. A good review on the experimental investigations on this
subject is now available [37]. Understanding the details of the interaction of foreign
particles embedded in liquid helium is important because it provides a motivation for
studying quantum fluid properties using foreign particles as external microprobes
[37, 38]. Experiments have generated a wealth of data on the spectroscopic prop-
erties of the embedded particles like the spectral line shifts compared to the free
system, changes in line profiles, and other spectroscopic parameters. The earlier
successful implantation by injecting charge carriers into the liquid [39] and also
by using field emission [40] and field ionization techniques [41] is replaced by an
electric field driven mechanism [42], condensation of atomic beam methods [2-5]
[43—45] and laser sputtering and laser ablation methods [1, 4, 6, 7, 11-13, 15, 16,
46]. The theoretical understanding of the geometrical structure of foreign particles
embedded in liquid helium originated from the experimentally observed fact that
ortho-positronium in liquid helium has a relatively long lifetime of ~ 10~ sec
[47, 48]. Ferrel [49, 50] explained this as a consequence of the repulsive exchange
force between the positronium atom and helium. The positronium atom repels the
neighbouring He atoms and creates a cavity or bubble in the liquid, thereby avoiding
contact with the liquid surface and increasing the lifetime. Ionic mobility measure-
ments in liquid helium and solid helium [51-53] give an indication of the picture
of a bubble and the snowball structure that was confirmed by Atkin’s electrostric-
tion theory [54]. Optical absorption spectra of electrons and metastable He atoms
and also molecules in liquid helium [55-58] provide an impressive confirmation of
the bubble structure of the impurities. The measurements by different techniques
of the spectroscopic properties of foreign atoms in liquid helium yield data for a
wide variety of atoms, the details of which may be obtained from Ref. [37]. The
basic observations resulting from the series of experiments are the spectral line
shifts compared to the free atomic system, broadening of emission and absorption
lines, change in line shapes, lowering of the ionization potentials, different char-
acteristics of absorption and emission lines, splitting of absorption lines, absence
of resonance radiation from ~ 200 to 800 nm for light alkali atoms and the pres-
ence of lines which are forbidden in the free systems. The details of the individual
observations are given by Tabbert et al. [37]. Current experimental observations
aim at understanding the spectroscopy and dynamics of atoms and molecules not
in bulk liquid helium but attached to helium nanodroplets and the subject is well
reviewed by Stienkemeier and Lehmann [59]. In this short review we will try to
address the problem of the spectral properties of foreign atoms embedded in liquid
helium purely from a theoretical point of view. A survey of the theoretical meth-
ods applied for the investigations on the various properties of the atomic systems
confined under liquid helium will be given together with their viability for such
descriptions. We give a summary and possible future direction in this line in a final
section.
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2 Theoretical Developments

Although spectroscopic data available from the experimental observations on for-
eign atoms embedded in liquid helium are substantial (In Table 1 we display several
such experimental results [3-5, 8, 17]), theoretical investigations which interpret
these data are rather limited in number. This is possibly due to the complexity of the
problem. Because the He atom interacts weakly with other atomic systems through
long-range interactions, dealing with a large number of interacting He atoms in
the liquid with an embedded foreign atom and the consequent bubble structure is
a complex problem from the molecular point of view. Table 2 shows some of the
available data on the bubble radius for different systems embedded in liquid helium
[3, 10, 49, 50, 56, 60-69]. For systems where more than one bubble radius exists,
the spread in the values is given.

The first attempt to find the energy levels of an electron and atoms embedded
within a bubble is what is known as the standard bubble model (SBM) [5, 56]
[70-72]. This is described in the next section.

Table 1 Typical spectral line shifts and broadening of atomic transitions embedded in liquid
helium

Wavelength (nm)

Atom Transition Free Shift FWHM (nm)
Be? 2p P25 : 1S, 234.86 +0.9940.1 0.9740.1
Al? 4s :281p—3p 1 2Py 394.40 +0.2240.49 0.5440.049
Mg* 3p:P—=3s5: 15, 285.17 +3.6040.1 1.5040.20
Ca® 4s :1So—4p 1 P 422.67 —2.65+0.5 4.75+0.6
Ca® 4p :'P—4s: 15, 422.67 +0.6340.07 0.814+0.04
Sr® 55 :18S—5p: P 460.73 —3.3+0.05 5.9540.5
Sr¢ 5p:'Py—>5s5:18, 460.73 +0.6040.16 0.940.2
BaP 6s : 'So—6p: P 553.55 —4.3+0.5 8.5+0.5
Ba¢ 6p:'P—6s:1S, 553.55 —0.23£0.06 0.80+0.20
Ba*? 65 : 2S1,—>6p : 2P3p 493.4 —11.4£0.5 4.440.5
Batd 6p:2P—6s:2%S 4934 —2.440.5 2.0£0.5
Cu? 55 :2Sip—>4p 2P 809.26 +0.2940.2 2.6040.40
Ag? 5p:2Pip—>5s:Sip 338.29 —0.11£0.01 0.354+0.04
Zn* 4p :'P—4s: 15, 213.86 +5.5040.1 3.5040.3
Cd? 5p:'P—5s5:18, 228.80 +4.4340.1 2.80+0.3
Rb® 55 'S1,—=>5p 2Py 794.76 —16.8+£0.5 4.04+0.5
55 :2S1p—=>5p 1Py 780.03 —16.0£0.5 3.0£0.5
5p:2Pip—>5s :2Sip 794.76 —1.240.2 0.940.2
Cs® 6s : 281/2—>6[7 . 2P1/2 894.35 —18.4+0.5 5.5+0.5
65 : 2S1,—>6p 2 P3p 852.11 —18.1£0.5 2.8£0.5
6p : 2Pip—>65 :2Sip 894.35 —2.1+0.2 1.2£0.2
6p : 2P3p—>65 : 2Si)p 852.11 6+2 1242

2 Ref.[8]; ® Ref.[5]; ¢ Ref.[4];  Ref.[3]; ¢ Ref.[17]. For Rb and Cs the width values
are HWHM.
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Table 2 Bubble radii (in nm) of atoms in liquid helium

Atom/ion State Bubble radius
e—b ’s 1.75-2.0
Ps¢ 3s 2.0

Hed 238,23P 0.476-0.53
He! 3ls 1.323

He! 33s 1.111

Li® 2s 0.491
Na®fehij 2s 0.44-0.59
Kef 2s 0.56-0.60
Rbefk 2s 0.515-0.61
CsoFi 2s 0.57-0.64
Bat! ’s 0.450

Ca™ s ~ 0.585
Ba" s 0.650

2 Ref.[56]; ® Ref.[60]; ¢ Ref.[49, 50]; 9 Ref.[61]; € Ref.[62];
f Ref.[63]; & Ref.[64]; " Ref.[65]; | Ref.[66]; Ref.[67];
k Ref.[68]; ! Ref.[3]; ™ Ref.[10]; " Ref.[69].

2.1 The Standard Bubble Model

The consequence of the formation of a cavity or bubble inside liquid helium with a
foreign atom at the centre is apparent from the experimentally observed line shifts
and changes in line profiles. Liquid He atoms interact with the central impurity
atom and modify the effective potential of the free system. The altered potential is
responsible for the change in the ground as well as the excited state wavefunctions
of the impurity, resulting in a change of the spectroscopic properties. In order to
obtain the energy eigenvalues we have to solve the Schrodinger equation (we use
a.u. unless otherwise stated),

HY = EV, (1)
subject to the normalization
(VW) =1, (2)

where H is the total Hamiltonian and W is the total wavefunction. The total Hamil-
tonian can be partitioned into [37]

H = Hypiq + Ha + Hin, (3)

where Hijq is the Hamiltonian of the liquid helium consisting of the kinetic energy
of the He atoms and the potential energy arising out of the pair interactions,

1
Hig=—5-) Vi+) VReR), )
k k<l
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where M is the mass of the He atom and the indices run over the number of He
atoms whose coordinates are specified by R.

The atomic Hamiltonian is given by the usual kinetic energy of the electrons and
Coulomb interactions between the charges,

HA:—%ZVE—Z%JrZi, %)

ris
i i<j Y

where the indices run over the number of electrons in the system.

The interaction term is represented as a linear sum of pair potentials between the
impurity atom and He and using the density profile of liquid helium p(R) can be
expressed as [61]

Hiw = Y Vi ®e.0) = [ pR)Vi (R 1) 4R, (©)
k

In Eq. (6), r represents collectively the coordinates of the electrons.
The radial liquid helium density profile is represented as [61, 73]

. 0; R <Ry
'O(R)_{po{l—[1+5(R—R0)]e_5(R_R°)},R>Ro ’ (7N

in which pg is the normal liquid helium density. The quantities 6 and R are the
parameters related to the bubble profile and size with respect to which the total
energy of the bubble is optimized. Such a representation for p was first given by
Jortner et al. [73] for the electron bubble problem and subsequently used by Dennis
et al. [74] and others [61, 75-79] for the energy levels and line profiles for excited
atoms in liquid helium. The density of liquid helium vanishes at the centre of the
bubble and remains so up to a point Ry determined by the pair potential and reaches
the bulk density asymptotically. The centre of mass of the density distribution at the
radius R = Ry, is defined as the effective bubble radius and is determined from the
relation

Ry 00
fo p(R)dR =f [po — p(R)] dR. (®)

Ry

The liquid energy in the SBM model is approximated by the corresponding classical
pressure volume energy, surface energy and the additional term arising from the
enhanced kinetic energy of the liquid at the bubble margin [70],

(Vp)*
0

4 1
ELiq = §7TR§P +4NR§)/ + 8—M/ dR. (9)

In the equation above P is the liquid pressure and y is the surface tension. Usu-
ally, the liquid is assumed incompressible. During a fast optical transition the liquid
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configuration does not change and one can calculate the effect of the interaction on
atomic system using perturbation theory. In the SBM first-order perturbation theory
is used and the energy of the atom is given by the energy of the atom in the absence
of interaction and the first-order correction to the energy due to the interaction term,

Ex = Epo + (Waol Hin|Wao)- (10)

The equilibrium configuration of the bubble can be determined by minimizing the
total energy including the liquid energy with respect to the parameters in the den-
sity expression. Using accurate estimates of the existing pair potentials between
helium and other atoms, the first-order energy shift of the atom can be calcu-
lated for both the initial and the final states of the impurity. This determines the
transition energy and the spectral line shift. Due to the incompressible nature of
the liquid, this simple procedure gives the line shifts and a configuration coordi-
nate diagram [37] gives the asymmetry in the line shapes during absorption and
emission. The SBM can be utilized with the static line-broadening theory to esti-
mate the spectral line profiles with reasonable success [61, 75-78]. The SBM is
a somewhat crude approximation to the actual situation. It ignores the influence
of the angular momentum of the excitation on the shape of the bubble, considers
liquid helium as incompressible and the liquid energy is described only by clas-
sical means. Optical spectra of alkaline earths can be explained with reasonable
success with this method [5, 8, 72]. The details about the spectral line shapes and
broadenings for both the emission and the absorption lines have been discussed
by Tabbert et al. [37]. It is important to note that experiments do not reveal any
particular change in the line positions due to the superfluid nature of the liquid [8].
In other words, the spectral shift is insensitive when crossing the critical tempera-
ture. In Table 3 we compare the results for alkaline earth and alkali atoms in liquid
helium [10, 64, 80-82] calculated using the SBM [5] with existing experimental
data [5].

Table 3 Comparison of SBM calculated and experimental data of the spectral shift in liquid helium

Transition Expt.? Pseudopot.”  Configuration Coord.©
Ca 4s:' S—4p:' P Shift (nm) —2.65+0.5 —21.5 —9.404, —2.80"
FWHM(nm) 4.75£0.5 5.6 3.20¢, 1.75°
Sr 55:1S—5p: 1P Shift (nm) —3.30+0.5 —25.0
FWHM(nm) 5.95£0.5 6.3
Ba 6s:'S—6p: 1P  Shift (nm) —4.30+0.5 —33.5 —19.30°
FWHM(nm) 8.50£0.5 7.6 6.6°
Bat  6s:25S—4p:%2P  Shift (nm) —11.4040.5 —6.8
FWHM(nm) 4.40£0.5 2.7

a Ref.[5]; ® Theoretical estimates in Ref.[5, 10]; ¢ Ref.[64] in which the pair potentials of
d Ref.[80]; © Ref.[82]; f Ref.[81] have been used.
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2.2 Refinements of the Standard Bubble Model

The SBM fails to predict the emission spectra of light alkali atoms in liquid helium.
Takahashi et al. [17] pointed out that for light alkali atoms like Li, Na and K
inside liquid helium, no fluorescent emission occurs, but the SBM predicts the
existence of emission lines. For Na, the model predicts an emission 3p—3s at
620 nm [79]. Kanorski et al. [79] pointed out that the excited pair potential for Na
[83] has a rotational symmetry about the z axis if the p function has Y;( charac-
ter. A finite number of He atoms can be localized within a ring of 0.2-0.3 nm in
the nodal plane of the electronic wavefunction forming a Na*(3p)He, exciplex.
The density of He atoms in this complex can exceed the bulk density of liquid
helium. A variational calculation of the exciplex indicates a near-degeneracy of
the 3s and 3p levels with a quenching of the 3p state, indicating the absence of
the resonant radiation. This was confirmed by the calculation of Dupont-Roc [84]
who showed that excited states in light alkali atoms have the possibility of non-
radiative decay. It was further pointed out by Dupont-Roc [84] that the liquid helium
configurations around the foreign atoms in the s and p states are different. The
total energy, in which the interaction energy is taken as the sum of pair potentials
between He and an alkali atom like Na in ground and excited states, is optimized
with respect to both the electronic wavefunction and the shape of the cavity to
get the surface structure [84]. According to Hickman et al. [61], the effect of the
non-spherical nature of the bubble radius can be treated by expanding the bubble
radius in terms of Legendre polynomials keeping only the quadrupolar term in the
expansion,

Ry(®) = Ry [1 4+ ¢ Px(cos ©)], (1)

where ©® is the polar angle between the atomic state described by the angular
momentum orientation (z axis in this case) and the radius vector of the He atoms and
¢ is the anisotropy parameter. It has been found that in the excited p state of Na in
liquid helium approximately 5 — 6 He atoms surround the nodal plane with a radius
of ~ 0.25nm [79, 84]. This is because of an attractive dipolar interaction between
the ion core and the He atoms. The red shift of the 3 p energy level due to this effect
can be of the order of the 3s-3p energy difference. The 3p state can have a reso-
nance coupling with the ground state with a non-radiative de-excitation possibility.
This may be the reason for the absence of fluorescent emission in light alkali atoms.
The mechanism of recombination of electrons and positive ions has been explained
by Beau et al. [64] using a tunnelling model. The model has been successful in
predicting the lowering of the ionization potential and the subsequent ~ 1.8eV
population gap in alkaline earth atoms. The recombination process is considered as
a tunnelling of the electron from the bubble into the Coulombic potential of the posi-
tive ion and subsequent relaxation of the recombined atom and the environment as a
consequence of neutralization. This tunnelling probability has been calculated using
the WKB approximation. Using the SBM with improved pair potentials [80-82] for
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the ground as well as the excited states between He and Ca and Ba, the equilibrium
configuration of the bubble structure is determined by minimizing the total energy
with respect to the size and shape of the bubble, and the optical transitions have
been analyzed [64]. The optical excitation takes place in a much shorter time than
that required for the readjustment of the bubble shape, and consequently, the atomic
excitation takes place in the same spherical cavity of the ground state. Hence, the
excitation properties from the ground state of alkali, alkaline earth and group Ib and
IIb atoms can be analyzed using a spherical bubble structure. The excitation line is
usually blue shifted because the excited state wavefunction, having a larger extent,
experiences stronger repulsion at the liquid helium boundary, thereby placing the
excited state at a higher energy level than that for the free system. The lifetime of
the excited state is longer than the relaxation time characterizing the transformation
of the bubble into a new shape, which results in a cavity greater than that of the
ground state and not necessarily spherical. The de-excitation takes place from a
relaxed bubble shape of wider cavity. For example, the excited p states of such
atoms have the defect structure modified compared with that of the ground state
because of the non-spherical nature of the excited wavefunctions. To deal with such
a situation, the bubble radius is taken as in Eq. (11) with the anisotropy parameter
introduced within. Optical excitation pumps energy into the system, resulting in
excitations of the bubble and the subsequent breathing oscillation and quadrupolar
oscillation modes [85, 86] involving the bubble size and the anisotropy parameter.
Pascale [83] has studied in detail the pair potential of the Na-He system using a
pseudopotential approach. Beau et al. [64] used the pseudopotential of Pascale [83]
for making the configuration coordinate analysis, i.e., the energy versus the bubble
structure parameter for Na embedded in liquid helium. According to Beau et al.
[64], the 3s ground state of Na resides in a bubble of radius ~ 0.54 nm. The spec-
tral shift of this state with a bubble shape parameter § = 23nm™~' is found to be
+5.4meV compared with free Na. In the 3p excited state, the Na atom forms a
non-spherical bubble with anisotropic structure given by ¢ = 0.58, § = 20nm™!
and R = 0.65nm. The energy of this state is shifted by +12.4 meV. This results in
the shift of the absorption line centre by —16.7 nm and the emission line centre by
+1.0 nm.

2.3 Density Functional Approach

Following the phenomenological density functional approach by Dupont-Roc et al.
[87] for liquid helium, De Toffol et al. [88] estimated the spectral line shifts in the
absorption and emission from the first excited states of Na and Cs atoms. The alkali—
He pair potentials have been calculated from the SCF charge density of the alkali
atom and the van der Waals coefficients for the ground and excited states. In this
method the total energy is assumed to be a sum of the liquid energy, the energy of
the free atom and the interaction energy between the atom and the liquid helium.
According to Dupont-Roc et al. [87] the liquid energy is written as



Spectroscopy of Atoms in Liquid Helium Environment 191

1 1
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where p(r) is the liquid helium density. The first term on the right-hand side of eq.
(12) is the kinetic energy of the liquid, the second term is a two-body He—He pair
potential V;(r) screened at a distance shorter than a characteristic length R;, and the
third term accounts for the internal kinetic energy and the increasing contribution of
the hard-core He—He repulsion when the density is increased. p, is the average of the
He density over a sphere of radius R; [87]. The parameters R;, g and v are adjusted
to reproduce the experimental energy per He atom for the liquid, the compressibility
of the bulk liquid at the saturation density and the surface tension. The alkali atom
is treated within the density functional scheme of Kohn and Sham [89] in which the
valence electron wavefunction W(r), interacting with the frozen alkali ion core via
ab initio pseudopotentials [90], is obtained by minimizing the total energy

Eq[¥] = l/[V‘I’(r)]2 dr+/ Ves(D)pe(r) d

r)p.(r’
iy [ [ 22 drar + Ectp. (13)
[r—1/|
where p.(r) = |\Il(r)|2 is the valence electron charge density and Vps is a norm-

conserving angular momentum-dependent pseudopotential. The exchange correla-
tion part used is

Exc [pe] = / Exe [pe(™)] pe(r) dr, (14)

&xc being the exchange correlation energy density of a homogeneous electron gas
of density p(r). The effect of the fine structure splitting has been taken into
consideration for constructing the pseudopotential. The alkali— liquid interaction
energy has been represented by [88]

Ea—pelp, ¥ =// p() [pe (' = 1) + pe (' — 1) Jw (r —¥) drdr’
+/ p(r)U (r —r.)dr, (15)

where p. and p. are, respectively, the valence and core electron charge density of
the alkali atom and r, is the vector position of the alkali core. The valence charge
density p. is obtained self-consistently from a minimization of the total energy. w (r)
is a short-range repulsive potential arising from the overlap of the He and the alkali
wavefunctions, and U is the van der Waals interatomic attraction between the alkali
atom and He. The details of this procedure may be found in Ref. [88]. The van
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der Waals coefficients Cg are to be properly obtained both for the ground and for
the excited states. Minimization of the total energy subjected to constraints yields
the liquid helium density po(r) and the wavefunction W(r). De Toffol et al. [88]
calculated the spectral line shifts of Na and Cs atoms for excitation and emission
with reasonable success as we will show later. With this method they have been able
to find qualitatively the splitting of the absorption profile of the Cs atom in liquid
helium, which is explained by introducing the dynamic Jahn—Teller distortion [17].

2.4 Ab Initio Quantum Chemical Approach

Very few theoretical attempts have been made to study the spectroscopic properties
of atoms embedded in liquid helium environment using ab initio quantum chemi-
cal methods. Recent attempts in this direction are aimed at the spectral line shift
calculations for alkali atoms, for which experimental line shifts [17] are relatively
larger.

2.4.1 Combined Quantum Mechanics and Monte Carlo Simulation

The theoretical results reported earlier referred to applications of the SBM or
its refinements in suitable ways. The density functional approach of De Toffol
et al. [88] utilizes existing pseudopotentials and van der Waals coefficients with
adjustable parameters in the formulation. However, an ab initio quantum chemical
approach to the problem is worth investigating. Such an attempt was first made
by Ludwig et al. [65] for estimating both the excitation line shift and the line
width of the principal resonance line of an Na atom embedded in liquid helium.
In this method the liquid structure surrounding the central Na atom was generated
by Monte Carlo simulation [91, 92] using accurate interatomic potentials available
in the literature [93]. The Monte Carlo simulation was performed using the DICE
program [92] in the N PT ensemble with the number of He atoms N, its tempera-
ture 7 and pressure P fixed. Correspondingly, the simulation included one Na atom
surrounded by 1,000 He atoms with P = latm and 7 = 2K. The simulation
process generates a large number of configurations, and only the statistically rel-
evant configurations are sampled using the autocorrelation function of the energy
[65] for subsequent quantum chemical calculations using time-dependent density
functional theory (TDDFT). The quantum mechanical calculations have been per-
formed by Ludwig et al. [65] with 50 statistically uncorrelated configurations. The
density distribution shows clearly that the He atoms are well structured around
the central Na atom with more than one solvation shell, which is clearly different
from that obtained using the SBM. Figure 1 shows a plot of the radial distribution
function against the distance of He atoms from the central Na atom. Because of
the weak intermolecular potential between Na and He, only the He atoms within
the first solvation shell are considered for subsequent calculation for the absorption
spectrum and the line shift. The first solvation shell corresponds to the peak located
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Fig. 1 The radial distribution " i ) i ) i j T j T
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at 0.59nm but starts at 0.50nm and ends at 0.72nm. Integration of this peak
gives the coordination number of 42 He atoms surrounding the Na atom. Figure 2
illustrates this solvation shell. For the calculation of the spectral line shift the
TDDFT method was used as implemented in the Gaussian 03 program. Different
exchange functionals have been explored. The gaussian basis set employed was
6-311++G(d, p), which includes both polarization and diffuse functions in Na and
He. This leads to a total of 324 basis functions. Using the PBE1PBE functional [94],
a shift of 14.7 nm was obtained for the excitation corresponding to the D line of Na.
This is in good agreement with other existing theoretical results. Estimates with
other exchange functionals have also been made. Statistical distribution of the cal-
culated transitions yields the line width. This particular calculation furnishes a sta-
tistical representation of the structure of the liquid helium cavity surrounding the
Na atom. Using the B3LYP, PBEIPBE and B3P86 exchange correlation functionals
in different basis sets, Ludwig et al. [65] estimated the spectral blue shift of Na in
liquid helium within the interval of 14.7-18.9 nm and the line width between 6 and
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Fig. 2 Monte Carlo
simulation of Na in liquid
helium. One configuration
illustrating the first solvation
shell composed of 42 He
atoms surrounding Na
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8 nm. An interesting contribution to the calculated line width comes from the natural
splitting of the 3p orbital in the inhomogeneous liquid environment.

2.4.2 Non-Relativistic Cluster Model Calculation

The symmetry-adapted cluster configuration interaction (SAC-CI) method, which
has been well tested for studying excitation energies for extended systems [95-98],
has also been applied for the calculation of the excitation line shift of the D line of
Na atom embedded in liquid helium by Saha et al. [66]. In this method, the effect
of the surrounding liquid helium was taken care of by considering only the nearest
neighbour interactions using several model clusters. The number of He atoms in the
model clusters was chosen to be 12, 20 and 24 so that an approximately spheri-
cally symmetric structure could be obtained. The excitation energy of the 3s—3p
transition for the free Na atom was first determined using the SAC-CI method with
a contracted 6s5p3d1 f Gaussian basis of Mclean and Chandler including diffuse
s- and p-type functions [99]. For He, the 5s basis developed by Dunning and Hay
[100] augmented with an additional diffuse s function was adopted. The radius of
the cluster was then varied in each case and the 3s— 3 p excitation energies were
determined. The shift of the spectral lines in the presence of the He clusters could
then be calculated. In this calculation, two points are to be satisfied, namely, (i) the
Na—He distance should be in conformity with the Na—He interatomic distance at
equilibrium and (ii) the He — He distance in the cluster should be approximately
the He — He interatomic distance. Since the cluster geometry was not optimized,
amongst various choices of the cluster radius, Saha et al. [66] selected two specific
radii, calculated from a formula due to Gspann [101],

4/3
4435 23

rp
V3

Nneigh = (16)

using two different densities for liquid helium. In Eq. (16), Nyejgn is the coordination
number, i.e., the number of He atoms finding a place on the sphere of radius r,
and p is the number density of liquid helium. For a given coordination number,
i.e., the number of nearest neighbours, the first radius is obtained by assuming the
normal density of liquid helium and the second radius is due to half of the nor-
mal density corresponding to the centre of mass of the bubble. Table 4 shows the
transition wavelength for the resonance line of Na in different clusters along with
those corresponding to these two radii. It is noted from this table that for the cluster
with 20 He atoms surrounding the central Na, the shift at the realistic liquid density,
0/2~10.9/nm?, corresponding to the effective bubble radius of 0.594 nm, appears
to be ~ 16.6 nm, in good agreement with other available results. This distance is
also in very good agreement with the Na—He peak maximum of 0.59 nm, obtained
in the Monte Carlo simulation discussed in the previous section (see also Fig. 1).
The He—He distance comes out to be ~ 0.424 nm, in conformity with the result of
~ (0.4 nm obtained from a closed pack plane of He atoms [101].
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Table 4 25—2 P resonance line position of Na—He,, clusters [66]. All quantities in nm

Cavity radius He—He distance AL He AX = Afree — ALHe
Na—Helz

0.70 0.98995 596.4 0.4
0.60 0.84853 587.9 8.9
0.56 0.79196 580.7 16.1
0.52 0.73540 569.9 26.9
0.46038* 0.65107 545.0 51.8
0.36540° 0.51676 484.3 112.5
Na—Hezo

0.70 0.49955 594.6 2.2
0.60 0.42819 581.5 15.3
0.56 0.39964 571.0 25.8
0.52 0.37110 555.0 41.8
0.59434* 0.42415 580.2 16.6
0.47173° 0.33665 527.5 69.3
Na—He24

0.70 0.50037 592.9 3.9
0.60 0.42889 577.9 18.9
0.56 0.40030 565.5 31.3
0.52 0.37170 547.7 49.1
0.65172% 0.46586 587.7 9.1
0.51676° 0.36938 546.0 50.8

Airee(Na) = 589.6 nm;  Number density of He at half bulk density = 10.9 nm™3;
® Number density of liquid helium = 21.8 nm~3

2.4.3 Relativistic Density Functional Approach

Anton et al. [67] first applied relativistic density functional theory (RDFT) to esti-
mate the spectral line shifts of the principal resonance lines of alkali atoms such as
Na and Cs. They used a cluster model, much along the same line as was done by
Saha et al. [66], and subsequently extended the calculation to obtain the spectral
line shift of the Rb atom in liquid helium [68]. Instead of taking different clusters, a
model cluster of 14 He atoms surrounding the central alkali atom was chosen such
that eight He atoms are located at the corners of a cube and six additional He atoms
are located above each surface of the cube, maintaining a constant distance from
the centre. This model is reasonably tractable and maintains a near-spherically sym-
metric structure. In making the structure, one has to be in conformity with the fact
that the average distance between He atoms in a closed pack structure is ~ 0.4 nm
[101] with a normal liquid helium density of 21.8/nm?>. The alkali-He distance is
approximated by the interatomic distance. Such distances were previously given by
Ancilotto et al. [62]. In the relativistic density functional approach, the total energy
of a system with N nuclei and M electrons is given by [102—-104]

S 1 N zz
E = Zn, (W | T1W;) /(Vnuc—i-—VH) pe(r)dr + Exc[/)e]‘i‘ZL,
i=1 2 = IR — Ry

7)
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where T = ca - p + (8 — 1)mc? is the Dirac kinetic energy operator, Vy, is the
interaction between the electron and the nuclei and Vj is the Hartree potential. The
symbols in the definition of 7" have their usual meaning. In the non-pair approxima-
tion, the electronic density is constructed as

M
pe(r) =D ni W) Wy(x), (18)

i=1

where n; is the occupation number of the molecular orbital W;(r). The variation of
the total energy leads to the relativistic Kohn—Sham equation,

(T + Vie + Vit + Vi) Wi(r) = & W;(x), (19)

which is to be solved self-consistently. The LCAO-MO method has been adopted to
solve the Kohn—Sham equations in which the molecular orbital W;(r) is expanded
in a series of symmetry-adapted orbitals y;(r),

Wir) =Y Cjix;j(r). (20)
J

The symmetry-adapted orbitals are expanded as a linear combination of atomic
orbitals, the expansion coefficients of which can be obtained from group theory
[105],

X = dijgu(r). 1)

The energy eigenvalue and the molecular orbital coefficients can be obtained
from the solution of the generalized eigenvalue equation

HC = SCE, (22)

where H and S are the Fock and the overlap matrices, respectively, C is the coef-
ficient matrix and E is the diagonal eigenvalue matrix of ¢;. Details may be found
elsewhere [102—-104]. The geometry of the cluster is optimized with respect to the
alkali — He distance. The RDFT applied here utilizes the relativistic local density
functional (RLDA) for this optimized geometry to obtain the energies of the lowest
excited 2P, /2 and 2py /2 states. The results for the free atom case and also those in
the cluster condition are shown in Table 5 and compared with existing experimental
and theoretical data. For Na, the non-relativistic results do not account for spin—
orbit interaction and hence represent the shifts for the 3s — 3 p level, while for Cs,
the reported results account for the spin—orbit interaction. From this table it appears
that the RDFT is quite successful in predicting the experimental spectral line shifts
in Rb and Cs, although for Na it predicts a relatively larger shift. However, for
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Table S Spectral line shifts (nm) of alkali atoms in helium environment

Free atom Atom in He cluster Shift

A AL A Al Theory Experiment
Transition Relativistic Non-relativistic
Na
Sijp—>P1p 53330  0.70 510.40° 0.52 —22.90° —16.70">, —15.0°
Sip— P3n 532.60 509.88* —22.72* —14.79 ~ —18.94

—16.6°

Rb
Sijp—=>P1jp 79476 14.73 780.74F  17.52 —14.02f —16.8+0.58
Sijp— P3» 780.03 763.22f —16.81F —16.0+£0.58
Cs
Sijp—=Pijp 811.15 42.60 795.63* 4491 —15.52* —=26.0° —18.4+0.58
Sip— P3n 768.55 750.72% —17.83*  =27.0° —18.1£0.5¢8

3 Ref.[67]; ® Ref.[64]; ¢ Ref.[88]; ¢ Ref.[65]; © Ref.[66]; ' Ref.[68]; & Ref.[17].

Na the experimental excitation spectra in liquid helium is unavailable. For Cs, the
relativistic effect appears to be more important, as expected.

2.5 Summary and Future Directions

In this brief review we discussed the few theoretical attempts towards understanding
the spectral line shifts and other spectroscopic properties of foreign atoms embedded
in a liquid helium environment. It appears that only little of the vast experimental
data could be interpreted using the theoretical methodologies discussed above and
the majority of the experimental data needs to be properly interpreted. Monte Carlo
simulation of the liquid structure followed by quantum chemical calculations seems
to be a viable method, but it has to be carried out systematically to predict the exper-
imentally observed line shifts and line profiles. This methodology is presently used
for the case of Rb in liquid helium with promising results [106]. Quantum chemical
calculations for the interpretation of emission spectra based on distorted liquid struc-
ture are a necessity. Finally, theoretical attempts are necessary for understanding the
details of the liquid properties based on interactions with foreign atoms.
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Level-Structure and Magnetic Properties
from One-Electron Atoms to Clusters
with Delocalized Electronic Orbitals:
Shell Models for Alkali Trimers

Andreas W. Hauser, Carlo Callegari, and Wolfgang E. Ernst

Abstract The triatomic alkali-metal clusters we investigate here are still accessible
via molecular-orbital-based ab initio computation, but do already show some fea-
tures characteristic of extended many-electron systems. Experimental observation
of both the low-spin multiplicity (doublet) and the high-spin multiplicity (quartet)
presents us with two species with very different binding mechanisms (covalent vs.
van der Waals). The Complete Active Space Self Consistent Field method in com-
bination with Multi Reference Rayleigh Schrodinger Perturbation Theory of second
order is applied to the high-spin (quartet) states of all possible homonuclear and
heteronuclear trimers of K and Rb. We calculate the first few electronically excited
states and compare the results with the doublet system of K3 and Rbs. The classical
shell model for metal trimers is briefly reviewed in relation to the low-spin configu-
ration and compared with a new model we introduce to rationalize the significantly
different level structure we observe for the high-spin. This structure turns out to
be related to the eigenstates of the harmonic oscillator, a feature known from the
description of single-particle states in quantum dots.

Keywords: Ab initio - Alkali-metal clusters - Trimers - Shell model - Quantum
dots - Electronically excited states - CASSCF - CASPT?2 - High-spin

1 Introduction

Much experimental effort has been devoted to the investigation of small alkali—-metal
clusters (N < 10), as these objects offer a model system to overview the evolution of
the properties of matter when moving from a single atom to larger aggregates [1-6].
Clusters in general are investigated predominantly by mass spectroscopy; alkali—
metal clusters have strong, fluorescing electronic excitations conveniently accessible
with visible lasers.
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As for the onset of metallic properties, group la atoms are preferred as a model
system, because of their simple one-electron valence structure; other elements are
studied in relation to magnetic properties, and are gaining attention because of the
importance of themes such as spintronics, magnetic storage, superconductivity.

Popular production techniques for low-spin group la clusters are the conden-
sation of alkali atoms on cold surfaces [7], or the adiabatic expansion of alkali
vapor seeded in a rare gas [8, 9]. In a more recent technique, high-spin aggregates
are obtained by doping a supersonic beam of large helium droplets with alkali
atoms [10-13]. In our group, by depositing alkali atoms on rare gas clusters of
argon or helium, we have observed the formation of cold trimers in doublet [14]
and quartet [15] states, and recorded many of their laser-induced-fluorescence (LIF)
electronic excitation spectra.

In this chapter we focus on the spectroscopic properties, and underlying level
structure, of the alkali trimers from a theoretical point of view. These objects are
small enough to be calculated with standard techniques of highly correlated quan-
tum chemistry; their electronically excited states provide, depending on their spin
multiplicity, benchmark systems for a basic understanding of metallic cluster spec-
troscopy, or for the spectroscopy of van der Waals-type species.

Auvailable theoretical data on alkali trimers are generally scarce. Ab initio cal-
culations were performed mostly for the doublet state: Li; [16, 17], Nas [17-20],
K3 [17]; fewer calculations exist for quartet states altogether [11, 12, 21-23]. Coc-
chini et al. [19] rationalize the level structure of the first few electronically excited
states of doublet Naj in terms of a shell model which we have adapted to the doublet
system of Kj [24]. These calculations helped also with the assignment of exper-
imental spectra of potassium-doped argon clusters [14]. Upon observation of new
high-spin alkali trimers (K,Rbs_,, x = 0, 1, 2, 3) on superfluid helium nanodroplets
our group has worked to extend ab initio calculations to the quartet systems. In
Ref. [15] we reported the measurement and calculation-backed assignment of LIF
spectra of K,Rbs_,, and we suggested a new shell model description, based on the
interpretation of the ab initio results, in terms of harmonic oscillator (HO) eigen-
states in a quantum-dot-like confining potential. A detailed discussion of this model
can be found in Sect. 3.2.

The first part of this work is dedicated to the computational aspects of our ab
initio approach. It summarizes the work we published so far, then presents its exten-
sions and refinements. We account for the choice of an augmented, uncontracted ver-
sion of the relativistic small-core ECP basis sets “ECP10MDF” and “ECP28MDF”
of the Stuttgart/Koln group. With these basis sets we optimize the geometries of
all possible homo- and heteronuclear quartet trimers of K and Rb, and calculate
the first few electronically excited states at the CASSCF (Complete Active Space
Self Consistent Field)/CASPT2 (CAS-Perturbation Theory of second order). The
obtained level patterns are then compared with the structures of doublet K5 [24] and
Rbs [25].

In Sect. 3, we introduce different shell models to rationalize the calculated level
structures. We first look at the doublet states of the trimers in the picture of atomic-
like eigenenergies, reducing the Coulomb interactions between electrons and atomic
nuclei to a single effective potential of spherical symmetry, with its origin at the
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center of mass. Secondly, we try to rationalize the level structure of the quartet
trimers in terms of HO states of the three valence electrons in a quantum-dot-like
confining potential.

2 Computational Details

For all calculations we choose uncontracted and augmented versions of the
ECP10MDF (K) and ECP28MDF (Rb) basis sets [26]. We add one diffuse function
each of s, p, and d type to the standard basis sets, using the even-tempered scheme
implemented in the MOLPRO program [27], which was used throughout this arti-
cle.! This leads to the basis set schemes (12s, 12p,6d,3 f)and (14s, 11p, 6d,3f, 1g)
for potassium and rubidium, respectively. No core polarization potentials (CPP) are
included.

2.1 Symmetries

The natural symmetry of the problem is that of the equilateral triangle geometry
of the homonuclear trimers, D3, with the high-symmetry axis C3 perpendicular to
the molecular plane. This symmetry is lowered to C,, for the heteronuclear trimers,
although the close chemical similarity between K and Rb is such that a description
in terms of a slightly distorted D3;, symmetry is still appropriate. The above holds
for quartet trimers: the ground state of doublet trimers is affected by a significant,
and well-known, Jahn—Teller distortion [17, 19, 24, 25] and C,, is the appropriate
symmetry; all the extrema of the energy are associated to a symmetric distortion
(isosceles triangle), so the isosceles bond length b and apical angle 6 suffice to span
the geometry space of interest.

For the analysis of small distortions away from equilateral geometry, as related
to vibronic coupling, a convenient alternative are the symmetry-adapted internal
coordinates Q,, Q, and Q, (breathing mode, symmetric and fully asymmetric
bend mode, respectively), which describe the planar vibrational modes of systems
in D3, symmetry. The transformation matrix between classical two-dimensional
Cartesian coordinates and symmetry-adapted internal coordinates can be found else-
where [24]. Since all geometries presented in Table 1 are of C,, symmetry, Q, is
identically zero. For homonuclear quartet ground states Q, is also zero, in confor-
mity with their equilateral geometry. In Sect. 2.3, which is dedicated to the calcu-
lation of electronically excited states, we investigate distortion patterns by scanning
over the Q, coordinate, with Q, fixed at the value it has at the global-minimum of
the energy.

For the analysis of level patterns, it is convenient to neglect the azimuthal mod-
ulation present in D3, symmetry and increase the symmetry to cylindrical (D),

! The additional exponents are 0.0035 (0.0050) for the s-type 0.0014 (0.0031) for the p-type and
0.0108 (0.0092) for the d-type function of potassium (rubidium).
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Table 1 Comparison of doublet K3 and Rb; ground states with the quartet ground states of
Kxbefk X = {0, ey 3}

Ks Rb; K,Rb KRb,
symmetry Cay D3y Cyy D3, Cay Cy,

species ’B, ‘A, ’B, ‘A, ‘B, ‘B,

b (A) 4.096 5.049 4.387 5.500 5.284 5.263

6 (°) 77.13 60.0 78.90 60.0 57.78 62.30

Q. (A) —0.704 0.000 —0.832 0.000 0.118 —0.122

Q, (A) 0.000 0.000 0.000 0.000 0.000 0.000

Qs (A) 4.403 5.049 4.743 5.500 5.224 5.323

E (hartree)  —84.899273 —84.87617 —72.146543 —72.127286 —80.626590 —76.376964
AE* (em™) 6330 1260 5170 939 1160 1060

# Formation energy: difference between minimum energy and the sum of the atomic energies
calculated at the same level of theory.

around the C; axis. This amounts to assuming that shielding effects, and the dif-
fuseness of the valence electrons, smooth out the influence of the strong Coulomb
singularities in the vicinity of each atomic core. In both symmetries, the most impor-
tant symmetry element in relation to our problem is the reflection by the molecular
plane, indicated with ' (symmetric) and ” (antisymmetric) in Ds;; for the corre-
sponding labels in D, as well as the correlation of molecular level labels, see
Table 3. In C3,, A| and B, states are symmetric, A, and B; antisymmetric. Let us
note that internally MOLPRO handles the D3, symmetry as C,,: E states have to
be recognized “by hand” as a degenerate pair of Aj, B, (= E’) and A,, By (= E”).

2.2 Geometry Optimizations

We optimize all trimer geometries at the coupled cluster (CC) level of theory,
employing for the doublet a partially spin-restricted single-reference open-
shell variant with single and double excitations plus perturbative triples [RHF-
RCCSD(T)], and for the quartet a spin-unrestricted variant [28, 29]. The geometry
of doublet K3 has been published in Ref. [24], and a detailed discussion of ground
state Rbs will be published separately [25]. Results are listed in Table 1.

For the doublet ground states the CR-CCSD(T) method may give better results
[30, 31]. As stated in Ref. [30], a noniterative single-reference CC aproach like
CCSD(T) fails to describe quasidegenerate states, when the restricted Hartree—Fock
configuration is used as a reference. Let us note, however, that the CCSD(T) energy
difference between the 1A, and the 1?B, states at equilateral geometry is already
less than 6 cm™!,

The quartet geometries deviate a little from the ones we published in Ref. [15],
since in the present improved calculations no shells were kept frozen.

We see from Table 1 that only the quartet ground states are of equilateral geome-
try (the homonuclear exactly, the heteronuclear very nearly); in the low-spin case we
recognize the above-mentioned Jahn—Teller distortion. As expected, bond lengths
increase slightly with increasing atomic radius, and formation energies essentially
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reflect the change of bond type from covalent (bond order 1.5) to van der Waals
(bond order 0) when going from doublet to quartet.

The formation energies are of special interest for the helium-nanodroplet com-
munity: Alkali atoms, which are unique in that they are the only species remaining
on the surface of the helium droplets [32], attract each other and form covalent
or van der Waals-bond clusters depending on their, presumably random, relative
spin orientation. The formation energies have to be dissipated by the helium nan-
odroplet. Hence, nanodroplet isolation spectroscopy is spin-selective: The dissipa-
tion of covalently bound trimers usually destroys the nanodroplet (binding energy
per He atom is about 5cm™" [33]) or leads to the ejection of the dopant. In any
case, the low-spin alkali clusters are lost for further experimental investigations. We
can say that thermodynamic stability has the opposite effect as in all other produc-
tion methods mentioned above. For this reason a variety of electronic transitions of
high-spin alkali dimers and trimers to date have been measured exclusively on He
nanodroplets [10-13].

2.3 Excited States

We now review a selected area of the ab initio potential energy surfaces of electron-
ically excited states, to have a better insight into the level structure, in particular
regarding degeneracy and its lifting upon geometric distortions. The shell mod-
els we introduce in Sects. 3.1 and 3.2 seek to rationalize this structure in terms
of general symmetry arguments. The models are at the moment restricted to the
global minimum geometries of the trimers, but we count on being able, with suit-
able parametrization, to correctly reproduce the patterns observed in the ab initio
calculations upon slight distortions away from equilibrium.

First we apply the CASSCF method of Werner and Knowles [34-37] to scan
over the first few electronically excited quartet states as functions of the Q, coor-
dinate. To improve the quality of the state-averaged wavefunctions we run separate
calculations for states of opposite symmetry with respect to reflection by the molec-
ular plane. The active space size varies with symmetry and species between 16 and
24 molecular orbitals (MOs), three of them singly occupied by the atomic valence
electrons (4s' for K3, 5s' for Rbs). According to the internal orbital ordering for
the C,, point group in MOLPRO (A;/B/B,/A;), the occupation scheme for the
“B, (A} at Q. = 0) ground states was 5/2/4/1 for the doubly occupied MOs and
2/0/1/0 for the singly occupied MOs. Doubly occupied MOs are fully optimized
but do not form part of the active space. For all trimer species, the state-averaged
CASSCF wavefunctions comprise up to 260 configuration state functions (CSFs)
of A1/B; and up to 506 CSFs of A,/B; symmetry. The larger active space for the
latter group of states was necessary to obtain a degenerate 2*E” excited state in the
case of Rbs.

The asymptotic energy level separations, at very large internuclear distances,
compare poorly with the well-known atomic values, specifically the 4S-4P level sep-
aration of K and the 5S-5P level separation of Rb [38]. In our previous
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calculation on the doublet states of K3 [14] we applied ad hoc shifts to force asymp-
totic consistency. It is known that these significant deviations are a systematic error
due to the finite-sized space in the CASSCF approach, which does not account for
dynamic correlation. To overcome this limitation, we further apply a modified ver-
sion of CASPT2 (Complete Active Space with Second-order Perturbation Theory,
developed by Celani and Werner [39], referred to as “RS2C” in MOLPRO), using
the CASSCF wavefunctions as references in the RS2C calculation. The subsequent
R2SC wavefunctions consist of 3.858 to 4.58x10° contracted (181 to 213x10?
uncontracted) CSFs of A;/B, symmetry. For the A,/B; states 3.50 to 5.48x10°
contracted (153 to 263x 10° uncontracted) CSFs are used. The MOs 2/0/1/0, cor-
responding in K (Rb) to the 3s (4s) atomic orbitals (AOs), are kept frozen in the
RS2C approach. To avoid intruder state problems [40] we apply an energy shift of
0.2 hartree. All reported energies are internally corrected for this shift by MOLPRO.
The calculated electronically excited quartet states for all discussed trimer species
are printed in Fig. 2. For the sake of comparison we also provide the doublet states
of K5 and Rb; obtained from earlier calculations [24, 25] in Fig. 1.

Doublet Kg Doublet Rbg

12,000 4

10,000 4

8000 -

Energy (cm~!

6000 -

4000 -

2000 -

Qy (A) Qy (A)

Fig. 1 Potential energy curves for the doublet states of K3 and Rbs, scanned along the Q, coor-
dinate at {Qy, Q,} = {4.40, 0} and {4.74, 0}, respectively. The curves are labeled according to the
C,, point group except at Q,=0, where D3, applies
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Fig. 2 Potential energy curves for the quartet states of K3, K;Rb, KRb,, and Rbs, scanned along
the Q, coordinate at {Qy, Q,} = {5.05, 0}, {5.22, 0}, {5.32, 0}, {5.50, O} respectively. The curves
are labeled according to the C,, point group except for the homonuclear trimers at Q,=0, where

D5, applies
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3 Shell Models

Shell models are an attempt to capture the fundamental physics of an electronic-
structure problem based on simple symmetry arguments. Ideally, electron shells are
diffuse over the whole molecule, well separated in energy and with a clearly defined
nodal structure. Note that symmetry arguments alone will always correctly predict
the presence of degenerate states, and the removal of degeneracy upon lowering
of the symmetry (the latter may be due to a true distortion of the molecule but
also to a mere refinement of the model). To correctly predict the energy ordering,
however, one has to make in addition a reasonable guess of the mean field potential
experienced by the valence electrons.

In our case, there are essentially three approaches to classifying the ab initio
level structures. All three are based on singly occupied MOs and differ in the
zeroth-order description of the orbitals. The freezing of doubly occupied MOs
immediately leads to the picture of single-electron excitations as explanation for the
doublet state structures. In the case of quartet states, with valence electrons forbid-
den to occupy the same orbital, the product of three singly occupied orbitals must
be considered.

3.1 A Shell Model for the Doublet States

The first approach, which Herzberg calls the united atom limit [41], describes shells
in terms of atomic levels. For simple molecules, where the level structure is similar
to that of the united atom (e.g., CHy; united atom: Ne), it makes sense to consider all
electrons. In the case of metal clusters, only the valence electrons are considered; the
united atom is a fictitious one, and the alternative designation electron droplet model
is used. One just borrows from the united-atom limit the idea of a single effective
potential of spherical symmetry, with its origin at the center of mass, to find atomic-
like eigenenergies as functions of two quantum numbers 7, [. As a refinement of this
zeroth-order approach, to better describe the doublet states of the alkali trimers, one
applies an oblate distortion in the z direction (the Cs axis of the trimers) that lifts the
degeneracy of the quantum number m;. A detailed study of ellipsoidal distortions
in free-electron metal clusters was performed by Clemenger [42] who introduced a
modified Nilsson Hamiltonian with parameters U, §. To a certain extent this distor-
tion mimics the planar geometry: electronic eigenfunctions with significant exten-
sion out of the molecular plane experience a significant rise of their energy. Cocchini
et al. successfully applied this method to the doublet states of Nas [19], and we did
the same for the doublet states of K5 [24].

In Fig. 3 the obtained shell model energies are compared with the K3 doublet
state structure of Fig. 1 at equilateral (D3;) and global minimum (C,,) geometry.
By adjustment of the two model parameters (U = 0.04, § = —0.56) we match
the shell-model states with those of Kj at equilateral geometry. Further reduction
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Fig. 3 Correlation diagram showing the progressive lifting of electronic state degeneracies as the
applied MO theory becomes more sophisticated. From left to right: (a) spherical symmetric shell
model, (b) oblate distortion added, (c) ab initio calculation at equilateral geometry, (d) ab initio
calculation at the equilibrium geometry for the B, ground state.The color code in (d) corresponds
to the one used in Fig. 1. The singly occupied MOs, which were assigned to the corresponding
state in the shell-model interpretation, are given in brackets. The labeling (x.y) means xth orbital
of symmetry y, with respect to the internal symmetry order of MOLPRO for the point group C,,
(A1/B1/By/Ay)

of the molecular symmetry from D3, to C,, finally lifts the degeneracy in the
xy plane.

In Ref. [24] we gave arguments for the applicability of this choice of a shell
model for the doublet states. Here we explain why it is poorly suited to describe the
quartet states structure.

The following conditions must be satisfied for this shell model to be applicable
to trimers:

1. The MOs are strongly delocalized. Their spatial part is well described by func-
tions with origin at the center of mass.

2. The observed electronically excited states are single-electron excitations without
strong mixing, i.e., the CI-expansion of each state is predominantly composed of
a singly excited determinant.

3. All MOs are doubly occupied, except for one. The latter is singly occupied and
determines the state energy and the symmetry of the corresponding electronic
wavefunction.
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For the quartet system, however, condition 3 is no longer valid: the Pauli exclusion
principle dictates that the three valence electrons occupy three distinct orbitals, all
of which must be considered for a proper description of the excited states.

3.2 A Shell Model for the Quartet States

In contrast to the shell model for the doublet system, a description of the quartet level
structure requires a more complex multi-electron picture. Nevertheless, the observed
level structure, in particular the existence of quadruply degenerate states (pairs of
E’) can be clarified in terms of singly occupied MOs for the three valence electrons.
To gain insight, we look at two simplifications: first we assume the correct D3y
symmetry for the quartet trimer, but we only consider a minimum-sized set of AOs.
We then map these orbitals, according to their nodal structure, onto the solutions of
a problem with cylindrical symmetry around the Cs axis: this is the same symmetry
as the oblate spheroid model, but we do not use atomic states for classification. The
advantage of cylindrical symmetry is that orbitals can be classified in terms of the
angular momentum projection along the Cj axis, so that their mutual interaction, or
lack thereof, and the reason for their degeneracy are easily recognized. At last we
deduce their energy ordering by mapping them onto the canonical orbitals of the ab
initio calculation, and we look for a cylindrically symmetric potential reproducing
this energy ordering. This leads rather naturally to the HO model.

Let us then start with D3, symmetry: we look at the possible ways of distributing
the three valence electrons within the twelve MOs formed by linear combination
of the atomic orbitals (LCAO) s;, p;, pltv ,pi (i = 1...31is an index for the three
atoms). Following Herzberg, the x and y axes are local, i.e., on each atom the x axis
coincides with the C, axis going through the atom, and the y axis is perpendicular
to it. In a more general notation we denote AOs as ¢;. For each of the above choices
of ¢ there are one symmetric combination ¢ + ¢, + ¢3 and two degenerate anti-
symmetric combinations (2¢; — ¢ — ¢3 and ¢ — ¢3). The respective symmetries of
these combinations are a5, ¢” for ¢ = p*;aj, e for ¢ = {s, p*}; a), ' for¢p = p*. It
is convenient to already think of these LCAOs as having cylindrical symmetry and
label them with a triplet of integers (n, £, n.) counting the nodes in the in-plane-
radial, azimuthal, and out-of plane direction; if a & sign is added to indicate the
double degeneracy of orbitals with azimuthal nodes, ¢ will be the projection of the
electronic angular momentum for the HO orbitals. The three LCAOs from ¢ = s
are those occupied in the ground quartet state, which has then the symmetry of the
product a{e’2 = A/, ground state; they correspond to the (0,0, 0) and (0, £1, 0)
orbitals. The excited states are formed by promoting one of the ¢’ electrons. The p?
generate the (0, 0, 1) and (0, 1, 1) orbitals which are responsible for the doubly
primed molecular states (aje’a; = E”; aje’'e” = A + A} + E”); a| and a, orbitals
give each an isolated E" molecular level; an ¢’ orbital gives a set of A| + A} + E'.
From inspection of the ab initio orbitals, the lowest E’ state comes from the ai
orbital (1, 0, 0); the pair of A} + A’ along with the higher E” derives from the ¢’
orbital (0, &2, 0); higher states are a mix of more than one configuration.
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Fig. 4 Contour plots of the canonical orbitals of K3 obtained at the CASSCF level of theory. The
labeling x.y means xth orbital of symmetry y, with respect to the internal symmetry order of MOL-
PRO for the point group C,, (A;/B;/By/A;). Red lines show positive, blue lines negative ampli-
tudes. The strongly delocalized MOs are clearly resembling harmonic oscillator eigenfunctions

We conclude that a minimal basis set is sufficient to capture the quartet orbital
structure; we cannot yet say something about level energies. As an alternative to
the full ab initio calculations of Sect. 2, we introduce a new shell model description
which is based on two observations we made for the quartet systems.

Firstly, the canonical MOs we calculate at the CASSCEF level, are still delocal-
ized. As can be seen from the contour plots of the canonical orbitals in Fig. 4, the
MOs closely resemble HO eigenfunctions. This is a well-known feature of single-
particle states in quantum dots, where the electronic structure is emphasized over
the geometric structure [43]. Secondly, the pattern of orbital energies in the quartet
system is closer to that of an HO than to that of a fictitious united atom.

We seek to describe the MOs, according to their nodal structure, as a product of
two-dimensional HO eigenfunctions (Fock-Darwin orbitals) in the molecular plane
times a separate one-dimensional HO eigenfunction for the z-direction (the C; axis).
This is done to account for the different strength of the potential in-plane and off-
plane. The energy of the Fock—Darwin orbitals depends on the quantum numbers
(n, £) through the oscillator frequency (here expressed as wavenumber ¥, ):

E = het,2n + €] + 1) = heb,y(n, + 1) (1)
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where we have defined a quantum number n,, = 2n+|£|. The energy for an off-plane
HO depends on a different frequency, ., and on the associated quantum number 7, :

E = heb.(n. +1/2) 2

The easiest way to account for discrepancies between the HO model and the ab
initio orbital energies is to include anharmonic terms (x,,x) and a cross term (x ;).
The zero of the energy is of no particular significance, so we only consider energy
differences measured from the (0, 0, 0) state:

AE =he(n,v, +n;v, —xpni

v, — xzngﬁz — Xl /DpD2) 3)

The energies of the first 13 MOs fit well to this 5-parameter formula. In Table 2
the best-fit parameters and RMS are reported for all four trimer species. Note that
for all MOs considered here, n, only assumes the values O or 1, so x, is redundant
and can be set to zero. The rather large value of the cross term tells us that at large
orbital energies the distinction between in-plane and out-of-plane oscillator tends to
vanish, and a three-dimensional HO model may be more appropriate. Let us note
that for higher yet excitation energies, near the ionization limit, the best description
will realistically be in terms of Rydberg-atom orbitals.

Let us look at the possible occupation schemes for the set of HO eigenstates.
The expected degeneracy at D3, symmetry, and the symmetry of the molecular lev-
els are made particularly obvious by the azimuthal quantum number £. The useful
relationships between the HO quantum numbers and the orbital symmetry are sum-
marized in Table 3. For the sake of completeness we also provide the labels in the
united atom picture, the LCAO approach and the corresponding molecular levels of
Fig. 2.

As already stated, in a high-spin configuration, each orbital can accommo-
date only one of the three electrons; the ground state corresponds to occupied
(0, 0, 0) orbital and (0, &1, 0) orbital pair (symmetry o; T, T, = Eg, correlating to
aje'e = A)).

As the ground state corresponds to a complete |[¢| = 1 shell, we infer that the
trimers should be a magic number for planar geometries: Unless the internuclear
separation changes strongly upon adding a further atom, we should reasonably

Table 2 Parameters obtained from fits of Eq. (3) to the calculated orbital energies

v, D, X, X Xpz res. rms

(em™)  (ecm™) (em™h)
K3 14,963 19,589 0.1237 0 0.3571 930
K2Rb 14,269 18,747 0.1201 0 0.3353 1100
KRb, 13,975 18,104 0.1161 0 0.2963 1210
Rb; 13,312 17,329 0.1136 0 0.2754 1070




Shell Models for Alkali Trimers 213

Table 3 Orbital labels in the united atom model, LCAO model and harmonic oscillator model
(n, £, n;). The ground state configuration is aje’e’ (o;' 7,7y, corresponding to the A’ (Eg‘) molec-
ular level; other molecular levels are calculated assuming promotion of one of the two ¢’ electrons

into the tabulated one-electron orbital

Orbitals Symmetry Molecular levels
United atom LCAO Harmonic osc.  Dj), Doon D3, Doon
1s S|4+ 5+ 83 (0,0,0) aj ang — —
2px 28] — $2 — 83 0, £1,0) e Ty A E;
2p, S — 53
2p. i+ p;+p5 (0,0,1) aly o, E" m,
2s pi+p;+ 3 (1,0,0) aj of E' 1,
3d,, D> — D3 0, £2,0) e’ 8, A+ A+ E O, 41T,
3d,2_y2 2pf —p5 — 3
3d,: p; — 5 0,%1, 1) e Ty AV+AY+E" TSE+A,
3dy. 2pi = p5— 15
dfiesyey Pl P+ D (0, £3,0) a, bu E' Ay + T,
4fy(3x2—y2) —_— a{ E/
3px pg—pg (1,+£1,0) e T A+ A+ E E?—l—Ag
3p, 20 —p -1y

expect that the binding energy per atom of the trimer be larger than that of the
planar tetramer.

We note that because of symmetry, few HO orbitals will mix, meaning that a
single one should be a decent description of the true MO or, conversely, that a small
basis set of HO orbitals should be sufficient for accurate calculations. Let us also
note that for the same symmetry reasons, most of the low-lying configurations do
not interact with each other, meaning that the level structure should be reasonably
reproduced already at the Hartree—Fock level. Although we have not tried yet, it
seems reasonable that a parametrized distortion from D, to C,, should be able to
capture the level structure at Q, # 0 (Fig. 2).

Upon inspection of the CI vectors from the ab initio calculations, we have already
noted in the LCAO model that the first three pairs of excited states of ' symmetry and
the first two pairs of ” symmetry are indeed dominated by a single configuration.
The ” states are better isolated, thus easier to rationalize: the first E” is obtained
by promoting one electron from the degenerate (0, £1, 0) orbital pair to the (0,0,1)
orbital (a}e'a; = E"); the next group of 4 states corresponds to promotion to the
(0, £1, 1) orbital (aje’e” = A] + A7 + E”). The energy order and approximate
separation, which was not part of the LCAO model is neatly captured by the HO
model. For the ' states, the HO model predicts an accidental degeneracy between
the orbital pair (0, 2, 0) and (1, 0, 0) orbital. Promotion of one of the (0, £1, 0)
electrons into this set of three orbitals should produce a sixfold degeneracy (2 I1,
states, 1 @, state). Inspection of the CI vectors reveals that the IT, pair from the
(1,0, 0) orbital remains degenerate with the @, pair, while the IT, pair from the
(0, £2, 0) is shifted to a higher energy.
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4 Conclusion

We calculated the optimized ground state geometries of all possible homo- and
heteronuclear trimers of K and Rb. The calculation of the first few electronically
excited quartet states as a function of the fully symmetric vibrational mode Q,
revealed similar level patterns with a significant structure of degeneracies at D3y,
symmetry for the homonuclear species. We showed that the classical approach of
an atomic-like shell structure provided a sufficient description for the doublet states
only. Hence we introduced a new shell model based on HO eigenfunctions in a
quantum-dot-like confining potential. The existence of a shell structure shows that
despite the larger interatomic distances in quartet states, the valence electrons should
be considered as diffuse. Based on the rather close similarities between HO orbitals
and high-level ab initio MOs, and on the high symmetry of the model, which restricts
the interaction between different configurations, we anticipate that a minimal basis
set of these orbitals should have good predictive power, already at a low level of
theory (Hartree—Fock). The model is not limited to trimers and should become even
more competitive for larger aggregates.
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Influence of the Level of Protonation
on the Geometry and the Electronic Structure
of Emeraldine Oligomers

Jasmina Petrova, Julia Romanova, Galia Madjarova, Anela Ivanova,
Alia Tadjer, and Natalia Gospodinova

Abstract A number of studies prove the existence of magnetically active states in
polyaniline and claim polaronic nature of conductivity, but the molecular structure
of polarons and bipolarons with account of the solvent effect has not been exhausted.
Alongside with conductivity, the optical and magnetic properties of the polymer
related to its practical application could be rationalized by the elucidation of this
problem. The purpose of this chapter is the assessment of the degree of protonation
on the spatial and electronic structure of hydrated polyaniline oligomers. Neutral
and protonated emeraldine octamers are modeled to this end. UHF, UBLYP, and
UB3LYP with 6-31G* basis set were employed for optimization of the geometry in
aqueous medium (PCM). Various structural parameters: bond lengths, valence, and
torsion angles, were analyzed and compared. The distribution of Mulliken and NBO
charge density and Mulliken atomic spin density was discussed.
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1 Introduction

In the past two decades polyaniline (PANI) was among the most extensively investi-
gated polymer systems. Nevertheless, the nature of its most attractive electric, opti-
cal, magnetic, and mechanical properties is not fully understood yet.

The continued interest toward PANI is due to a combination of sought-after
characteristics: thermal stability, solubility and fusibility, chemically controllable
conductivity preserved up to 200°C which spans a wide range of magnitudes
(10719/10% S/cm) [1-3], etc. The possibility for wet processing allows the produc-
tion of PANI-based electro-active dyes, inks, and other adhesives, electrochromic
“smart” windows, electro-conducting and antistatic transparent coatings, and fibers
of different cross sections and high mechanical robustness [4]. Some uncommon
color-related phenomena [5] make PANI applicable in microelectronics and optics
[6, 7]. In modern nanotechnology PANI can be implemented in integrated circuits,
in the construction of numerous electro-optical devices, e.g., FETs [8, 9] and flexible
light-emitting diodes (LEDs) [10, 11], as materials for nonlinear optics, as optical
storage medium.

Various spectroscopic techniques: TEM, AFM, UV/vis, and Raman spectra,
etc. [12-16] have been used in the study of structure and organization of PANI
chains.

A number of spectral studies [1, 2, 17-20] demonstrate the presence of magnet-
ically active states in protonated emeraldine [21-24]. However, the ground state
structure-multiplicity correlation is not clarified yet. Protonated emeraldine may
contain polaronic and bipolaronic domains. Some authors believe that in shorter
ES oligomers spins pair and no polaronic form is feasible therein [25]. Other publi-
cations [26, 27] relate PANI conductivity to the polaronic form. The occurrence of
the latter has been confirmed by in situ electron spin resonance (ESR) [17, 18]. It
has been demonstrated that the fully protonated ES octamers may exist in ground
states of different multiplicities [28, 29].

In the recent years the number of theoretical investigations on conjugated poly-
mers in general [30], and specifically on PANI, employing ab initio/DFT quan-
tum chemistry methods grows steadily. These studies consider mainly structural
and electronic characteristics quantified by means of different functionals and/or
basis sets [24, 31-33]. PBE/6-31G™ has been used to assess the electronic structure
of PANI oligomers (4—16 monomer units) in the presence of inorganic (HCl) and
organic (HCSA) doping agents [34]. Neutral and protonated emeraldine chains mod-
eled with a tetramer repeating block (consisting of one quinoid and three aromatic
rings) have been calculated. It has been shown that protonation softens the bond
alternation and enhances coplanarity of conjugated rings, the changes being most
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prominent in the vicinity of the protonated nitrogens. It has been demonstrated that
structural changes in a single chain are insensitive to the size and type of doping
agent. The role of hydrogen-bond formation in the interaction between PANI and
the doping acid has been discussed. Tighter coupling between PANI and the organic
dopant has been established, where the H-bonding provides an avenue for charge
transfer between oligomer and organic dopant, thus increasing conductivity. The
formation of polaronic (magnetically active) and bipolaronic (nonmagnetic) states
upon protonation has been addressed and stronger m-conjugation has been estab-
lished in the former state. However, the PBE functional has been reported [35, 36]
to be inappropriate for description of magnetic properties in organic conjugated
systems.

To our knowledge, direct correlation between electron structure and macroscopic
features of PANI has not been derived. PANI properties are sensitive to both bond
length alternation and degree of deplanarization. The latter is represented by the tor-
sion angles, which are important characteristics of the polymer chain, influencing its
optical spectrum. This structural descriptor is related to the m-delocalization in the
system, responsible for charge mobility along the chains. Environment (comprising
solvent, monomer excess, oxidizing and protonating agents, neighboring polymer
chains) also has an impact on PANI geometry.

The effects of solvent, counterions, aggregation, and monomer excess on the
structure, energetics, optical and vibrational spectra of PANI tetramers in differ-
ent oxidation states and protonation degree were estimated earlier [37]. Monte
Carlo/molecular mechanics protocol was used for sampling of single and stacked
hydrated structures of different multiplicity. Averaged structural parameters and
AM -calculated electron spectra were comprehensively summarized. RHF/6-31G*
and B3LYP/
6-31G* vibrational (Raman) spectra of isolated partially and fully protonated PANI
tetramers in vacuum were simulated. The simulations reproduced well the experi-
mental spectra and proved the existence of more than one spin states both in water
and in film [37].

The clarification of electron density distribution is of prime importance and
requires further detailed analysis. The high/low-spin energy splitting was estimated
semiempirically to be of the order of 1072 eV [37]. Such negligible difference in the
energy implies the possibility of coexistence of spin states. This hypothesis calls for
calculations at the higher first-principles (UHF and DFT) level of theory aiming at
validation of the semiempirical findings, which is the goal of the present commu-
nication. Special attention is paid to the structural study of emeraldine base (EB)
octamers and their partly (doubly) protonated forms.

2 Computational Details

Octamers of PANI in the emeraldine oxidation state were chosen as models for
this study as their length is sufficient to allow simulation of both polaronic and
bipolaronic forms. In addition, the size of the octamers permits extensive ab initio
calculations at reasonable computational cost.
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Fig. 1 Chemical formula of the studied emeraldine base octamer (top panel) and numbering of the
atoms of EB and protonated oligomers (bottom panel); arrows indicate the protonation sites; hydro-
gen atoms designated by green numbers; protons have numbers 95 and 96 and chloride anions —
97 and 98

An emeraldine octamer contains four amine and four imine nitrogen atoms. In
principle, the four imine sites are potential candidates for protonation in the emeral-
dine salt (ES) form of PANI (Fig. 1). However, due to their inequivalent position
along the chain — two are in the middle of the octamer and the other pair is closer
to the NH,-end of the molecule (Fig. 1) — the separate imine nitrogens may not be
equally prone to protonation.

In line with this, the first stage of the study was geometry optimization of the
neutral form of emeraldine — the EB (Fig. 1). In order to test whether different ab
initio methods will give dissimilar results with respect to geometry of the molecules
and electron density distribution, the following set of methods was employed for
the study of the neutral octamers: UHF, UB3LYP, and UBLYP. Preliminary results
for protonated emeraldine tetramers (data not shown) indicated that the optimized
structure of the molecules is not sensitive to increase of the basis set size above
6-31G*. Therefore, this set of atomic orbitals was used for geometry optimization
of all octamers.

The initial molecular models consisted of idealized aromatic and quinoid rings
ordered according to the formal chemical formula of the octamer sketched in Fig. 1.

The second topic of study was aimed at elucidating the factors which govern
the charge transport in the conducting form of polyaniline (PANI) and consisted of
geometry optimization of protonated emeraldine octamers as models of ES. A series
of singly protonated (SPE) and doubly protonated (DPE) emeraldine oligomers were
considered (Fig. 2).

Calculation of Mulliken and NBO atomic charges for the geometry of EB
octamers optimized with UHF, UB3LYP, and UBLYP employing 6-31G* basis set
showed (see Results and Discussion) that within a certain type of nitrogen atoms
(imine or amine), there is no marked asymmetry of the atomic charges related to
the position of the atom along the chain. The four imine nitrogens have very similar
charges calculated with all methods, all of them being much more negative than
the atomic (group) charges on the amine nitrogen atoms. The two wavefunction
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partitioning schemes also yield very similar charges of the four imine nitrogens
with all methods. This means that there will be no preferred position for protonation
when the emeraldine chain is accessed by a protonic acid. Therefore, all variants of
protonated emeraldine octamers were considered. A set of four singly protonated
and six doubly protonated molecules was prepared by attaching proton(s) to the
respective imine atom(s) of the UBLYP/6-31G* optimized EB octamer. Chloride
anions balanced the positive charges. These were chosen since hydrochloric acid is
often used as a protonating agent in experimental studies [1, 19]. In our initial struc-
tures the chloride counterions were placed at a distance of 3 A from the proton along
the direction of the N—H bond. The chemical formulae of the modeled oligomers
are shown in Fig. 2.

UBLYP/6-31G* was used further for geometry optimization of the series of pro-
tonated oligomers. The other details of the simulation procedure were preserved as
for the study of EB. The unrestricted version of the method was chosen because it
allows equal-footed treatment of both the polaronic (magnetic) and the bipolaronic
(nonmagnetic) form of the doubly protonated octamers (Fig. 3). An additional merit
of the functional is the negligible spin contamination of the wavefunctions for both
multiplicities.

In order to simulate bipolaronic or polaronic state of DPE, the respective octamers
were optimized assigning unrestricted singlet or triplet multiplicity. All geome-
try optimizations were carried out with standard PCM solvation [38] (with rela-
tive dielectric constant of water equal to 78.39) without explicit treatment of the
hydrogen atoms. Both Mulliken and NBO atomic charges of the optimized hydrated
(PCM) tetramers were calculated. Whenever atomic charges are discussed, these are
always the condensed ones, i.e., with hydrogen atom charges summed up to those
of the heavy atoms they are bound to. Group charges of the rings were obtained by
summing the atomic charges of the six carbon atoms from the cycle and those of the
four (five in the leftmost ring, Fig. 1) hydrogens bound to them. These group charges
are a measure of the local electrostatic properties of the separate rings — whether
they are partially positive or partially negative. In addition, the Mulliken atomic
spin densities were calculated for the triplets. The singlet—triplet energy splitting
(AEst = Eg-Er) was evaluated as a measure of the relative stability of the two
different ES forms.

All calculations were done with the program package Gaussian 03 [39].

cl
H
|
N,

Qﬁﬂﬁ#ﬁ@ﬁq

Fig. 3 Polaronic (left) and bipolaronic (right) states of ES [1, 19]; hydrogen atoms bound to
carbons are omitted for clarity
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3 Results and Discussion
3.1 Emeraldine Base

One of the most important structural characteristics of the EB octamers is the length
of chemical bonds. Some representative examples are shown in Figs. 4, 5, 6, and 7.
Average values of the various types of bond lengths are collected in Table 1.
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Fig. 4 Optimized C====C, C—C, and C—N bond lengths (in A) of EB in water obtained with
UHF/6-31G* (blue bars), B3LYP/6-31G™* (yellow bars), and BLYP/6-31G* (brown bars)
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Fig. 5 Optimized C—H and N—H bond lengths (in A) of EB in water obtained with UHF/6-31G*

(blue bars), B3LYP/6-31G* (yellow bars), and BLYP/6-31G* (brown bars)
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Fig. 6 Optimized C—C—N and C—N—C valence angles (in °) of EB obtained with UHF/6-31G*
(blue bars), B3LYP/6-31G* (yellow bars), and BLYP/6-31G* (brown bars) in water
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Fig. 7 Optimized C—C—N—C and C—N—C—C torsion angles (in °) of EB in water obtained
with UHF/6-31G* (blue bars), B3LYP/6-31G* (yellow bars) and BLYP/6-31G* (brown bars)

The bond lengths of single C—C and double C=C bonds in the EB molecule
(Fig. 4) optimized with UHF do not change significantly from their value in the
initial model. This corresponds to clear distinction of aromatic and quinoid rings
along the octamer chain. No redistribution of electron density between the various
bonds is observed.
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Table 1 Average values with standard deviations of the optimized bond lengths (in A), valence
and torsion angles (in °) of EB in water obtained with the three theoretical methods

Type UHF/6-31G* UB3LYP/6-31G* UBLYP/6-31G*
Bonds
=== 1.389 £ 0.005 1.403 £ 0.011 1.415 +£0.014
c—C 1.477 £ 0.000 1.459 £+ 0.001 1.459 £+ 0.002
c=C 1.327 £ 0.000 1.356 4 0.000 1.373 4+ 0.000
C—N 1.408 £ 0.009 1.392 £+ 0.007 1.398 £ 0.009
C=N 1.266 £ 0.000 1.313 4+ 0.000 1.339 4 0.000
C—H 1.077 £ 0.002 1.088 £ 0.002 1.095 £ 0.002
N—H 1.005 £ 0.001 1.021 £ 0.002 1.031 £+ 0.003
Valence angles
C—C—N 120.5 £ 2.0 1214 +£34 121.5 +£3.7
C—N—C 1233+ 1.9 129.5 £ 0.2 130.1 £ 0.1
C—N=C 1233 £0.3 1243 +0.1 1243 +0.1
N=C—C 122.0 £5.9 122.0 £ 6.4 1219 £ 6.4
Torsion angles
C—C—N=C 57.8 £3.6 37.8£09 34.6 £0.6
C—N=C—C 54+£04 124 £0.1 159+£0.2
C—C—N—C 4.2 +£53.7 240£9.0 235£5.6

The results for the carbon—carbon single and double bonds yielded by UBLYP
differ considerably from the UHF ones. All bonds in the octamer deviate substan-
tially from the initial model. No aromatic or quinoid rings can be defined in the
optimized structure. Significant electron density redistribution takes place through
the bond lengths — a process of dearomatization/dequinoidization is observed.

The data obtained with the hybrid B3LYP functional have the expected interme-
diate values between those of the other two methods. The lengths of all bonds are
closer to these given by UBLYP.

The UHF calculated bond lengths of the bonds C—N, C=N, and C—N again do
not show any essential variation from the initial values. UBLYP, however, strongly
lengthens the C=N bonds and shortens less markedly the C—N ones. A kind of
alternation is observed for the bonds of the amine nitrogen atoms — one of them is
lengthened by UBLYP while the other one of the same nitrogen center is shortened.
This trend is preserved for all amine atoms within the chain.

The propensity of UHF to preserve the initial bond lengths remains almost
unchanged, that of UBLYP to lengthen the single bonds and the fact that UB3LYP
gives intermediate values are preserved also within the set of hydrogen-containing
bonds in EB (Fig. 5).

Concerning the absolute values of these bond lengths, the N—H ones are always
shorter than the C—H ones, in line with the relative electronegativity of carbon and
nitrogen. The average values are in the normal range for hydrogen atoms bound to
sp? carbon or nitrogen. All bonds of a given type (C—H or N—H) provided by
a certain method are very similar along the octamer chain. This means that their
length is insensitive to the type of carbon (quinoid or aromatic) to which hydrogen
is bound.
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Valence angles are the next structural characteristic of the EB octamers. The
values of selected angles optimized with the three theoretical methods are shown
in Fig. 6. Only the angles C—C—N and C—N—C are discussed because they are
important for the overall dimensions of the oligomer. The remaining valence angles
have magnitude close to the standard value of 120° typical for sp? hybridization.

The three methods give quite different C—N—C valence angles after geometry
optimization. UBLYP yields larger angles compared with UHF. This means that the
oligomer chain obtained with UBLYP is more stretched, which implies easier access
of solvent molecules and better hydration. Opening the C—N—C angles is also a
way to reduce the steric hindrance between the ortho-positioned hydrogens of two
adjacent rings.

The largest values of the angles C—N=C are obtained with UB3LYP, interme-
diate magnitude gives UBLYP, and the smallest angles result from UHF. In contrast,
comparable values of the angles C=N—C are produced with the three methods.

Probably the most important structural parameters of PANI are the torsion angles
between each pair of adjacent rings. Torsion angles characterize the overall confor-
mation of the molecule. They determine the degree of nonplanarity of the oligomer
which is directly related to the extent of electron or spin density (de)localization.
The more planar a structure is, the easier the electron delocalization should be.
Moreover, planarity facilitates tighter packing and higher crystallinity of the PANI
material. Again, only the pairs of torsion angles between the atoms connecting two
rings were analyzed and their values are shown in Fig. 7.

UBLYP and UB3LYP give close values for the dihedral angles C—C—N—C and
C—N—C—C (ca. 25°). Somewhat larger (ca. 35°) are the torsions C—C=N—C
at the two quinoid rings. The angles of a given type have similar values along the
entire chain although at the central part of the oligomer there is a tendency toward
uniform torsion angles of the two kinds. On the whole, the DFT functionals tend to
keep the deplanarization of the molecule as limited as possible. This is combined
with the more open valence angles between each pair of rings. Thus, the structure
preserves maximum planarity and at the same time the steric repulsion between the
closely situated hydrogen atoms is minimized.

On the contrary, UHF produces a significantly deformed geometry of the emeral-
dine octamer after optimization. A well-expressed alternation of large and small
torsion angles along the chain is observed. In the middle of the chain — at torsions
D(24,25,28,30) and D(25,28,30,29) — even a change of conformation takes place.
This leads to the formation of a kink of the molecule, i.e., in substantial deviation
from linearity. Such helical conformations of PANI are known [40], but they are not
studied so extensively as the traditional linear models and it is not clear whether
they are populated in the conducting ES state of PANI. The highly nonplanar and
asymmetric structure given by UHF is apparently due to the neglect of electron cor-
relation. The poor planarity also explains the preserved aromatic-quinoid structure
of the molecules. The large dihedral angles (~ 60°) prevent electron delocalization
between the rings and thus no dequinoidization of the structure can be observed.

From structural point of view, the pure DFT functional UBLYP seems to pro-
vide the most accurate description of the emeraldine oligomers while UHF cannot
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reproduce properly the convergence of the ring structure in the emeraldine form. For
the latter exist experimental indications too [1, 19].

As a next step, the atomic charges of the nitrogen atoms and the group charges
of the rings of the optimized EB octamers were analyzed. The atomic charges of the
nitrogen atoms computed with the Mulliken and NBO schemes from the optimized
wavefunctions of the three methods are shown in Fig. 8. The corresponding ring
group charges are plotted in Fig. 9. The numerical values are provided in Tables 2
and 3, respectively.

The three methods give more negative charges of the imine nitrogen atoms in
the octamer than of the amine ones, both with the Mulliken and with the NBO
scheme. This difference is large enough (varying from ca. 0.130 a.u. with UHF to ca.
0.230 with UBLYP) to ensure that imine nitrogens will be the only ones protonated,
irrespective of the strength of the protonating agent. Within a certain type of nitrogen
atoms (imine or amine), there is no marked asymmetry of the atomic charges related
to the position of the atom along the chain.

Among the amine sites, only the terminal atom has much higher charge. How-
ever, its terminal position attributes a special role to this atom because it is
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Fig. 8 Mulliken (top panel) and NBO (bottom panel) condensed atomic charges of the nitrogen
atoms of EB in water obtained with UHF/6-31G* (blue bars), B3LYP/6-31G* (yellow bars) and
BLYP/6-31G* (brown bars)
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Fig. 9 Mulliken (fop panel) and NBO (bottom panel) group charges of the rings of EB in water
obtained with UHF/6-31G* (blue bars), B3LYP/6-31G* (yellow bars), and BLYP/6-31G* (brown
bars); rings numbering starts from left to right along the chain of the molecule as shown in Fig. 1.
The two quinoid rings have an additional index (q)

responsible for the chain elongation during polymerization. Therefore, it is expected
to bear the least negative or even slightly positive atomic charge. Among the three
remaining amine nitrogen atoms, only UHF, and solely with the Mulliken scheme,
gives some preference in terms of negative charges to atoms N7 and N35. The four
imine nitrogens have very similar charges calculated with all methods. The two
wavefunction partitioning schemes also yield very similar charges of four imine
nitrogens with all three methods. This means that there will be no preferred position
for protonation when the emeraldine chain is accessed by the protonic acid.

If one looks at the absolute values, the calculated NBO charges are much smaller
than the Mulliken ones for all atoms. The former renders a more realistic repre-
sentation of the electron density distribution, and Mulliken gives a somewhat over-
polarized description of the atomic charges. Nevertheless, the qualitative agreement
between the two schemes is very good. The three computational methods yield quite
similar charges for a given type of nitrogen atoms.

In order to compensate the partially negative nitrogen sites, all rings carry par-
tial positive charges. Their relative magnitudes differ depending on the theoretical
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Table 2 Mulliken and NBO condensed atomic charges of the nitrogen atoms of EB in water
obtained with the three theoretical methods

UHF/6-31G* UBLYP/6-31G* UB3LYP/6-31G*

Mulliken
Ny —0.472 —0.369 —-0.410
Nig  —0.632 —0.603 —0.608
Ny —0.629 —0.602 —0.607
Ny  —0.446 —0.367 —0.409
N3s —0.470 —0.369 —0.411
Ny —0.631 —0.604 —0.609
Ny  —0.628 —0.600 —0.606
Nss —0.141 —0.059 —0.087

NBO
Ny —0.136 —0.055 —0.072
Nis  —0.260 —-0.227 -0.229
N;; —0.253 —0.226 -0.227
Nyg —0.144 —0.050 —0.070
N;3s —0.136 —0.052 —0.072
Ng  —0.260 —0.228 -0.229
Ny —0.253 —0.225 —0.227
Nss —0.039 0.027 0.008

method or partitioning scheme used. Similar to the atomic charges of the nitrogen
atoms, NBO gives much smaller excess (half of the Mulliken values) of positive
charge on the rings. However, there is again qualitative coincidence with the results
of the Mulliken approach. This qualitative picture is as follows: UHF predicts much

Table 3 Mulliken and NBO group charges of the rings of EB in water obtained with the three
theoretical methods

UHF/6-31G* UBLYP/6-31G* UB3LYP/6-31G*

Mulliken
I 0.213 0.239 0.240
I 0.491 0.502 0.511
1II(q) 0.766 0.495 0.574
v 0.444 0.474 0.478
v 0.471 0.521 0.523
VI 0.493 0.464 0.471
VII(q) 0.768 0.488 0.566
VIII 0.402 0.426 0.418

NBO
I 0.062 0.055 0.054
I 0.147 0.116 0.121
III(q) 0.418 0.205 0.279
v 0.122 0.103 0.103
A% 0.135 0.111 0.111
VI 0.155 0.126 0.126
VII(q) 0.352 0.226 0.275

VIII 0.218 0.202 0.308
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higher partial positive charges of the two quinoid rings than those of the aromatic
ones. These high positive charges are counterbalanced by lower values of the group
charge for the two terminal aromatic rings. On the contrary, the DFT methods pre-
dict much more equivalent distribution of the partial positive charges on all rings,
which is in line with the more homogeneous structure given by the correlation-
accounting approach. This also provides more realistic description of emeraldine.

3.2 Singly and Doubly Protonated Emeraldine Octamers

3.2.1 Singly Protonated Emeraldine Octamers (SPEs)

Among the geometry optimizations of all singly protonated octamers shown in
Fig. 2, only that of SPE_42 converged successfully. The remaining calculations
encountered severe convergence problems. The difficult convergence may be an
indication for instability of oligomers with a single protonated site. A possible
reason may be the local structural changes deforming in an unbalanced way the
molecule around the protonated nitrogen atom, which may result in an overall geo-
metrical instability. The Gaussian optimization settings may be another source of
error, although most of the options were tested without success.

The optimized structure of SPE_42 is shown in Fig. 10.

The specific structural changes of this SPE octamer with respect to the neutral
EB can be summarized as follows (Table 4):

On average, all bonds in the singly protonated octamer become longer than in
the neutral base. Bond lengths are changed more substantially only in a fragment
of the molecule close to the protonation site. As a result rings VI and VIII become
more quinoid-like, while ring VII gains in aromatic character. The only pronounced
quinoid structure is that of ring IIT and the only strictly aromatic is ring I. All other
cycles are characterized by semi-quinoid/semi-aromatic nature, which is evidenced
by the significantly increased standard deviations from the average bond lengths.
If one makes two separate averages of the carbon—carbon bonds of rings III-VIII
which are below and above 1.4 A, the respective average values are 1.391 & 0.006
A and 1.430 4 0.009 A. This is a clear illustration of the uniformity of the struc-
ture caused by protonation, which propagates 4-5 rings away from the protonated
nitrogen atom. Similar trends but less expressed are observed also for the carbon—
nitrogen bonds.

Fig. 10 UBLYP/6-31G*-optimized geometry of the hydrated singly protonated emeraldine
octamer SPE_42
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Table 4 Average values with standard deviations of the optimized bond lengths (in A), valence
and torsion angles (in °) of EB and SPE_42 octamers in water obtained with UBLYP/6-31G*. The
values of EB are repeated for easier reference

Type EB SPE_42
Bonds
=== 1.415 £ 0.014 1.415 £ 0.016
Cc—C 1.459 £+ 0.002 1.451 £ 0.010
C=C 1.373 £+ 0.000 1.377 £ 0.005
C—N 1.398 £ 0.009 1.394 £+ 0.017
C=N 1.339 4 0.000 1.352 £ 0.016
C—H 1.095 £ 0.002 1.095 £ 0.002
N—H 1.031 £ 0.003 1.033 £ 0.008
Valence angles
C—C—N 121.5 £ 3.7 124.1 £ 1.7
C—N—C 130.1 £ 0.1 130.3 £0.2
C—N=C 1243+ 0.1 126.0 £ 2.7
N=C—C 1219 £ 6.4 126.6 £ 1.7
Dihedral angles
C—C—N=C 34.6 £0.6 30.8 £5.0
C—N=C—C 159+£0.2 16.8 £2.7
C—C—N—C 235£56 228 +54

The only type of bond which is not affected by protonation is C—H. Their aver-
age value increases slightly with respect to EB but the standard deviation remains
extremely small. The valence angles increase by up to 5° compared with EB but the
standard deviations become almost negligible, which indicates a more rigid structure
of the protonated oligomer. The torsion angles decrease slightly, the effect being
most prominent in the vicinity of the protonated nitrogen atom. There is asymmetry
even in the C—C—N—C angles around a given amine nitrogen atom — one of the
dihedrals becomes much larger than the other one. This is in line with the trend
toward dearomatization/dequinoidization of the molecule. Thus, the more correct
average values of the angles would be 29.3 £ 4.1° for the larger ones and 17.3
=+ 2.4° for the smaller ones. The overall change of the angles illustrates a lesser
deplanarization of the molecule compared with that of EB.

Concerning the electron density distribution, the charges of the nitrogen atoms
are changed locally (Figs. 21, 25) whereas the benzene rings charges are altered
along the entire oligomer chain (Figs. 23, 27). The latter is an indication of signifi-
cant charge transfer through the mt-conjugated system.

3.2.2 Geometry of Doubly Protonated Emeraldine Octamers (DPEs)

The geometry optimization of five singlet and of three of the triplet DPE oligomers
has converged successfully. The optimized structures of singlet and triplet DPE_21_49
and DPE_14 21 are shown in Figs. 11 and 12, respectively. These two octamers
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Fig. 11 Illustration of UBLYP/6-31G*-optimized singlet hydrated DPE structures: (a) DPE_21_49;
(b) DPE_14_21

{b)

Fig. 12 Illustration of UBLYP/6-31G*-optimized hydrated triplet DPE structures: (a) DPE_21_49;
(b) DPE_1421

differ in pattern of protonation — in DPE_14_21 two adjacent imine nitrogens are
protonated, while in DPE_21_49 two non-neighboring nitrogen atoms bear positive
charges.

Overall rod-like shape is observed for all optimized DPE octamers, irrespective
of the protonation site. There are no visible conformational differences between the
singlet and the triplet state of a given DPE octamer. No significant differences are

detected in the bond lengths of the various DPEs. The bond lengths of the KI—H
bonds, together with the distances from a proton to its counterion, are collected in
Table 5 for description of the singlet optimized structures. Figures 13, 14, and 15
also contain optimized structural parameters of the singlets.

The lJ\rI—H bond lengths are equal both within a given DPE and for all DPEs. This
means that the length of these bonds is insensitive to the location of the protonation
sites along the oligomer chain.

The proton—counterion distance changes in a small range between the various
DPEs. This distance can serve as a measure of the degree of hydration of the
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n
Table 5 UBLYP/6-31G* N—H bond lengths and distances between the proton and the C1~ (in A)
of the singlet DPEs; for numbering see Figs. 1 and 2

DPE_14_21 DPE_14.42 DPE_21.42 DPE_21_49 DPE_42_49

RN-n9s 1.048 1.048 1.048 1.049 1.049
RN-H96 1.049 1.048 1.048 1.048 1.049
Ruos-cio7 2.204 2.209 2.204 2.200 2.194
Rroe-c198 2.195 2.199 2.206 2.212 2.193

| W EB W DPE 14 21 []DPE 21 49 |

Fig. 13 UBLYP/6-31G*-optimized C—C, C=C, C=N, and C—N bond lengths (in A) of hydrated
EB (blue bars), singlet DPE_14_21 (brown bars) and singlet DPE_21_49 (yellow bars)

molecule. The more detached from the proton the chloride anion, the better hydrated
the octamer. DPE_42_49 has its counterions at the closest distance and DPE_21_49
has the farthest anions. In some of the octamers, the two distances within the
molecule are non-equal but the variations are insignificant.

Naturally, the most substantial geometrical perturbation of all DPEs can be
expected in the vicinity of the protonated nitrogen atoms. The degree of this pertur-
bation is comparable for all DPEs. Therefore, each of the six octamers can be used as
representative for comparison with the neutral base. Figure 13 offers a comparison
of the length of bonds C—C, C=C, C—N, and C=N of the neutral EB and of two
doubly protonated singlet structures — DPE_14_21 (protonation at the same quinoid
ring) and DPE_21_49 (protonation at different quinoid rings).

Indeed, the most substantial changes in the structure of the DPEs with respect to

+ +
the neutral base are observed around the protonated sites. The C=N and C—N bond
lengths of both ES forms are sizably lengthened compared with those of EB. The

n
bond C=N containing the protonated N, which is common for the two structures,
is longer for DPE_14_21.
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Fig. 14 UBLYP/6-31G*-optimized valence angles (in °) of hydrated EB (blue bars), singlet
DPE_14_21 (brown bars), and singlet DPE_21_49 (yellow bars)
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Fig. 15 UBLYP/6-31G*-optimized dihedral angles (in °) of hydrated EB (blue bars), singlet
DPE_14_21 (brown bars), and singlet DPE_21_49 (yellow bars)

The lengths of the analyzed bonds for a particular structure around the two pro-

+ +
tonated atoms are very similar. The respective lengths of Nj4=C;¢ and Cj9=N,; of
DPE_14_21 are 1.383 and 1.387 A.

The two bonds C—lJ\rI differ less when the protonation affects imine nitrogen
atoms in separate quinoid rings (the structure DPE_21_49).

The asymmetry in the lengths of the bonds C—N at the same amine nitro-
gen atom found for EB is observed also in the two DPEs. This change is more
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noticeable for DPE_21_49. The same bond in DPE_14_21 is slightly stretched. The
bonds of the amine Njg are the shortest in DPE_14_21. Compared to EB, this
region of DPE_14 21 changes most markedly. In DPE_21_49 the bond C,5—Nog
is unchanged in comparison to the neutral base. The bond length of N,3—Csy has
a value between these of the other two structures. The shown asymmetry of the
two carbon—nitrogen bonds at the amine nitrogen with N3s is retained for EB and
DPE_21_49, while in the chain of DPE_14_21 they have very similar values (the
difference is 0.004 A).

Shortening of C—C and lengthening of C=C bonds in the quinoid nuclei relative
to neutral emeraldine are observed in all doubly protonated structures. This effect
takes place most strongly in DPE_14_21. In this chain C—C are the shortest and
C=C are the longest bonds compared with the other two octamers considered. In
this respect DPE_21_49 occupies an intermediate position. Of the three structures
discussed DPE_21_49 features the major changes in bond lengths in the region of
the quinoid nuclei.

In the first aromatic nucleus (from left to right along the chain, Fig. 1) the bonds
of both DPEs (Fig. 13) change in the same direction and by the same degree — some
of the bonds are lengthened with respect to EB and others are shortened. Their
values are almost identical in the chains of the two doubly protonated structures. In
the core of the chain the following trend of changes of the C===C bonds of DPE
relative to EB is observed — those which are stretched in DPE_14_21 are shortened
in DPE_21_49 and vice versa. The longest C===C bonds of all aromatic nuclei of
the three structures are those in which one of the carbon atoms is bound to imine
nitrogen, protonated or not.

Figure 14 contains the valence angles of EB and the two doubly protonated struc-
tures: DPE_14 21 and DPE_21 _49.

Valence angles C—N—C of the three structures have very similar values. One of
the angles C—C—N of a given amine? nitrogen atom remains unchanged after dop-
ing and the other one becomes significantly larger. Compared to EB, that opening
of the angle is equal for both DPEs. Exceptions are the two angles at the oligomer
core around Npg, which are considerably larger in the protonated structures.

The largest values of the angles C—N=C and C—C=N are found in the

vicinity of the protonated nitrogen. The angle Clg—C19=IJ\rI 21 has equal values for
DPE_14_21 and DPE_21_49, exceeding significantly that of EB. Both doped struc-
tures have the same magnitude of C—N=C including the common protonated imine
nitrogen. The angles C—C—N= are smaller in the region in which the protonated
nitrogen atom is located. An exception is again the angle at N»; of the chain — it
is opened markedly after protonation and is approximately the same in DPE_14 21
and DPE_21_49.

Figure 15 presents the dihedral angles of EB, DPE_14_21, and DPE_21_49. Again
an asymmetric increase/decrease is observed for each pair of C—C—N—C dihedral
angles at the same amine atom.

Similarly, around the protonated imine nitrogens one of the dihedrals opens and
the other one closes with respect to those of the base (in DPE_21_49 both angles
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decrease, but one of them more markedly). Around the common protonated nitrogen
atom (N3 ) the more deformed structure is DPE_21_49. At the non-protonated imine
nitrogen in both DPEs (Ny»), the largest changes are observed in DPE_21_49. These
torsion angles remain almost unchanged for DPE_14_21 with respect to the EB. The
core of DPE_14_21 is least deformed compared with that of DPE_21.49 and the
neutral base.

In all cases the dihedral angles encompassing the protonated nitrogen atoms are
smaller than the rest. This increase of planarization is more significant for the region
of the nitrogen atom, which is closer to the octamer core. The average degree of
deformation of the protonated molecules, however, is very similar and comparable
to that of EB. The summed dihedral angles at the protonated nitrogens decrease
slightly compared with that of the neutral oligomer. The same angles involving
the non-protonated imine nitrogens, however, increase by approximately the same
value.

While the quinoid rings adjacent to the protonated imines are aromatized, the
aromatic rings are affected in correspondence with the size of the dihedrals: the one
on the side of the larger torsion increases its aromatic character, whereas the one on
the side of the smaller torsion features deteriorated bond delocalization. In general,
the carbon—carbon bonds remain almost unchanged compared with EB, especially
the ones at the core of the oligomer. The combination of all effects corresponds to
overall structural equalization of the protonated molecules.

Similar to the optimized singlet structures, the triplets do not feature substantial
variation of a given type of bond length as a function of the location along the

+
chains. The respective N—H bond lengths and the proton—counterion distances are
summarized in Table 6.

The KI—H bond lengths have very similar (yet lower than in the singlets) val-
ues both within one triplet octamer and in the various DPEs. Nevertheless, the
differences are a bit larger than in the singlet molecules (Table 7). The trend for
insensitivity of these bond lengths toward the location of the protonated nitrogen
along the chain is preserved. In the triplets, however, the asymmetry of the proton—
counterion distances within a given DPE is observed in all three structures. The two
distances vary by ca. 0.02-0.03 A, the distance of the protonated site closer to the
oligomer core being always the larger. All optimized distances are greater than the
corresponding ones of the singlet molecules, which is an indication that the triplets
are more prone to hydration.

+
Table 6 UBLYP/6-31G* N—H bond lengths and proton—CI~ distances (in A) of the optimized
hydrated triplet oligomers; for atom numbering refer to Fig. 1

DPE_14.21 DPE_21_49 DPE_42_49

Ru-1195 1.046 1.045 1.043
Ry-1196 1.043 1.047 1.046
Ruos-cio7 2228 2.235 2.241

Ruos-ci9s 2.244 2.207 2.218
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Fig. 16 UBLYP/6-31G*-optimized valence angles (in °) of hydrated EB (blue bars), triplet
DPE_14_21 (brown bars), and triplet DPE_21_49 (yellow bars)

Figure 16 allows comparison of the EB valence angles to those of the optimized
triplet structures DPE_14_21 and DPE_21_49.

Protonation leaves almost intact the valence angles C—N—C in both triplet
DPEs. Angle Cs—N7—Cg in EB is equal to its analog in triplet DPE_14_21 while
the same one in DPE_21_49 is smaller by 0.1°; the angles at amine nitrogens N,g and
Nis increase in both triplet DPEs by ca. 0.18° — an infinitesimal doping effect. It is
noteworthy that angles C—C—N exhibit tendency to open to identical extent upon
protonation. Exceptions are the angles 9-8-7 and 37-36-35 which remain unchanged
in all three species represented in Fig. 16.

Angles C—N=C are wider in the triplets than in EB no matter whether they are
protonated or not. Similarly to the above singlet DPEs, angles C—N=C in triplet
DPEs have the largest value at the protonation site. For a certain triplet the angles
at the position of protonation are alike in magnitude and are substantially larger
than those at the non-protonated imine nitrogens. Protonation opens appreciably the
C—C—N= angles.

The torsion angles of EB and the two triplet DPEs are presented in Fig. 17.

Angles C—C—N—C and C—C—N==C at the same amine or imine atom devi-
ate from the respective ones in EB in the same manner for both triplets considered:
one of them increases and the other decreases. These changes are more pronounced
in DPE_21_49. At Ny, the atom “unaffected” by protonation, DPE_21_49 (proto-
nated at the ring containing Ny;) exhibits the largest deviation from EB: marked
decrease in the one and increase in the second torsion angle.

Least divergence from EB reveal dihedral angles at Nj;: weak disproportion of
the two constituent torsions most marked in DPE_21_49. Unlike in the singlets, the
deformation in the chain core is more pronounced in the triplet DPE_14 _21.
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Fig. 17 UBLYP/6-31G*-optimized dihedral angles (in °) of hydrated EB (blue bars), triplet
DPE_14_21 (brown bars), and triplet DPE_21_49 (yellow bars)

In summary, when the protonation is at the same quinoid ring, the valence angle
centered at the N-atom opens at the expense of the two neighboring ones. When the
protonation is at imine atoms from different rings, the effect is transferred to the
angle involving the imine N-atom closer to the chain end. In all cases the largest
valence angles remain those centered at amine nitrogens.

The overall degree of deformation of the three structures compared in Fig. 17
is very similar. Changes of the dihedral angles are seen again only in the vicin-
ity of the protonated nitrogen atoms, where the angles become smaller compared
with EB. The asymmetry of the two angles C—C—N—C around the same amine
nitrogen atom is enhanced. The torsion angles C—C—N=C of two DPEs having
the same nitrogen protonated (for instance Ny9) are pretty much alike. In brief, the
geometry of the various DPEs differs mainly around the protonated sites. Therefore,
each of the three could be used for comparison with the neutral base and with the
corresponding singlet structure.

Figure 18 contains the bond lengths of the neutral EB and of singlet and triplet
DPE_21_49.

The tendencies described above when comparing the bonds C—C, C=C, C=N,
and C—N of the neutral to those of the singlet DPE molecule remain valid also
for comparison of the triplet to EB. All changes, namely the dearomatization/
dequinoidization of the benzene rings, are just more expressed in the triplet struc-
tures than in the singlet ones.

+
Table 7 represents a comparison of the N—H bond lengths and of the proton—
counterion distances for a singlet and triplet geometry of one and the same DPE.
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Fig. 18 UBLYP/6-31G*-optimized C—C, C=C, C=N, and C—N bond lengths (in A) of hydrated
EB (blue bars), singlet DPE_21_49 (brown bars), and triplet DPE_21_49 (yellow bars)

+
Table 7 UBLYP/6-31G* N—H bond lengths and proton—counterion distances (in A) of the singlet
(DPE_21_49_S) and the triplet (DPE_21_49_T) state of DPE_21_49

DPE_21.49_S DPE_21.49.T
Ryo1-105 1.049 1.045
Ruao-196 1.048 1.047
Ryos-cio7 2.200 2.235
Rros-cios 2212 2.207

The IJ\rI—H bond lengths of the singlet and the triplet do not differ significantly.
There is a larger difference in the proton—counterion distances — they are always
longer for the triplet, both states featuring asymmetry of the two distances.

A comparison of the valence and the torsion angles of EB, a singlet DPE, and a
triplet DPE is provided in Figs. 19 and 20.

The two types of angles of the triplet structures change in a similar fashion to the
singlets with respect to the neutral base. The valence angles for both states of the
protonated molecule are mostly identical and are appreciably larger than in the EB
form.

Triplet geometries are characterized with larger torsion angles around the proto-
nated atoms than the singlets (especially the angles around core N»;). The chain of
DPE_21_49_T is more open also at the C—C—N—C angles (Ns5). In general, the
asymmetry of the two dihedrals at the same nitrogen is reduced in the triplet state.
However, the overall degree of deformation of the singlets and the triplets is alike.
This structural information implies that coexistence of polaronic and bipolaronic
forms of the polymer would not result in steric strain.
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Fig. 19 UBLYP/6-31G*-optimized valence angles (in °) of hydrated EB (blue bars), DPE_21_49_S
(brown bars), and DPE_21_49_T (yellow bars)
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3.2.3 Electron Density of DPE
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of hydrated EB (blue bars),

Mulliken and NBO atomic charges distribution was used for description of the elec-
tronic structure of the doubly protonated singlet and triplet oligomers. The results
are presented in Figs. 21, 22, 23, 24, 25, 26, 27, and 28.

The Mulliken charges of the amine nitrogen atoms in the chains of all studied
singlet compounds have very similar values (Fig. 21). As arule, any protonation pat-
tern results in moderate reduction of their negative charge. The chain-ending amine
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Fig. 21 Mulliken charges on the nitrogen atoms along the chain of hydrated EB, SPE_42, and all
singlet DPEs
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Fig. 22 Mulliken charges on the nitrogen atoms along the chain of hydrated EB and all optimized
triplet DPEs

nitrogen has always a higher (positive) charge whenever imine Ny, is protonated.
The most negative imine nitrogen of EB is Ny,; however, the charge distribution
in SPE_42 implies that the next candidate for protonation is not the neighboring
Nyo but rather the farthest N4 and Ny;. The expected trend of less negative charges
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Fig. 23 Mulliken group charges of the rings of hydrated EB, SPE_42, and all singlet DPEs
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Fig. 24 Mulliken group charges of the rings of hydrated EB and all optimized triplet DPEs
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Fig. 25 NBO group charges on the nitrogen atoms of hydrated EB, SPE_42, and all singlet DPEs
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Fig. 26 NBO group charges on the nitrogen atoms of hydrated EB and all optimized triplet DPEs

on the protonated centers and more negative (yet lesser than in EB) ones on the
non-protonated imine nitrogens is preserved throughout.

This tendency is observed also in the atomic charges distribution of the triplet
structures (Fig. 22). The Mulliken charges of the corresponding protonated or non-
protonated nitrogen atoms of the singlets and the triplets are very close.

In Figs. 23 and 24 we have summarized the data of the group charges on the rings
for EB, the singlet SPE, and the singlet and triplet DPEs. The numbers of the rings
denoted on the abscissa correspond to counting from left to right along the oligomer
as drawn on Fig. 1.
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Fig. 27 NBO group ring charges of hydrated EB, SPE_42, and all singlet DPEs

0.7
0.6
0.5
()
o
5 0.4-
<
o
s
3 031
5]
0.2 = EB
-=- DPE_14_21
014 -=- DPE_21_49
: —=- DPE_42_49
O-o T T T T T T T 1

| Il 1] v \' Vi Vil Vil
Ring number

Fig. 28 NBO group ring charges of hydrated EB and all optimized triplet DPEs
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In the neutral emeraldine oligomer there is regular alternation of rings with
higher and lower positive charge, all group charges on the rings being positive. The
first ring is the only outlier having always a very low positive charge. Nevertheless,
even its charge is higher in the protonated structures than in the neutral EB.

Both in singlet and in triplet DPEs the Mulliken ring charges become more pos-
itive compared with the base. However, the regularity of alternation is broken in
the protonated molecules depending on the pattern of protonation. As expected, the
rings around the protonated nitrogens always possess a higher positive charge than
the remaining ones, but when the protonated sites are well separated the alternation
is milder and the delocalization of charge more prominent. Excluding the first ring
which maintains constant charge values, the charge alternation of rings is within 0.1
for both singlets and triplets.

In order to obtain a more quantitative picture of the charge distribution along the
chains of the protonated octamers, the NBO atomic charges were calculated too.
The respective values of the nitrogen group charges of the singlets and the triplets
are shown on Figs. 25 and 26, respectively.

Once again, as for the neutral bases, the values of the NBO charges are sub-
stantially reduced with respect to the ones yielded by the Mulliken analysis. Within
a given octamer, the charges of the two subgroups of nitrogen atoms (amine and
imine) remain relatively constant. These charges are highest for the DPEs, interme-
diate for SPE_42, and lowest for EB, as should be expected.

The tendency of the protonated imine nitrogens having much higher charges than
the non-protonated ones is preserved. Interestingly, the atomic charges of the proto-
nated imine nitrogens almost coincide with those of the amine atoms. Such a picture
corresponds to the formal representation of the polaronic structure of PANI.

The highest charge of all nitrogens possesses the end-amine nitrogen atom (Nse),
which even becomes positively charged in all studied forms of EB and ES octamers.

The trends in the charge distribution of the triplet structures (Fig. 26) are com-
pletely identical to those discussed above. Even the absolute values of the charges
on the same atoms are quite alike.

Figures 24 and 28 contain the group charges of the rings in the singlet and the
triplet molecules. The numbering of the rings is identical to the one described above.

In all studied oligomers the first ring remains with the lowest positive charge,
its values being equal for the pair EB and SPE_42 and for the pair DPE_21_42 and
DPE_21_49, even though the charge is a bit larger for the latter pair of molecules.
More substantial changes of the group charges undergo the rings in the vicinity
of the protonation site. There the ring charge becomes higher than that of EB if
the protonation affects the first quinoid ring (III). When the second quinoid ring is
protonated, however, the group charge of ring III may become lower than in EB
(SPE_42) or remain unchanged (DPE_42_49). The charge of the second quinoid
ring (VII) has very similar value, almost equal to that in EB, for all protonated
oligomers.

All aromatic rings, however, have higher charges than they do in EB. This is
an indication of an effective charge transfer from the quinoid to the aromatic rings
during protonation.
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In the triplet structures the fluctuation of the ring charges is more moderate,
which means that the electron density is distributed more uniformly (within ca. 0.05)
along the chain than in the singlet octamers (within ~0.15).

3.2.4 Magnetic Characteristics of DPE

The total energy of the singlet (Es) and triplet (E1) DPEs and the energy of the
singlet—triplet splitting (A Esr) calculated with UBLYP/6-31G* in PCM are sum-
marized in Table 8.

The presented data show that in all species the singlet state is more stable than
the triplet one. Among the three singlets, the most stable is DPE_21_49 and among
the triplets, the two DPEs protonated at the same ring are preferred. The energies of
singlet—triplet splitting have very close values for the two octamers with protonated
imine nitrogens at the same ring (DPE_14_21 and DPE_42_49). A Est of these two
DPEs is much smaller than that of DPE_21_49, where the two protonated nitrogens
are separated in space. At first glance, this contradicts the formal representation of
polaronic and bipolaronic forms of PANI. According to the latter, the singlet state
should be more stable when the two protonated sites are at the same quinoid rings,
while the triplet should be favored by separation of the protonated centers. How-
ever, when one takes a look at the spin density distribution of the triplet oligomers
(Fig. 29), an explanation of this “contradiction” can be suggested.

The spin density distribution in Fig. 29 shows that enhanced spin density is
observed not only close to the protonated centers but that it is also transferred along
the chain (at maximum distance of two nitrogen atoms away from the protonated
one). The highest spin density in some of the DPEs is not on the protonated but
rather on the neighboring nitrogen atom. In DPE_21_49 the spin has even migrated
completely from the protonated position (N,;) to the adjacent imine nitrogen (N4).
It should be noted that an appreciable amount of spin density is localized also on
some of the amine nitrogens. This contradicts the expectation of localized spin
density of the bipolaronic form. Another unexpected result is that stabilization of
the high spin state when two adjacent nitrogen atoms are protonated is achieved
through spin delocalization. On the other hand, spin polarization facilitates the
migration of spin along the chain, when a neighboring protonated imine site is miss-
ing (DPE_21_49). Such migration, however, can take place at a relatively limited
length, which allows us to conclude that polaron length in PANI may not exceed
a distance corresponding to about 3—4 aniline units, similar to analogous estimates

Table 8 Total energy (a.u.) of the singlet (Es) and triplet (E1) DPE octamers and singlet—triplet
splitting (A Esr, kcal/mol) calculated with UBLYP/6-31G* in PCM

Oligomer ES ET EST

DPE_14_21 —3210.680374  —3210.674922 —3.421
DPE 2149  —3210.684427  —3210.667171 —10.828
DPE_ 4249  —3210.680188  —3210.674439 —3.608




Electronic Structure of Emeraldine Oligomers 249

DPE_14 21 0,000

R

00110025 (00

0,000

0.000

DPE 42 49 0.000

0:000

Fig. 29 Mulliken atomic spin densities of the triplet DPE octamers DPE_14_21 (top panel),
DPE_21_49 (middle panel), and DPE_42_49 (bottom panel); hydrogen atoms are omitted as their
spin densities do not exceed 0.005

for doped polyacetylene [30], where solitons span ca. 28 methine units. Around the
atoms with large excess of spin, there is always spin delocalization, which stabilizes
the polaron.

4 Summary

Inclusion of a continuum solvent in the modeling of PANI oligomers does not affect
considerably their structural characteristics but enhances the effect of dearomatiza-
tion/dequinoidization of protonated emeraldine. PCM increases slightly the polar-
ization along the chain.

Protonation influences the electron density distribution most markedly in the
vicinity of the protonated site but propagates along the chain as well. In doubly
protonated structures the atomic charges of protonated imine nitrogen atoms are
substantially less negative than those of non-protonated imine atoms and almost
equal to the charges of the amine nitrogens. The group ring charges of the sin-
glets are more sensitive to the protonation position, while the electron density of the
triplets is relatively uniformly distributed.
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The stability of the spin states is also affected by the position of protonation. The
spin density distribution suggests stabilization of the high spin structures by local
spin delocalization or spin polarization.

Acknowledgments This research is supported by Projects BYX-202/2006 and DO-02-136/2008
of the Bulgarian National Science Fund. An equipment grant from the Alexander von Humboldt
Foundation is highly appreciated. A. I. is grateful to the Alexander von Humboldt Foundation for
a return fellowship.

References

. Z. Wang, E. Scherr, A. MacDiarmid, A. Epstein, Phys. Rev. B 45, 4190 (1992)

. K. Mizoguchi, M. Nechtschein, J. Travers, Synth. Metals 41, 113 (1991)

. J. Rouleau, J. Goyette, T. Bose, R. Singh, R. Tandon, Phys. Rev. B 52, 4801 (1995)

. (a) WJ.M. Naber, S. Faez, W.G. van der Wiel, J. Phys. D: Appl. Phys. 40, R205 (2007); (b)
G. Paasch, J. Electroanal. Chem. 600, 131 (2007); (c) EM. Kelly, J.H. Johnston, T. Borrmann,
M.J. Richardson, J. Nanosci. Nanotechnol. 8, 1965 (2008); (d) H.P. Huang, X.M. Feng, J.J.
Zhu, Nanotechnology 19, 145607 (2008); (e) C.C. Wang, J.F. Song, H.M. Bao, Q.D. Shen,
C.Z. Yang, Adv. Func, Mater. 18, 1299 (2008); (f) B.N. Grgur, V. Ristic, M.M. Gvozdenovic,
M.D. Maksimovic, B.Z. Jugovic, J. Power Sources. 180, 635 (2008)

5. A.G. MacDiarmid, A.J. Epst?in, Faraday Discuss Chem. Soc. 88, 317 (1989)

6. D.V. Petrov, A.S. Gomes, Cid B. de Araujo, J.M. de Souza, W.M. de Azevedo, J.V. de Melo,

FE.B. Diniz, Optics. Lett. 20, 554 (1995)

7. S. Chen, G. Hwang, Macromolecules 29, 3950 (1996)

8. D. Bloor, Nature 335, 115 (1988)

9. A.G. MacDiarmid, Synth. Metals 84, 27 (1997)

0. G. Gustafsson, Y. Cao, G.M. Treacy, F. Klavetter, N. Colaneri, A.J. Heeger, Nature 357, 477

(1992)

11. G.M. Tsivgoulis, J.M. Lehn, Adv. Mater. 9, 627 (1997)

12. P. McManus, R. Cushman, S. Yang, J. Phys. Chem. 9, 744 (1987)

13. (a) O. Aksimentyeva, O. Konopelnik, Mol. Cryst. Liq. Cryst. 427, 429 (2005); (b) D. Sarno, S.
Manohar, A. MacDiarmid, Synth. Metals 148, 237 (2005); (c) C.G. Wu, S.S. Chang, J. Phys.
Chem. B 109, 825 (2005)

14. M. Kulkarni, A. Viswanath, R. Marimuthu, T. Seth, Polym. Eng. Sci. 44, 1676 (2004)

15. S. Sahoo, R. Nagarajan, S. Roy, L.A. Samuelson, J. Kumar, A.L. Cholli, Macromolecules 37,
4130 (2004)

16. M.C. Bernard, A. Hugot-Le Goff, Electrochim. Acta 52, 595 (2006)

17. V. Krinichnyi, S. Chemerisov, Y. Lebedev, Phys. Rev. B 55, 16233 (1997)

18. A. Kon’kin, V. Shtyrlin, R. Garipov, A. Aganov, A. Zakharov, V. Krinichnyi, P. Adams, A.
Monkman, Phys. Rev. B 66, 075203 (2002)

19. A. Petr, A. Neudeck, L. Dunsch, Chem. Phys. Lett. 401, 130 (2005)

20. (a) L. Ge, S. Li, T.F. George, X. Sun, Phys. Lett. A 372, 3375 (2008); (b) Y. Harima, F. Ogawa,
R. Patil, X. Jiang, Electrochim. Acta 52, 3615 (2007)

21. PK. Kahol, A. Raghunathan, B.J. McCormick, Synth. Metals 140, 261 (2004)

22. (a) V. Prigodin, A. Samukhin, A. Epstein, Synth. Metals 141, 155 (2004); (b) J. Joo, S. Long,
J. Pouget, E.J. Oh, A. MacDiarmid, A. Epstein, Phys. Rev. B §7, 9567 (1998); (c) R. Kohlman,
A.Zibold, D. Tanner, G. Ihas, T. Ishiguro, Y. Min, A. MacDiarmid, A. Epstein, Phys. Rev. Lett.
78,3915 (1997); (d) M. Angelopoulos, A. Ray, A. MacDiarmid, A. Epstein, Synth. Metals 21,
21 (1987)

23. Z.T. Oliveira Jr., M. dos Santos, Chem. Phys. 260, 95 (2000)

A~ W=



Electronic Structure of Emeraldine Oligomers 251

24.
25.

26.
27.

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

J.P. Foreman, A.P. Monkman, J. Phys. Chem. A 107, 7604 (2003)

(a) R.H. Baughman, J.F. Wolf, H. Eckhardt, L.W. Shaklette, Synth. Metals 25, 121 (1989);
(b) L.W. Shaklette, J.F. Wolf, S. Gould, R.H. Baughman, J. Chem. Phys. 88, 3955 (1988); (c)
M.P. Lima, G.M. Silva, J. Molec. Struct THEOCHEM 852, 15 (2008); (d) A. Varela-Alvarez,
J.A. Sordo, J. Chem. Phys. 128, 174706 (2008)

M. Schreiber, K. Tenelsenb, T. Vojta, J. Luminescence 66—67, 521 (1996)

(a) J.L. Bredas, C. Quattrocchi, J. Libert, A.G. MacDiarmid, J.M. Ginder, A.J. Epstein, Phys.
Rev. B 44, 6002 (1991); (b) A.G. MacDiarmid, A.J. Epstein, Synth. Metals 69, 85 (1995); (c)
S. Stafstroem, J.L. Bredas, A.J. Epstein, H.S. Woo, D.B. Tanner, W.S. Huang, A.G. MacDi-
armid, Phys. Rev. Lett. 59, 1464 (1987)

D. Djurado, M. Bee, M. Gonzalez, C. Mondelli, B. Dufour, P. Rannou, A. Pron, J.P. Travers
Chem. Phys. 292, 355 (2003)

(a) A. Kulikov, A. Komissarova, A. Ryabenko, L. Fokeeva, I. Shunina, O. Belonogova, Russ.
Chem. Bull. 12, 2794 (2005); (b) A. Kulikov, V. Bogatyrenko, O. Belonogova, L. Fokeeva, A.
Lebedev, T. Echmaeva, 1. Shunina, Russ. Chem. Bull. 51, 2216 (2002)

B. Champagne, M. Spassova, Phys. Chem. Chem. Phys. 6, 3167 (2004)

B. Grossmann, J. Heinze, T. Moll, C. Palivan, C. Ivan, G. Gescheidt, J. Phys. Chem. B 108,
4669 (2004)

(a) C. Aleman, C.A. Ferreira, J. Torras, A. Meneguzzi, M. Canales, M.A.S. Rodrigues, J.
Casanovas, Polymer 49, 5169 (2008); (b) S.L. Lim, K.L. Tan, E.T. Kang, W.S. Chin, J. Chem.
Phys. 112, 10648 (2000)

J. Libert, J.L.. Bredas, Synth. Metals 69, 121 (1995)

G. Yang, W. Hou, X. Feng, X. Jiang, J. Guo, Int. J. Quant. Chem. 108, 1156 (2008)

A. Pecchia, A. Di Carlo, Rep. Prog. Phys. 67, 1497 (2004)

E.A.A. Noh, J. Zhang, Chem. Phys. 330, 82 (2006)

(a) H. Zhekova, A. Tadjer, A. Ivanova, J. Petrova, N. Gospodinova, Int. J. Quant. Chem. 107,
1688 (2007); (b) N. Gospodinova, S. Dorey, A. Ivanova, H. Zhekova, A. Tadjer, Int. J. Polym.
Anal. Charact. 12, 251 (2007); (c) A. Ivanova, A. Tadjer, N. Gospodinova, J. Phys. Chem. B,
110, 2555 (2006); (d) A. Ivanova, G. Madjarova, A. Tadjer, N. Gospodinova, Int. J. Quant.
Chem. 106, 1383 (2006)

(a) J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 105, 2999 (2005); (b) S. Miertus, E.
Scrocco, J. Tomasi, Chem. Phys. 55, 117, (1981)

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, J.A.
Montgomery, Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski,
PY. Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dap-
prich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B.
Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y.
Peng, A. Nanayakkara, M. Challacombe, PM.W. Gill, B. Johnson, W. Chen, M.W. Wong, C.
Gonzalez, and J.A. Pople, Gaussian 03, revision D.01 (Gaussian Inc., Pittsburgh PA, 2004)
(a) Y. Yan, Z. Yu, Y.W. Huang, W.X. Yuan, Z.X. Wei, Adv. Mater. 19, 3353 (2007); (b) B. Jia,
T, Hino, N. Kuramoto, Reactive Func. Polym. 67, 836 (2007); (c) J. Li, L.H. Zhu, W. Luo, Y.
Liu, H.Q. Tang, J. Phys. Chem. C 111, 8383 (2007)



Quantum Mechanical Examination of Optical
Absorption Spectra of Silver Nanorod Dimers

Jérémy Vincenot and Christine M. Aikens

Abstract Time-dependent density functional theory calculations are employed to
examine the optical absorption spectra of dimers of the pentagonal silver nanorods
Agiot!, Agyst!, and Ags, ™. The qualitative features of the spectra agree well with
the exciton-coupling model and with previous experimental and theoretical results.
In the end-to-end orientation, longitudinal peak red-shifts with decreasing distance.
For side-by-side dimers, the transverse peak splits as the interparticle distance
decreases due to symmetry-breaking, and the longitudinal peak blue-shifts slightly
with decreasing distance. Quantum mechanical calculations are required for the cal-
culation of absorption spectra at very short interparticle distances where the electron
densities of the two subsystems overlap. At short distances, the energies and inten-
sities of the monomer peaks change substantially and new excitation peaks emerge.

Keywords: Density functional theory - TDDFT - Optical absorption - Silver
nanorods - Nanoparticle dimers - Plasmon resonance - Plasmon coupling - Plasmon
shifts

1 Introduction

Quantum confinement of electrons in nanoscale materials leads to physical proper-
ties that differ from those of the bulk. For noble metal nanoparticles, strong surface
plasmon absorption leads to one or more sharp peaks in the visible region of the opti-
cal spectrum, and the exact characteristics depend sensitively on the nanoparticle
size and shape [1, 2]. Due to their anisotropic structure, nanorods possess more
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complex optical absorption properties than nanospheres. Nanorods display two opti-
cal absorption bands that correspond to excitation along the long and short axes
of the particle, where the wavelength of the strong longitudinal plasmon resonance
band depends linearly on aspect (length-to-diameter) ratio [3, 4]. The aspect ratios of
these systems are very tunable; for example, a seed-mediated synthesis can be used
to prepare silver nanorods and nanowires with aspect ratios of 2.5-10 and 50-350,
respectively [5]. Gold nanorods are finding application in cancer diagnostics and
therapy due to their controllable aspect ratios, which yields tunable absorption in
the near-infrared region of the electromagnetic spectrum [6, 7].

Single molecule detection using techniques such as surface-enhanced Raman
scattering (SERS) [8-10] is facilitated by large local electric fields located at the
junction of two nanoparticles, which has stimulated a strong interest in under-
standing plasmon coupling in metal nanostructure assemblies. These assemblies
could also find use in optoelectronic applications such as photonic wave-guiding
[11-13]. As a result, nanoparticle dimers have been widely studied experimen-
tally and theoretically (for a recent review, see Ref. [14]). Of note, El-Sayed et al.
examined the end-to-end and side-by-side orientations of gold nanorods using
the discrete dipole approximation (DDA) model and found predictions that agree
with experimental observations that the longitudinal plasmon resonance red-shifts
when the nanorods are arranged in an end-to-end fashion, whereas the longitudi-
nal band blue-shifts and the transverse band red-shifts when the nanorods aggre-
gate in a side-by-side orientation [15]. Most theoretical investigations to date have
employed classical approaches such as the DDA method. However, these methods
cannot account for quantum phenomena such as electron tunneling that become
important at very small interparticle distances. Quantum mechanical effects signif-
icantly influence the plasmonic response of the dimer for short interparticle dis-
tances and must be treated using methods such as the time-dependent local density
approximation [16].

At long distances, the exciton-coupling model provides a convenient method for
understanding nanoparticle dimer interactions. The interaction between two identi-
cal two-level systems A and B can be treated with Heitler — London perturbation
theory provided the perturbation is weak. Neglecting dispersion, the energies of
the excited states are AE + V45, where AE is the energy difference between the
ground and the excited states in the isolated particle A and V,p is the interaction
matrix element Vyp = (V98| V | U wl) = (Ui w8| v |0 wF), where W and
Wit are the ground and excited state wavefunctions, respectively, of the isolated
system [17]. The corresponding eigenfunctions for the excited states of dimer AB
are W, = «/LE {lllf wh + wiwh } Recently, a “plasmon hybridization” theory has
shown that the plasmon resonances of metallic nanostructures can be treated analo-
gously to atomic and molecular wavefunctions [18], so the discussion in this section
applies to metal nanoparticles in addition to molecular systems. Due to the interac-
tion of the two systems the excitation is not localized in A or B, and this is the ori-
gin of excitation (exciton) transfer. At long interparticle distances where electronic
overlap between A and B can be neglected, the perturbation is often represented by

the dipole — dipole interaction V = [ﬁA g — (3/R?) (ﬁA . i?) (ﬁB . i?)]/R3
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where 1t 4 is the dipole moment of A and R is the relative position vector of A and B.
The magnitude of the perturbation increases with decreasing interparticle distance.
Two important cases arise where the transition dipole moments of A and B

are either perpendicular or parallel to R. For the case where the transition dipole

moments are parallel to each other and are both perpendicular to R (denoted H
aggregates), V4 p reduces to |/L10|2/R3 where 1119 = (V| it |Wo). Then, the eigen-
values and wavefunctions of the two states are

AE — ol /R W_ = 1/vV2{wiwf — wiwp)
AE +|uiol?/R? 5 Wy = 1/V2 {wiwf + v whl .

For the case where both transition dipole moments are parallel to R and arranged
in a head-to-tail fashion (J aggregates), the eigenvalues and wavefunctions of the
two excited states are

AE —2|uiol?/R? 5 Wy = 1/V2 {Wiwg + v wh)
AE +2|piol?/R 3 W = 1/V2{wiwh — wiwh).

The transition moments between the ground state and the state W_ are zero,
so only transitions to the W, state will be observed. When the transition dipole

moments are perpendicular to R, the observed excited state energy will increase with
decreasing distance, whereas the excitation energy will decrease with decreasing
distance when the transition dipole moments are arranged in a head-to-tail fashion.

At shorter distances R, the perturbation can be expanded as a series of mul-
tipole — multipole interactions. Higher-order multipole plasmon interactions have
been employed to explain the appearance of new peaks in the absorption spectrum
for nanoshell dimers [19]. When the interparticle distance is small enough that the
electron clouds of A and B overlap, the system is in a conductive regime where states
in which one electron is transferred from an occupied orbital of one subsystem to an
unoccupied orbital of the other become important for a complete description of the
manifold of excited states.

2 Computational Methods

All calculations performed in this work utilize the Amsterdam Density Functional
(ADF) 2007.01 program [20]. The molecular structures of the Ag,o*!, Ag,s™,
and Ags 1“ silver nanorod monomers are optimized using the gradient-corrected
Becke — Perdew (BP86) exchange-correlation functional [21, 22]. Nuclear coordi-
nates for the dimer orientations are constructed by offsetting the coordinates of two
identical monomers without further optimization. The basis set employed in the
optimizations is a double-zeta (DZ) Slater-type basis set with a [15>—4 p®] frozen
core for Ag. Scalar relativistic effects are included by utilizing the zeroth-order
regular approximation (ZORA) [23]. Time-dependent density functional theory
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(TDDFT) is employed to determine energetics and compositions of excited states
using the asymptotically correct statistical average of orbital potentials (SAOP)
[24, 25] model potential. SAOP calculations employ an all-electron DZ basis set.
The first 200 or 400 dipole-allowed states are evaluated for the optical absorption
spectrum of monomers and dimers, respectively. The smoothed spectra shown in
the figures are convoluted with a Lorentzian with a full width at half-maximum
(FWHM) of 0.2eV. Several computational parameters were adjusted to improve
the numerical accuracy of the calculations as reported in Ref. [26]. In addition, an
additional order of magnitude improvement in the self-consistent field convergence,
tolerance, and orthonormality parameters was found to be necessary for precise
determination of dimer peak energies.

3 Results and Discussion
3.1 Silver Nanorod Monomers

Pentagonal silver nanorods with 19, 25, and 31 atoms are examined in this work.
These rods range from 1.1 to 1.7 nm in length (calculated from the nuclear coordi-
nates of the tips plus the bulk nearest neighbor Ag— Ag distance of 0.289 nm as an
estimate of twice the atomic radius). The diameters of these rods are approximately
0.8 nm, which leads to aspect ratios of 1.4-2.1. As discussed recently by Johnson
and Aikens, the neutral nanorods have a single unpaired electron in the highest
occupied molecular orbital, which is doubly degenerate for systems such as Ags;
[26]. Thus, nanorods in the +1 charge state are considered in this work.

The molecular geometries and TDDFT optical absorption spectra for Ag19+1,
Ag,st!, and Agy, ! are shown in Fig. 1. Each monomer spectrum consists of two
peaks; the lower energy peak has A symmetry corresponding to excitation along the
z(long)-axis of the nanorod and relates to the longitudinal plasmon oscillation band
observed experimentally [3, 4], while the higher energy peak arises from states with
E; symmetry (x,y-axes) and is compatible with the transverse plasmon oscillation.
The intensity of the transverse peak remains nearly constant as the length of the
nanorod increases, whereas the intensity of the longitudinal peak depends linearly
on the size of the system (Fig. 2). As the length of the nanorod increases, the position
of the longitudinal peak red-shifts linearly with the number of atoms from 3.73 eV
for Agjo™ to 3.16eV for Agy, ™! (Fig. 3(a)). The linear relationship between sys-
tem size and longitudinal peak excitation wavelength has been explained using a
particle-in-a-cylinder model [26]. The position of the transverse peak varies less
than the position of the longitudinal peak; for the systems examined in this work,
the maximum in the excitation energy varies from 4.26 to 4.36eV (Fig. 3(b)). As
discussed in earlier work, several states are responsible for the transverse excita-
tion, and this peak is broader in general than the longitudinal excitation [26]. The
longitudinal excitation can also involve several states; for Ag,,™", this peak arises
from two different excitations at similar energies.
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Fig. 1 TDDFT optical absorption spectra and molecular geometry of Agy, ™!, Ag,s™!, and Ag,o*!
silver nanorod monomers (shown in order of decreasing size)
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Fig. 2 Oscillator strength of longitudinal peak versus number of atoms

3.2 Silver Nanorod Dimer Orientations

The end-to-end (J aggregate) and side-by-side (H aggregate) orientations (Fig. 4)
for nanorod dimers are examined in this work. The end-to-end orientation retains
the fivefold symmetry of the monomer whereas this symmetry is broken in the side-
by-side configuration, and this has implications in the optical absorption spectra as
discussed below. In the next section, the absorption spectra for Ag,o™" dimers at
intermediate and long distances are considered. (The spectra for Ag,s™ and Agy, "
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Fig. 3 Energy of (a) longitudinal and (b) transverse absorption peak versus number of atoms
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Fig. 4 Silver nanorod dimer orientations

dimers exhibit similar results.) Subsequently, the absorption spectra for dimers with
very short interparticle distances are examined.

3.3 Agyo™ Dimer Absorption Spectra

For each monomer, dimers were constructed by fixing a second monomer at a
given distance from the first. For the end-to-end orientation for Ag,™", the longest
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distance considered is 39 A between the centers of mass. At this distance, the
nanorods are essentially non-interacting. The absorption spectrum is identical to
that of the monomer with the exception that the intensities are twice that of those in
the monomer spectrum, which is a natural consequence of the doubling of the total
number of electrons in the system. At shorter interparticle distances, the nanorods
interact which leads to changes in the excitation peak locations and intensities. The
absorption spectra for dimers with tip-to-tip distances of 5.659-9.659 A (corre-
sponding to center of mass separations of 1418 A) are shown in Fig. 5.

As the particles approach each other, the excitations responsible for the longi-
tudinal peak slightly red-shift (Fig. 5(f), rectangular box), whereas the position of
the transverse peak excitation is unchanged (Fig. 5(f), oval). The red-shift of the
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Fig. 5 Absorption spectra in arbitrary units (a.u.) for Ag;y™! end-to-end dimers with tip-to-tip
distances of (a) 5.659 A, (b) 6.659 A, (¢) 7.659 A, (d) 8.659 A, and (e) 9.659 A. (f) Spectra (a—e)
offset on the same energy axis
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Fig. 6 Absorption spectra for Ag,o*! side-by-side dimers with nearest interdimer distances shown.
The blue dotted line at constant energy is intended as a guide for the eye

longitudinal peak agrees qualitatively with the exciton-coupling model for J aggre-
gates, and the unchanged transverse peak is reasonable because there are no pertur-
bations in the x and y directions. For side-by-side dimers, the transverse peak splits
as the interparticle distance decreases (Fig. 6) because the E| symmetry of this tran-
sition in the monomer is split by the perturbation arising from the second nanorod.
The longitudinal peak blue-shifts slightly with decreasing distance, in accord with
the exciton-coupling model for H aggregates.

The change in the interparticle distance also affects the relative intensities of
various excitations, such as the two excitations responsible for the longitudinal peak
in the end-to-end dimer. When two Agngrl monomers are separated by a tip-to-tip
distance of 9.659 A, the lower- and higher-energy longitudinal peaks have oscillator
strengths of 1.12 and 4.29 a.u., respectively. At 5.659 A, these oscillator strengths
are predicted to be 2.44 and 3.15 a.u., respectively. The total oscillator strength
does not change dramatically (5.41 vs. 5.59 a.u.), but the change effectively shifts
the overall longitudinal peak position to lower energy. Other peaks also experience
intensity changes; for example, the minor peak near 5eV decreases in intensity as
the interparticle distance decreases.

Numerous fitting functions for the relationship of the oscillator strength ( /) to the
tip-to-tip distance (R) have been examined in this work, and one of these is shown
in Fig. 7. A functional form that depends on R~ appears to reproduce the TDDFT
calculations fairly well; however, it should be stressed that the fittings are very sen-
sitive to the parameters employed. Fittings based on tip-to-tip and on center of mass
distances have been considered, and neither is a clear choice. For other nanorods
and peaks, functions that depend on R~ are found to more closely reproduce the
TDDFT-calculated oscillator strengths. Similar fittings have been examined in order
to connect the interparticle distance with the red- or blue-shifts in the energy, and
functions of R~% and R~? have been found. Based on a dipole — dipole pertur-
bation, a function of the form R~ may be expected. This discrepancy could be
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Fig. 7 Oscillator strength (f) of first longitudinal peak for Ag,y*! end-to-end dimers versus tip-

to-tip distance (R). TDDFT-calculated data (red) shown with points fit using equation f(R) =
305.55R73 +0.7513 (blue)

due to several causes. Higher-order multipole interactions such as those considered
in Ref. [19] could be important, especially since these distances are intermediate
between the weak coupling and the conductive regimes. In addition the nanorod has
a non-negligible size, and therefore models based on point dipoles may not yield
quantitatively accurate predictions.

3.4 Dimer Absorption Spectra at Short Interparticle Distances

At very short interparticle distances, the electronic wavefunctions of the two subsys-
tems overlap significantly and the dipolar exciton-coupling model does not provide a
reasonable approximation for the system. The absorption spectra for Ag,s™* end-to-
end dimers with interparticle distances of 2.8—4.5 A are shown in Fig. 8. (In general,
2.8 A is the closest silver — silver distance predicted in the monomer at this level of
theory, so it is assumed that the two particles will maintain interparticle distances
greater than 2.8 A.) At 4.5 A, the dimer absorption spectrum is dominated by two
longitudinal excitations that are red-shifted and two transverse excitations that are
slightly blue-shifted relative to the corresponding monomer peaks. As the inter-
particle distance decreases, the intensities of the two longitudinal peaks decrease.
Simultaneously, amplified intensities of initially minor peaks such as the peak at
2.15eV in the 4.5 A spectrum are observed. This peak increases in intensity and
blue-shifts; when the interparticle distance is reduced to 2.8 A, this excitation falls
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Fig. 8 Absorption spectra for Agszrl end-to-end dimers with short tip-to-tip distances as shown.
The monomer spectrum is shown for comparison

at 2.45eV and is stronger than the originally dominant longitudinal peak. Similarly,
the strong peak at 2.76 eV in the 2.8 A spectrum grows out of a very weak excita-
tion near 2.63 eV in the 3.8 A spectrum. Thus, in addition to energy and intensity
changes predicted for the original peaks, new excitations become important for a
correct description of the absorption spectrum when the electron densities of the two
subsystems overlap. This can be seen clearly in Fig. 9, which displays the evolution
of the absorption spectra for Ags, ™' dimers with decreasing interparticle distance.
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Fig. 9 Absorption spectrum for Agy; ™! dimers in end-to-end orientation

4 Conclusions

TDDFT correctly reproduces trends in silver nanorod absorption spectra determined
experimentally or from other theoretical models. For silver nanorod monomers,
the wavelength of the longitudinal excitation depends sensitively on the length of
the monomer, whereas the transverse excitation is not greatly affected. In nanorod
dimers, the red-shift of the longitudinal peak with decreasing distance for the end-
to-end orientation agrees qualitatively with the exciton-coupling model. For side-
by-side dimers, the transverse peak splits as the interparticle distance decreases due
to symmetry-breaking, and the longitudinal peak blue-shifts slightly with decreas-
ing distance. The TDDFT-predicted relationships of peak energies and oscillator
strengths to the interparticle distance are in qualitative but not quantitative agree-
ment with the exciton-coupling model using a point dipole — dipole perturbation,
and this discrepancy may be due to the finite sizes of the nanorods or the higher
multipole interactions that are neglected in the latter model. Quantum mechanical
calculations are particularly critical for the calculation of absorption spectra at very
short interparticle distances where the electron densities of the two subsystems
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overlap. At short distances, the energies and intensities of the monomer peaks
change substantially and new excitation peaks emerge.
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On the Electronic Spectra of a Molecular Bridge
Under Non-Equilibrium Electric Potential
Conditions

Alexander Prociuk and Barry D. Dunietz

Abstract The linear response of the electronic density of a molecular based junc-
tion under potential bias conditions to a probing polarizing perturbation is calculated
to model the electronic spectra. It is shown that steady flux conditions lead to dra-
matic effects on the electronic spectra of the confined system. The non-equilibrium
conditions enable electronic transitions that are otherwise forbidden. The imple-
mented methodology uses the Keldysh contour formalism to express the electronic
equations of motion. The related time correlation Green Functions are then solved
for in the full frequency representation and at the linear response level.

Keywords: Non-equilibrium Green’s function - Electronic spectra - Electron
dynamics - Molecular conductance

1 Introduction

The modeling and experimenting of electron transport (ET) through nanoscale sys-
tems are the focus of intensive research efforts. Interest in such systems ranges
from possible advances in technology to studies of interesting physical phenom-
ena. The characterization of time-dependent (TD) ET is a challenge at the forefront
of research efforts since most state-of-the-art computational treatments of ET are
limited to describing the conductance under steady state conditions [1-8].

TD transport studies provide access to fascinating quantum effects related to the
conductance. For example, a large body of research considers quantum interferences
associated with photoassisted conductance in nanoscopic systems driving behav-
iors such as absolute negative conductance, Coulomb blockade, Kondo effects, and
electron pumping [9-20]. The experimental study of the dynamics of ET related to
electron pumping is complemented by important theoretical treatments [21-36].
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The challenges underlying molecular conductance studies include the atomic
scale characterization of the junction and association of the measured conductance
to single molecules. Typically, an elaborate experimental procedure involving large
statistical sampling and control schemes is required for proper investigation of the
conductance properties of single molecules. The combined measurement of both
conductance and spectra of molecular junctions has been reported using Raman
scattering [37-41]. Conductance enhancement in the junction has been correlated
with changes of the in situ measured Raman spectra of the molecular junction.
This is an exciting development that contributes to the characterization of molec-
ular junctions under bias. The ability to obtain spectral information of the junction
system under bias provides the needed probe to confirm that single molecules are
indeed confined between the electrodes and carry the transport in the junction. It is,
therefore, important to proceed and consider the effects of electronic flux due to the
bias on the electronic spectra of the molecular junction that is mediating the ET.

In order to understand the dynamical effect of electron flux on the spectra or
of any other photo-driven ET process proper treatment of the electronic structure
of the open systems has to be achieved. For achieving analysis of the flux-affected
electronic spectra, a TD approach that probes the response of the electronic density
to a temporal delta function potential pulse can be used to generate the system’s
spectra as is performed in traditional widely used linear response implementations
of TD-DFT. This is extended below to the analysis of electron flow effects on the
optical excitations of a biased model system.

Our TD approach is based on solving the electronic equations of motion (e.o.m.)
as expressed by the Kadanoff-Baym (K-B) equations derived from the Keldysh
formalism. Most descriptions of dynamic transport that use many-body Green’s
Functions (GF)-based formalisms [36, 42—44] follow the seminal work of Jauho
et al. [45]. More recent extensions of GFs approaches to treat the dynamics of
ET implement a real time propagation scheme. Other approaches use a real time
propagation of the electron density evaluated at the DFT level [42, 43, 46-54]. A
major limitation or difficulty is related to treating the coupling of the propagated
electronic density to electron reservoirs. Other schemes involve the projection of the
electronic structure of the infinite system to the device region. Master equations and
propagation of the projected system expressed by density matrix formulations have
been used to analyze TD transport, where the periodicity of the time perturbation
is used to derive Floquet-based expansions [36, 55-61]. Of these we note schemes
which combine Floquet-based approaches with NEGF formalisms [36, 60, 61].

Recently we have reported the solution to the equation of motion (e.o.m.s) (K-B
equations) of a model open system under the influence of a time-dependent perturb-
ing potential bias applied across the junction. Our approach for treating the dynam-
ics was based on a simplified first-order time-dependent perturbation treatment,
where the electronic density of the electrodes is described by a wide-band limit
(WBL) approximation [62]. The transient conduction of model electronic channels
were analyzed. There we also analyzed the dependence of coherently driven trans-
port on detuning induced by an electrostatic field. This effect was characterized by
temporal propagation of the current energy density.
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In this report we study the effects of non-equilibrium conditions on the
electronic spectra of a model open channel system. We express the equations in
the full-frequency domain and solve them at the linear response level. The full
frequency-space expressions of the e.0.m.’s are used to eliminate the WBL approx-
imation in treating the electronic structure of the bulk [62]. Instead the electrodes
are treated exactly at the applied modeling level. Therefore, an energy-dependent
DOS of the electrode evaluated by the relevant tight binding treatment is used.
This is a powerful scheme to calculate the electronic spectra of an open system at
non-equilibrium conditions. We use our methodology to demonstrate that the effect
of flux due to bias conditions is to allow electronic transitions that are otherwise
forbidden in the equilibrated system.

2 Modeling Spectra of Open Channels under Bias Conditions

2.1 Starting Point: Energy-Resolved Time-Dependent
Density Matrix

In this study, the effect of non-equilibrium conditions on the electronic spectra of
the coupled and biased system is analyzed at the most fundamental level. Under
equilibrium conditions electronic transitions between states below the Fermi energy
of the electrodes are inhibited due to their steady population. This is illustrated in
Fig. 1 (left), where the effect of coupling to electrodes, whose electronic structures
are characterized by bands, is depicted. The continuum of the electrodes’ DOS
is projected on the device region leading to broadening of the otherwise discrete
energy levels. In this study we consider the transitions between these states at non-
equilibrium condition, where the bias results in dynamical flux coupling the two
electrodes through the broadened energy levels. This flux as discussed below affects
the electronic spectrum of the system greatly. See the non-equilibrium system illus-
trated in the right side of the figure.

The electronic spectrum is calculated from the dynamic electronic density of a
system responding to relevant perturbations. The time-dependent response of the
electronic density p(t) can be expressed in terms of a TD energy-resolved response:

—— /_\ - . P
Fermi Levi;ll b I u]‘ )
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Fig. 1 Scheme of the electronic levels of a device model system coupled to the electron reservoir
at (left) equilibrium (right) non-equilibrium conditions
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p(t) = /dEp(E, 1), (1)

where p(E, t) is the energy-resolved density matrix projected onto the junction. The
energy dependence reflects the band structure of the system coupled to electrodes,
where scattering states that couple both electrodes contribute energy bands with a
finite width. For example, in this distribution, a peak centered at E’ with a AE width
describes the effectively infinite number of states resulting from the projection. In
general, p(E, t)d E contributes states to the density matrix (p(z)) with energies in
the range E to E+dE. This TD energy density can be used to describe the dynamics
of any quantum mechanical operator (O):

(0@) = /dETr [p(E.H)O]. 2)

We consider next, in detail, the solution of the electronic equation of motion as
obtained from Keldysh formalism-based expressions. It is, however, important to
note the following change in notation. The density of state energy variable, E, will
be replaced by @ and the time variable, ¢, by 7, which corresponds to the notation
used in the earlier study [62].

3 Linear Response of an Open System: Full-Frequency Space
Electronic Equation of Motion

We now use the previously derived electronic e.o.m., in which the extended nature
of the system is projected onto the electronic structure of the device region [62]:

3 _ _ ) )
i AGLE @) = [h.., AGZ (7, )] +fdw’vcc(t, G, & — )

_G:C(f9 5) + w/)vcc(f» w/)

o0
+ / dr'[ZR(F — 1)AG =<1, @)e Mecl=1)

[e.0]

—eMe = AG (1, ®) T2 —D)]. 3)

In this equation 4 is the Hamiltonian, and G= is the GF from which the TD elec-
tronic density can be extracted. In the above equation, the subscript cc refers to the
device central subspace and G.(f, @) = G%=(®) + AGL(f, @). We note that this
is written in atomic units, where 2 = 1. The projection is based on using the elec-
trode’s self-energy [62] expressed by X. Finally, v¢.(7, @) is the energy-resolved TD
perturbation expressed in terms of the actual perturbation, v(¢). In this representation

Vee(f, ') is also unitless:
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i 1 [ 1 .
v(i, @) = —e 12T / dte'®'y(t) = —e 2 520). 4)
T _ T

[e¢]

The full derivation of Eq. (3) is provided in Ref. [62].

To directly propagate the e.o.m.’s as expressed above in the mixed representation
(f, @) is computationally demanding at moderate to long times due to the memory
kernel, which must be recalculated for every time and frequency. We, instead, solve
the e.o.m. after expressing it in the full-frequency domain. This corresponds to a
transformation from the mixed representation to:

G~ (Aw, @) = / die > G=<(7, @). 5)

—00

This transformation leads to the following form of the e.o.m. in the full-frequency
domain:

Z Hiju(Aw)AG G ) (Aw, @) =
k,l

1
= [vcc(Aw)G%g(a) — Aw/2) — GE5(@ + Aw/Z)VCC(Aa))]ij (6)

1
+— / do [VecRoNAGE(Aw — 20, & — o)
b

—AGi(Aw — 20, & + w/)vcc(Za)’)]ij ,

where
Hiju(Aw) = (Aw +in — A€ A Aj — Tju(Aw) (N

and Ae¢;; = €; — ¢; is the difference between the i-th and j-th eigenvalues (¢, €;)
of H.. The implemented formalism includes a broadening factor (1) in defining
the tensor H. It is required that the factor be sufficiently small and that the temporal
range of the calculation is large enough to include the system’s return to equilibrium.
Namely, that the turn off of the perturbation is included in the simulation.

For simplicity of both the notation and the computation, we now express the
tensor and matrices in Eq. (6) by reduced rank representation (tetradic notation). In
this representation, the rank four tensor is expressed as a rank two matrix and the
matrices are represented as vectors. Thus, a tensor H with element H; ;1 is rewritten
as an n* x n? matrix H, with elements H,; 4 ; ,+. Likewise, an n x n matrix A with
elements A;; is rewritten as a vector |A)) with elements [A)),; ;.

The resulting simpler expression of the equation of motion is inverted and solved
by a perturbation expansion. After inverting H(Aw),

G(Aw) = H ' (Aw), (8)
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and using the reduced notation, the e.0.m. becomes

IAG;-(Aw, @) =

0 - 1 , , _ €))
G(Aw)| B (Aw, @))) + ;G(Aw) / dw'|Bec(o', Aw, ©))),
where
|BE(Aw, @)))nisj =
0,</ - 0.<, - (10)
[Vcc(Aa))GC’C @ — Aw/2) — GE5(@ + Aw/2)VCC(Aw)]ij
and
|Bcc(a)/, Aa), CZ)))),,,‘_;,_J‘ = [Vcc(za)/)AGéC(Cb — a)’, AC() — 260/)
—AGi(0+ o, Aw — 20 )Vee Qe (11)
3.1 Models

The model system considered in this study is composed of a pair of sites aligned
perpendicular to the direction of flow-coupling two one-dimensional wires. The
graphical representation of this model system is provided in Fig. 2, where only the
surface atom of the wire is depicted. The two central sites and the surface sites define
the core region of the system. We use a simple tight binding model for the electronic
structure, where each site is represented by a single s-type basis function. Relative to
the center of a given atom A, this basis function is expressed in spherical coordinates
as O(ra, 04, pa) ~ ¢4, The “tightness” parameter, «, is determined by setting
(ra) to the electronic radius of the given atom. The sites of the electrode have been
parametrized to represent gold atoms and the device sites are each representing a
single carbon atom. The corresponding region is designated below as AuC,Au.

O N
Fermi Level
r_
L
Fig. 2 Illustration of the \\ — /;
model composed of two sites
bridging two

one-dimensional semi-infinite
wires. Only the surface atom
of each wire is depicted
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The atomic orbital Hamiltonian matrix is parametrized based on the ionization
potential and evaluated using the following Huckel-type expressions:

Hpp=—14, (12)

1
Hyp = _EK(IA + 13)Sa.B. (13)

where S, p is the atomic orbital overlap between the s-electron basis functions cen-
tered on atoms A and B, I, is the ionization potential for atom A, and K is a constant
set to 1.75. The numerical values for these parameters are provided in Table 1. The
Hamiltonian is then orthogonalized (H — S~!/2HS~!/2) followed by the imposi-
tion of a tight-binding condition within the electrode regions, where only site and
nearest-neighbor hopping elements are non-zero. All site and hopping elements are
kept in the four-site region of the orthogonalized Hamiltonian that corresponds to the
AuC,Au region of the pre-orthogonalized Hamiltonian. This Hamiltonian is padded
with electrode wires of nine Au atoms on each side of the perpendicular C, system
to ensure that edge effects are minimized in the orthogonalization procedure.

Table 1 Radii, ionization potentials, /4, and Gaussian basis set coefficients, «, for C and Au

Atom radius A I4 (eV) a(A?)
C 0.77 11.26 1.074
Au 1.44 9.22 0.307

We now calculate the electronic density and spectrum of this system, where we
include the surface atoms in the confined device region. This defines the core device
region as a four state space. The electronic DOS is generated from G%<(&). The
electrodes’ effects on the electronic DOS of the junction are represented as usual by
adding to the Hamiltonian the projection of the surface GF onto the central region
using the TB coupling terms.

Next, we consider the system prior to probing its spectroscopy. In all cases, we
note that for simplicity the Fermi energy is shifted to be zero and is located in the
middle of the HOMO-LUMO gap. This is schematically illustrated in Fig. 1(left).
The steady state description is derived from a time-independent perturbation per-
spective, where any bias has been turned on for a sufficiently long time to dissipate
any transient or TD aspects.

The time-independent perturbation v(¢) = v, is Fourier transformed as in Eq. (5)
to the frequency domain:

v(Aw) = 2 A(Aw)v, , (14)

We use the two-frequency representation of the time-dependent e.o.m’s to derive a
time-independent correction to G* <. The resulting expression is

IG5 (@) = |GEE (@) + G(0)| BLL(@))), (15)
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where B(Clé is reduced and simplified in the steady state limit to

IBEL @i = [v-GEc @)~ Ge@w ] . (16)
Equation (15) is used as an initial guess for the steady state lesser Green function
that introduces the effects of weak bias v,.

If v, is energetically on the order of the transition energies in the Hamiltonian, a
first-order expansion will not suffice. In this case we turn on the bias adiabatically
(compared to the time evolution of the Hamiltonian) in n small increments. This
amounts to applying Eq. (15) iteratively n times,

<,(m - <,(m - 1 m —_
G " (@))) — G (@) + ;G(0)|B<c%< (@), (17)
where
IBEE " @i = [v.Ge @) — G @ | (18)

This ensures that, for every iteration, the perturbing Hamiltonian v,/n can be made
small for large enough n.

3.2 Results

The electronic spectrum is obtained by tracing the dipole moment operator oriented
along the device (C,) axis (designated as z). This is aligned perpendicular to the
gold wires axis:

I Gu(40)) = [ doTr [67@. 20 ], (19)
where the dipole operator matrix representation ({®} are the basis functions) is

peiy = [ droze,m. (20)

The projected electronic DOS of the device region is calculated for several related
models. These models differ in the number of the wire gold atoms included in the
device region. Following the tight-binding picture the most distant atom included in
the device region from the core pair of atoms is assumed to represent well the surface
site of the wire. The electronic DOS and the corresponding spectra are provided in
Fig. 3.

We note that the DOS of the device region, which is shown on the right panel,
converges with respect to the number of gold atoms included in the central region.
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Fig. 3 (a) The electronic density of states of the device region at equilibrium conditions with
models including 1, 2, and 3 wire sites in the central region. (b) The corresponding electronic
spectra with the different inclusion of gold atoms in the central region (The spectra are given in
atomic units as Bohr radius/Hartree)

Namely, adding gold atoms to the device region does not greatly affect the four
major peaks in the distribution. These additional wire atoms mainly affect the DOS
by further broadening the electronic density within the HOMO-LUMO gap. This
is a reflection of the strongly delocalized nature of the electrode model used in our
calculations. The effects of these broadening aspects on the modeled spectra are
considered next.

Orbitals related to the main four bands of the core region are illustrated in Fig. 4.
The core region includes the two carbon atoms and a gold atom from each wire
which is most adjacent to the carbons. We have shifted the energies to be centered
about the Fermi energy which has been chosen to be zero for simplicity. In the
chosen geometry, we assign the lowest state (occl) to a bonding interaction between
the carbon atoms. The second state, which is also occupied (occ2 or HOMO), cor-
responds to an antibonding interaction between the carbon atoms. The next state
is unoccupied (virtl or LUMO), which at the considered equilibrium conditions
involves antibonding interactions between the two carbon atoms and with additional
bonding interaction between the two gold surface atoms across the device region.
Finally the highest state (virt2) is dominated by electron density localized on the
gold atoms with an antibonding node separating the two sites.

va R R X

Moleculdr model (a) ocel (b) HOMO ) LUMO (d) virt2

Fig. 4 Orbitals are plotted organized according to their energy levels from left to right in an
increasing order. Left most panel illustrates the molecular model of the core system used in the
calculations
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The corresponding electronic spectra show a strong dependence on the model
used. The models differ by the number of gold atoms included in the device region.
First, we assign the dominant peak in all non-biased spectra to the HOMO-LUMO
transition. We also note that there is no transition-noted coupling into state virt2 due
to the symmetry of the involved orbitals. However, an unconverged response (peak)
is generated for the limited model, where only a single gold atom is included in the
junction’s space. For this smaller model, a peak corresponding to the energy differ-
ence between states occl and occ2 is generated. These electronic states, however,
which lie energetically below the Fermi energy, are both populated upon coupling
to the two wires.

Clearly electronic transitions that couple two occupied states are forbidden at
equilibrium conditions. This indicated forbidden transition is (almost completely)
removed upon including additional wire sites in the device at equilibrium. It is
shown that this peak in the spectra is gradually eliminated at the equilibrium con-
ditions by expanding the central region to include one or two additional gold atoms
from each wire. We also note that the differences in the broad bands between
the different models result from the projection of the infinite electrodes onto the
device region. This also leads to the broadening observed on the electronic spectra
(see Fig. 3).

The appearance of the additional and unphysical transition at an equilibrium
state is a reflection of using a too restrictive model in the response theory. This
difficulty in converging the calculated spectra is due to the delocalized nature of
the electronic states that participate in the considered transition. These states have a
large gold atom component in their electronic DOS. The delocalized nature of the
metal-related electronic density is represented by self energies and is associated with
the broadening effects. For example, the strong delocalization of the HOMO results
with an artifact as noted above due to the self energy used in the spectra calculation.
We, therefore, use the model that includes three gold atom sites in analyzing the
spectra under bias conditions to allow for proper treatment of the electrodes’ effects
on the electronic density of the confined system. Next, we analyze the spectra at
non-zero bias-voltage conditions.

In Fig. 1(right) the effect of the potential bias is schematically represented. The
bias is shifting the effective Fermi energies of the two electrodes. In the illustration
the resulting energy window of non-equilibrium occupations between the two elec-
trodes is large enough to include both bands of the HOMO and LUMO electronic
states. In Figs. 5 and 6 the voltage dependent spectra are provided. In Fig. 5 we
provide the spectra of the low (left) and high (right) bias regimes. In Fig. 6 we
provide an overview of the overall bias effect. It is shown that for strong enough bias
voltages the otherwise forbidden transition becomes allowed. This is a flux-induced
transition. This is shown in the figure, where the peak corresponding to the transi-
tion between the two lowest states only starts to develop for strong enough applied
voltages. It becomes a dominant peak in the spectra, when the non-equilibrium con-
ditions are further enhanced by even higher applied potential biases.

We observe the opposite trend on the higher peak in the spectra. This peak cor-
responds to the transition of states occ2 to virtl (HOMO-LUMO in the equilibrium
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state). It becomes weaker as the two states experience stronger non-equilibrium
conditions, where both bands are populated by the dynamic electron flux flowing
through them. This is another important consequence of the spectra due to the non-
equilibrium conditions that is nicely demonstrated by the implemented calculations.

4 Concluding Comments

A recently developed approach for the propagation of the electronic density of a
system coupled to electron reservoirs under dynamic non-equilibrium conditions
is used to study electrode biasing effects on the electronic spectra. The projected
e.o.m.’s represent the effect of the electrodes on the dynamics expressed on the
Keldysh contour, where the full time correlation is represented by two time variable
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propagators, the Green functions. The projection is achieved by using self-energy
expressions to represent the effect of electrode coupling. In this report, the general
equation of motion is reexpressed in the full frequency domain and is solved at the
linear response level to obtain the electronic response to electronic perturbations
represented in the dipole approximation.

This method is implemented on a model system involving two carbon atoms
sandwiched by and aligned perpendicular to two gold atom wires. Exposing the
system to steady non-equilibrium conditions, where the potentials of the two elec-
trodes are shifted, leads to electron flux that dynamically affects the electronic spec-
tra. Electronic transitions between conducting electronic channels, which are fully
populated at equilibrium, become allowed upon applying voltage bias. It is shown
that a transition involving two occupied states (at equilibrium) becomes stronger
with the increase of the voltage bias, whereas the electronic flux can lead to some
reduction of the transition for a transition coupling an occupied level to a virtual
level.
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reactions in, 29f
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QCD2 simulations, 28
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Hartree—Fock (HF) method, 105, 129, 214
Hartree—Fock-Slater (HFS) method, 129, 141
Hartree potential, 196
Hartree products, 76
Heisenberg uncertainty principle, 95
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ICD electron spectra, 158
ICD of singly ionized states
Auger—ICD cascade, 159
interatomic decay in inner-shell excitations,
158-159
RICD, 158
Infrared (IR) spectroscopy, 74
Inner-shell electronic processes
core-electron binding energies, 106-107
core-hole states, vibrational spectra of, 107
SAC-CI methodologies, 105-106
shake-up satellite spectra, 107-110
geometry changes/vibrational spectra,
110-111
SDTQ-R calculations, 105
strong valence—Rydberg coupling,
111-114
thermal effect in inner-shell excitation
spectra, 114-116
Inner-shell-excited systems, decay widths of,
174-177
Fano—-ADC-Stieltjes method, 176
Koopmans’ theorem, 175
Interatomic coulombic decay (ICD), 156-158
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Interatomic decay process, 156, 173, 174
Interatomic decay rates in clusters, quantum
chemical approach
BO interatomic decay, 159-162, 160f
Fano—-ADC-Stieltjes method, ICD
widths by
applications, 169-171
CAP-ADC method, 162
CAP method, 162
decay widths of inner-shell-excited
systems, 174-177
Fano theory of resonances, within, 163
initial/final states by ADC, 164-167
Stieltjes imaging technique, 167-169
ICD
ICD process in Ne dimer, 157f
ICD process in (2s~1) Ne@Cgy, 171f
interatomic decay process, 157
ICD in doubly ionized clusters, 172
ICD of singly ionized states
Auger-ICD cascade, 159
interatomic decay in inner-shell
excitations, 158—159
Intermediate state representation (ISR),
162, 164
Isotope eftects, 29, 30, 31
ISR, see Intermediate state representation
(ISR)

J
Jahn-Teller distortion, 192, 203, 204

K

Kadanoff-Baym (K-B) equations, 266

KER, see Kinetic energy release

Kinetic energy release (KER), 157

Kohn—Sham equation, 196
LCAO-MO method, 196

Kondo effects, 265

Koopmans’ theorem, 175

L

Landau—Zener—Stuckelberg model, 36

Landau—Zener theory, 36

Laser sputtering/laser ablation methods, 184

LCP, see Linear approximation of the classical
path

LEDs, see Light-emitting diodes

Legendre polynomials, 50, 52, 53

Light-emitting diodes (LEDs), 220

Linear approximation of the classical path
(LCP), 94

Linear combination of (AOs) (LCAO), 210
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Liouville operator, 19
operators in decomposed Liouvillian, 20¢
Liquid energy, equation, 190-191
Liquid helium, spectroscopy of atoms in
ab initio quantum chemical approach
combined QM/Monte Carlo simulation,
192-194
non-relativistic cluster model
calculation, 194—195
relativistic density functional approach,
195-197
charge carriers, injecting, 184
density functional approach, 190-192
SBM, 185, 186-188
first-order perturbation theory, 188
radial liquid helium density profile, 187
refinements of, 189—-190
SBM/experimental calculation of spectral
shift, comparison, 1887
theoretical developments, 185-188
bubble radii in liquid helium, 186¢
spectral line shifts/ broadening of
atomic transitions, 185¢

M
Magnetic field-induced tunneling, 2628
two-dimensional quantum models, 26
MCTDH method, see Multiconfiguration
time-dependent Hartree method
MCTDH method/application
equations of motion/runtime distribution
computation time, schemes, 68—69
constant-mean-field-approach, 68
implementation
load balancing/memory requirements,
71-72
parallelization scheme, 70-71, 71f
results, 73-34
benchmark systems, 72
shared memory parallelization
A-vector propagation, 69-70
SPF propagation, 70
Zundel cation, dynamics and infrared
spectrum
middle spectral region, analysis, 7678
vibrational eigenstates/spectral lines,
75-76
Molecular collisions, study, 47
Molecular orbitals (MOs), 85, 86, 128,
145, 205
Molecular shape determination, PPV
atomic dipole (AD) forces, 119
exchange (EC) forces, 119

Index

gross charge (GC) forces, 119
Molecular vibration, 21-26
extended normal mode analysis, 21-23
nMR-QFF, 23-24
QCD2 with nMR-QFF, 24-26
vibrational frequency of
H,CO/HCOOH molecules, 25¢
vibrational-rotational coupling, 24
MOLPRO program, 203
Momentum jumps, 36
for one-dimensional system, 38
Mono-nuclear/bi-nuclear Zn(II) complexes,
122
Monte Carlo simulation
DICE program, 192
of Na in liquid helium, 193f
radial distribution function, Na and He,
193f
Morse potential, 10, 18
Fourier transformation of, 10
Mulliken/NBO
atomic charges, 224
of nitrogen atoms of EB in water,
2291, 231t
group charges, 230f, 231¢
Multiconfiguration time-dependent Hartree
(MCTDH) method, 67

N
Nanodroplet isolation spectroscopy, 205
Neon dimer
Auger-ICD cascade in, 159
Coulomb explosion, 157
Neutron—nucleus collisions, 48
Newtonian equations of motion, 37
N-mode representation, see Cut
high-dimensional model
representation (cut-HDMR)
Nonadiabatic coupling, 37
Nonclassical phase space jumps and optimal
spawning
results, 40-43
surface hopping/jumping/spawning, 3640
AIMS method, 36
Non-relativistic cluster model calculation,
194-195
resonance line of Na in different clusters,
195¢
Novel molecular fluorescent probes, 122
Nuclear fission, 52
Nuclear processes
compound system stage, 51
final stage, reaction products separation, 51



Index

independent particle stage, 51
reaction mechanisms, 51
Nucleon-lepton interaction, 128—129

(o)
OLED, see Organic light-emitting diodes
One-dimensional morse oscillator, 18
Open-shell reference (OR) SAC-CI method,
105-106
Operators
annihilation/creation operators, 164
Dirac kinetic energy operator, 196
exponential function of, 6
fluctuation operator, 6
momentum shift, 7
physical excitation operators, 164
Optimal spawning, 41
Orbital angular momentum of neutron, 50
Organic light-emitting diodes (OLED),
104, 117
absorption/emission spectra of, 117
photo-physical properties, 117
(OR) SAC-CI method, see Open-shell
reference SAC-CI method

P
PANI, see Polyaniline
Farticipator RICD (pRICD), 158
Partition functions, calculation
LCP approach, 94
QFH approximation, 94
PBE, 220
Penetration factor or sticking probability, 50
Peroxides/persulfides
chirality changing processes
intermolecular interactions, 95-98
intermolecular rates, 95
structural/energetic aspects of
cis and trans barriers, 86-89, 87t
dihedral angle/dipole moments,
correlation, 89-90
RSSR’ and XSSX’ molecules, 85-86
XOO0X’ and ROOR’ molecules, 83-85
torsional modes
energy profiles, 91-92
partition functions, calculation, 94
torsional levels/temperature
distribution, 93-95
Persico model, 41
PES, see Potential energy surface
Phase space jump, 35-36, 40
Phase space theory (PST), 55
Photoionization, 160
“Plasmon hybridization” theory, 254
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Polaronic/bipolaronic states, 221
Polyaniline (PANI)
application, 220
hydrogen-bond formation, 221
Poly para-phenylene vinylene (PPV), 117
absorption/emission energies of S; state of
PPVn, 117f
electronic spectra/excited-state
geometries of
CC bond length changes in S;/T| states
of PPV1, 118f
ESF theory, 119
molecular shape determination, 119
SAC/SAC-CI method, electron density
differences, 119, 119f
PPVn oligomer, molecular structure of],
117f
SAC-CI method, use of, 117
Potential energy surface (PES), 12, 68
See also Effective quantal potential energy
hyper surface (EQPES)
Potential energy surfaces (PESs), 57, 160
PPV, see Poly para-phenylene
vinylene
PPV oligomer, 117
PRICD, see Participator RICD (pRICD)
Probability distribution function, 12
Protonated emeraldine, 220
Protonation, effects, 220-221
Proton-transfer reaction, 28-31
PST, see Phase space theory (PST)

Q
QCD, see Quantal cumulant dynamics (QCD)
QCD2,7

quantal potential/effective quantal

potential, evaluation schemes, 7

QCT, see Quasi-classical trajectory
QFF, see Quartic force field
QFH, see Quadratic Feynman-Hibbs
QHD, see Quantized Hamilton dynamics
Quadratic Feynman-Hibbs (QFH), 94
Quantal cumulant dynamics (QCD), 5, 10
Quantized Hamilton dynamics (QHD), 4
Quantum mechanical methods

CA method, 129

DF method, 129

DFT method, 129

HF method, 129

HFS method, 129
Quantum ring nano-structure, 26

trajectory of, at magnetic field, 28f
Quantum statistical model, 55
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Quantum theory, cumulant variables
applications
magnetic field-induced tunneling,
26-28
molecular vibration, 21-26
one-dimensional morse oscillator,
numerical tests, 18
proton-transfer reaction, 28-31
time-reversible integrator, 19-21
density/joint density, 12—13
EOM, 8-9
extension to multi-dimensional systems,
16-17
one-dimensional case, energy
representation, 5—7
Hamiltonian equation, 5
QCD2, quantal potential/effective quantal
potential, 9—12
solvable models, 13-16
Quartic force field (QFF), 21, 24
Quasi-classical trajectory (QCT), 60, 61

R
RDFT, see Relativistic density functional
theory (RDFT)
Relativistic density functional theory (RDFT),
195-197
Kohn—Sham equation, 196
spectral line shifts of alkali atoms in helium
environment, 197¢
Relativistic local density functional (RLDA),
196
Resonant interatomic Coulombic decay
(RICD)
sRICD/pRICD mechanism, 158
vs. ICD, 158
RICD, see Resonant interatomic Coulombic
decay
RLDA, see Relativistic local density functional
RS2C, see Complete Active Space with
Second-order Perturbation Theory
(CASPT2)
Runge—Kautta integrator, 18, 20, 25, 29
Runge—Kutta method, 21, 133
Rydberg orbitals, 110

S
SAC-CI method, see Symmetry-adapted
cluster configuration interaction
method
inner-shell electronic processes
general-R method, 105
OR-SAC-CI method, 105-106
SD-R method, 105

Index

SAOP, see Statistical average of orbital
potentials
SBM, see Standard bubble model
SBM first-order perturbation theory, 188
SERS, see Surface-enhanced Raman scattering
Shake-up satellites, 107
Cls shake-up satellite spectrum of
CO, 109f
decomposed by SAC-CI method, 112f
geometry changes/vibrational spectra,
110-111
Ols shake-up satellite spectrum
of CO, 110f
Shannon entropy, 12, 13
Shared memory parallelization
A-vector propagation, 69, 70
equations of motion, 69, 70
SPF propagation, 70
Shell model
for doublet states, 208-210
electron droplet model, 208
K3 energy level diagram for doublet
states, 209f
united atom limit, 208
for quartet states, 210-213
canonical orbitals of K3, contour plots
of, 211f
LCAO model, 210
united atom/LCAO/harmonic oscillator
model, orbital labels, 213¢
See also Alkali trimers, shell model for
Silver nanorod dimers, optical absorption
spectra of
AgioT! dimer absorption spectra, 258-261
end-to-end dimers, 259f
oscillator strength, end-to-end dimers
vs. tip-to-tip distance, 261f
side-by-side dimers, 260f
computation, 255-256
double-zeta (DZ) basis set, 255
SAOQP, 256
TDDFT, 255-256
dimer absorption spectra, short interparticle
distances, 261-263
silver nanorod dimer orientations, 257-258,
258f
end-to-end (J aggregate)/side-by-side
(H aggregate), 257
longitudinal/transverse absorption peak
vs. number of atoms, 258f
silver nanorod monomers, 256-257
oscillator strength, longitudinal peak vs.
number of atoms, 257f
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TDDFT optical absorption spectra,
257f
Single particle function (SPF), 68
Singly protonated emeraldine octamers (SPE),
222,232-233, 232f
Solid helium/liquid helium
Atkin’s electrostriction theory, 184
Solvable models in QCD2, 13-16
free particle, 13
harmonic oscillator, 13, 14
Spawning procedure, 39, 40
two dimensional, two-state conical
intersection model, 40
Spawning technique, 36
position-preserving/momentum-preserving
spawns, 38
Spawning threshold, see Trajectory basis
function (TBF), nonadiabatic
coupling
SPE, see Singly protonated emeraldine
octamers
Spectator resonant Auger decay, 175
Spectator RICD (sRICD), 158
Spectra, doublet feature
proton-transfer mode, 76
vibrational mode, 76
Spectral blue shift, 193
SPF, see Single particle function (SPF)
4S-4P level separation of K, 205
5S-5P level separation of Rb, 205
SQM, see Statistical quantum method (SQM)
SRICD, see Spectator RICD (sRICD)
Standard bubble model (SBM), 185, 186—-190
CM of density distribution, 187
first-order perturbation theory, 188
radial liquid helium density profile, 187
SBM/experimental calculation of spectral
shift, comparison, 1887
Schrodinger equation to obtain eigenvalues,
186
Statistical average of orbital potentials
(SAQOP), 256
Statistical quantum method (SQM), 57
Stereodynamical property, 53
Stieltjes imaging technique, 162, 167-169
Strong valence—Rydberg coupling, 111-114,
114f
Structural/energetic aspects of
ROOR’ and RSSR’ molecules, energy
profiles, 88f
RSSR’ and XSSX’ molecules, 85-86
gauche conformation, 85
lone pair—lone pair repulsion, 85
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Pople basis sets, use of, 85
XOO0X’ and ROOR’ molecules, 83—-85
alkyl substitution, 84
dihedral angle, parameter, 84
XOO0OX’ and XSSX’ molecules, energy
profiles, 88f
Superatom package, 133
Surface-enhanced Raman scattering
(SERS), 254
Surface hopping
Landau—Zener—Stuckelberg model, 36
Surface hopping algorithm, 36, 41
Symmetric-ordered product, 7
Symmetry-adapted cluster configuration
interaction (SAC-CI) method, 194

T
TBF, see Trajectory basis function
TDDFT, see Time-dependent density
functional theory
Theoretical spectroscopy
fluorescent molecules, photochemistry of
biological chemosensor, 121-122
FT on electronic spectra, effects,
119-121
PPV, electronic spectra/excited-state
geometries, 117-119
inner-shell electronic processes
core-electron binding energies,
106-107
SAC-CI methodologies, 105-106
shake-up satellite spectra, 107—110
strong valence—Rydberg coupling,
111-114
thermal effect in inner-shell excitation
spectra, 114-116
vibrational spectra of core-hole states,
107
Time-dependent density functional theory
(TDDFT), 192, 255-256
Time-dependent (TD) ET, 265
Time-reversible integrator, 19-21
Liouville operator, 19, 20
Torsion angles, 120, 228
Total ion-yield (TTY) spectrum, 112f
Trajectory basis function (TBF), 37
child, 37
forward/backward propagation steps, 37
Gaussian centers of trajectories, 42f
nonadiabatic coupling, 37
off-diagonal Hamiltonian matrix
element, 38
parent, 37



288

Tuning parameter A\, 41
Tunnelling, 4, 26, 27, 32, 39, 254
Two-dimensional quantum models
quantum dot, 26
quantum well, 26
trajectory of, 27f
Two dimensional, two-state conical intersection
model, 40
application in nonadiabatic simulation
schemes, 40

U

UBLYP, 222
UB3LYP method, 222
UHF method, 222
United atom limit, 208

A%

Valence angles, 228

Valence electrons, 104

van der Waals coefficients, 190

Vibrational eigenstates/spectral lines

test states/overlaps, evaluation, 75-76
direct evaluation of scalar product, 76
Fourier transform of autocorrelation
function, 76

Index

Vibrational self-consistent field method
(VSCF), 25

w

‘Wavepackets, 67

Wigner distribution function, 12
‘Wigner rotation matrices, 52, 56
Work arrays, 72

X

XPS, see X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS),
104, 107

V/
Zero-point energy, 4, 14, 15, 31
Zeroth-order regular approximation (ZORA),
255
ZORA, see Zeroth-order regular approximation
Zundel cation, dynamics and infrared spectrum
cut-HDMR, 76
doublet feature of spectra
proton-transfer mode, 76
vibrational mode, 76
messenger-atom technique, 76
middle spectral region, analysis, 7678





