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Preface

Throughout my life’s work in science I have been greatly influenced by the stand-
ing problem of synthesis and studies of the heaviest chemical elements. In 1960
I joined the then-young Laboratory of Nuclear Reactions of the Joint Institute for
Nuclear Research at Dubna. It was headed by G. N. Flerov who, with K. A. Petrzhak,
discovered the spontaneous fission of uranium. The laboratory was equipped with
a powerful cyclotron which could accelerate boron and heavier ions to energy of
some 10 MeV per nucleon. A most ambitious goal was to discover new chemical
elements. The first “planned” new nuclide, 260104, was expected to be produced by
the bombardment of 242Pu with 22Ne. Estimates of its half-life were very uncertain,
spanning many orders of magnitude. Necessarily, the initial emphasis was on phys-
ical methods of identification of the atomic and mass numbers because, in general,
the physical techniques are effective down to very short lifetimes. On the other hand,
element 104 was also of great interest for chemists. It was expected to be the first
“transactinoid,” resembling in its properties hafnium, the first “translanthanoid.” As
such it would strongly differ in chemical properties from all the lighter transuranium
elements. This might facilitate and accelerate its chemical identification, which is
an independent reliable method for the assignment of the atomic number and could
eventually strengthen the primary physical evidence. The chemical identification of
element 104 was the first task I got involved in. It was soon recognized that, with the
availability of only one short-lived atom at a time, the processing of the accelerator
bombardment products must be continuous and allow immediate chemical transfor-
mation of the new atom, once created. The goal was to achieve this, as well as the
subsequent chemical isolation of the new molecules, in less than a second, which
was the optimistic higher limit of t1/2. Also required was highly efficient detec-
tion of the decay events of element 104 because the expected production rate was,
by orders of magnitude, smaller than for any previous element. The more unusual
was the combination of all these musts. The existing exclusively batchwise isola-
tion techniques for hafnium and most other metallic elements took at least minutes
to accomplish.

Our team did not see prospects of achieving the goal by simply upgrading
the existing methods. In those times An. N. Nesmeyanov, head of the Chair of

xi



xii Preface

Radiochemistry at the Moscow University, consulted the Flerov’s laboratory in
Dubna on radiochemical problems. He pointed to the expected considerable volatil-
ity of higher halides of the transactinoid, compared with that of similar compounds
of actinoids, as a possible basis of fast separations. When seeking an experimental
method which would make the most of the dissimilar volatility, I benefited from the
experience and ideas I gained as a student of Professor Nesmeyanov. In his labo-
ratory I separated various volatile brominated methanes to solve a problem in “hot
atom chemistry.” After a few years our small group of chemists did come with an
efficient technique capable of isolating hafnium as tetrachloride in tenths of a sec-
ond. The method combined the principles of hot atom chemistry and gas-solid chro-
matography. We successfully applied it to element 104 and subsequent transacti-
noids. A generation later, around 1990, other world laboratories involved in trans-
actinoid studies also started experiments with gaseous compounds. Fortunately, all
the transactinoid elements up to Z = 118 must either be volatile in elemental state
or form some characteristic volatile compound(s), so that the gas phase techniques
are a universal research tool in radiochemistry of the transactinoid elements.

The aim of this book is to outline and analyze some fundamental aspects of the
work performed at Dubna and elsewhere, and to discuss prospects for the future.

My sincere thanks go to my colleagues: V. Z. Belov, Yu. T. Chuburkov, V. P.
Domanov, B. Eichler, S. Hübener, M. R. Shalaevskii, L. K. Tarasov, A. B. Yakushev,
B. L. Zhuikov, T. S. Zvarova – my wife, and others. Together we pioneered and
conducted transactinoid studies as well as tried to analyze the fundamental aspects
of what we were doing – the gas phase radiochemistry of metallic elements. We were
a small group of chemists embedded in a large physical laboratory. Hence, it was
of decisive importance for us that the late Prof. G. N. Flerov put much emphasis on
the role of chemical identification of new elements. He actually initiated, and then
invariably supported, radiochemical studies in the Dubna laboratory.



Symbols and Abbreviations

Symbols and abbreviations which are defined and then used only within a page or a
short section are not listed.

Symbols

A standard state molar area of adsorbed tracer, cm2 mol−1

am dimension of molecular potential box, cm
az column surface area per unit length, cm2 cm−1

Ca surface concentration of adsorption sites, cm−2

ca surface concentration of tracer molecular entity, cm−2

cg gas phase concentration of tracer molecular entity (≡ n1), cm−3

cp number concentration of aerosol particulates, cm−3

cC Cunningham slip correction factor
D shorthand for D1,2, if obvious, cm2 s−1

D1,2 coefficient of mutual diffusion in gas, cm2 s−1

Da coefficient of surface diffusion, cm2 s−1

DBn Brownian diffusion coefficient (aerosols), cm2 s−1

DKn effective diffusion coefficient in evacuated tubes, cm2 s−1

dc diameter of cylindrical channel or equivalent, cm
dm diameter of a molecule, cm
dm,1, dm,2 like above, for tracer and bulk gas, respectively, cm
Eact molar activation energy, J mol−1

Eb molar energy of surface diffusion barrier, J mol−1

Ed molar desorption energy, J mol−1

Emin
d minimal molar desorption energy in spectrum, J mol−1

Emax
d maximal molar desorption energy in spectrum, J mol−1

Ehet
d effective molar desorption energy for heterogeneous surface,

J mol−1

xiii



xiv Symbols and Abbreviations

Ei(x) integral exponential function of x
Fp(z) penetration of irreversibly deposited particles through channel

of length z
Fp(zψ) penetration as function of channel reduced length zψ
F©

p (zψ),
F��

p (zψ)
particular penetration functions for circular and rectangular
channels

Fpos(�|k) Bayes posterior distribution
Fpri(�) Bayes prior distribution
g temperature gradient of the linear column temperature profile,

K cm−1

h Planck constant, 6.626 × 10−27 erg s
I geometrical mean of the molecule rotational moments of

inertia, g cm2

K thermodynamic adsorption equilibrium constant
K lc

c concentration equilibrium constant – localized adsorption
K mb

c concentration equilibrium constant – mobile adsorption
K lc

p partial pressure equilibrium constant – localized adsorption
K mb

p partial pressure equilibrium constant – mobile adsorption
k data in likelihood formula
ka distribution coefficient in adsorption (= ca/cg), cm
klc

a distribution coefficient in localized adsorption, cm3

kB Boltzmann constant, 1.381 × 10−16 erg · K−1

km mass transfer coefficient, cm s−1

kr1,2 rate constant of chemical reaction involving tracer
LN Loschmidt number 2.687 × 1019 cm−3

L(k|�) likelihood function
lc length of open, constant geometry channel or column, cm
M molar mass, g mol−1

m mass of molecule (or m1, if evident), g
m1 mass of molecule of tracer, g
m2 mass of molecule of bulk gas, g
m1,2 reduced mass of two colliding molecular entities, g
m̃n the n’th moment of pdf
m̄n the n’th central moment of pdf
NA Avogadro number, 6.022 × 1023 mol−1

Na mean number of displacements and adsorptions in simulated
sequence

np number concentration of aerosol particles, cm−3

n number concentration of molecules, cm−3

n1 number concentration of molecules of tracer (n1 ≡ cg), cm−3

n2 number concentration of molecules of bulk gas, cm−3

n(2) number concentration of two-dimensional gas, cm−2

na number of molecules striking unit surface per unit time, cm−2

s−1

nrot number of rotational degrees of a molecule



Symbols and Abbreviations xv

P steric factor in binary reaction
p pressure of three-dimensional gas, dyn cm−2

p(2) pressure of two-dimensional gas, dyn cm−1

p0 arbitrary reference pressure, dyn cm−1 or bar
Q volume flow rate, cm3 s−1

Q0 flow rate at arbitrary reference p0 and T0, cm3 s−1

qint partition function of a free molecule
qel, qrot, qvib electronic, rotational, and vibrational components of qint
qtr3, qtr2, qtr1 translational partition functions per molecule

in boxes of appropriate dimensions
R universal gas constant, 8.315 × 107 erg mol−1K−1 or 8.315

J mol−1 K−1

� velocity of peak relative to mean gas velocity w

r IC
λ fraction of radioactive nuclei surviving at exit of IC column

rp radius of aerosol particulate, cm
S molar entropy, J mol−1 K−1

Scf molar configurational entropy of localized adsorbate, J mol−1 K−1

Sint molar entropy of internal degrees of freedom, J mol−1 K−1

Str2, Str3 molar translational entropy of two- and three-dimensional gases,
J mol−1 K−1

Slc
a molar entropy of localized adsorbate including Sint, J mol−1 K−1

Smb
a molar entropy of mobile adsorbate including Sint, J mol−1 K−1

Smb
vib molar vibrational entropy of mobile adsorbate, J mol−1 K−1

Slc
vib molar vibrational entropy of localized adsorbate, J mol−1 K−1

T thermodynamic temperature, K
T0 arbitrary reference temperature, K
TA temperature at peak of TC zone, K
T id

A temperature of ideal TC zone, K
TS temperature of TC column hot end, K
Tc temperature of IC column, K
Tmp melting point of a solid, K
Tz temperature as function of z in TC column, K
t running time, s
t1/2 half-life of radioactive decay, s
t∗f random processing time available for particular molecule, s

t IC
g gas hold-up time in IC column (transport channel), s

tTC
g gas hold-up time in TC column, s

t IC
R net experiment duration (or retention) time in IC, s

tTC
R net experiment duration in TC, s

tVTC
R duration of VTC experiment, s

tλ mean lifetime towards radioactive decay, s
um mean speed of gaseous molecules, cm s−1



xvi Symbols and Abbreviations

u(2)
m mean speed of two dimensional gas molecules, cm s−1

u1,2 mean relative speed of tracer and carrier gas molecules, cm s−1

V standard state molar volume, cm3 mol−1

vz free volume per unit length of column, cm3 cm−1

w linear velocity of carrier gas, cm s−1

w0 linear velocity of gas at arbitrary reference p0 and T0, cm s−1

wps velocity of gravitational settling of particles, cm s−1

x, y general (or ad hoc) quantity or variable
Z molar partition function
Z tr translational molar partition function
Z1,2 collision rate of tracer molecule in carrier gas, s−1

Zz mean number of collisions of molecule with surface when passing
a volume (column of length z)

z linear coordinate along column or channel, cm
zψ reduced coordinate (≡ ψz)
zA mean coordinate of adsorption zone (first moment of pdf), cm
zS coordinate of the sample injection in TC column, cm
z2

D mean square diffusional displacement in time t , cm2

z̄G parameter of exponentially modified Gaussian (Eq. 4.21), cm
α confidence level in traditional or Bayesian statistics, %
αi , α j numerical coefficient in equations of Sect. 2.2.2
βi , β j numerical coefficient in equations of Sect. 2.2.2
γ parameter of exponential column temperature profile, K cm−1

γT heating rate in temperature programmed chromatography, K s−1

�ads H molar enthalpy change in adsorption, J mol−1

�des H molar enthalpy change in desorption, J mol−1

�r H molar enthalpy change in reaction, J mol−1

�rG standard Gibbs free energy change in chemical reaction, J mol−1

�adsS molar entropy change in adsorption, J · mol−1K−1

�desS molar entropy change in adsorption, J · mol−1K−1

δ(x) Dirac’s delta function
εb diffusion barrier between adsorption sites, erg
εd desorption energy per molecule, erg
εz kurtosis excess of a peaking pdf or experimental profile
ς mean molecular flight length in VTC, cm
ςz mean projection of molecular flight length on z axis in VTC, cm
η parameter of exponential distribution of a length, cm
ηi length parameters in equations of Sect. 2.2.2, cm
η

©
i , η��

i parameters ηi for circular and rectangular channels
ηe length parameter of exponentially modified Gaussian in

Eq. 4.21, cm
η0 mean deposition length in developed laminar or turbulent flow, cm
� parameter in Bayesian statistics
θ∗, ϕ∗ random polar coordinates
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θ fractional coverage of surface
θo coverage of surface in the standard state
�m de Broglie wavelength of molecule, cm
λ constant of radioactive decay, s−1

λm mean free path length of a molecule, cm
λm,1 mean free path of a tracer molecule, cm
µ2 dynamic viscosity of carrier gas, g cm−1 s−1

µf dynamic viscosity of fluid, g cm−1 s−1

ν0 frequency of vibrations of adsorbate normal to the surface
(≡ 1/τ0), s−1

νx , νy frequencies of vibrations of adsorbate in the surface plane, s−1

νxy geometric mean of νx and νy, s−1

ν geometric mean of ν0, νx , and νy , s−1

ξ∗ random number variable uniformly distributed in [0,1)
ρ density of solid or liquid, g cm−3

ρ1, ρ2 densities of condensed tracer or carrier gas, g cm−3

ρp density of particulate matter, g cm−3

ρ(y∗) general notation for pdf of random values with the mean y
ρ(z) normalized peaking curve, in particular, chromatographic zone

profile, cm−1

ρIC(z), ρIC(Tz) normalized profile of adsorption zone in IC, cm−1 or K−1

ρTC(z), ρTC(Tz) normalized profile of adsorption zone in thermochromatogra-
phy, cm−1 or K−1

�z skewness of peaking pdf or of experimental profile

σ 2
y variance of pdf of y

σ 2
z variance of chromatographic peak, cm2

σ 2
G variance of Gaussian peak, cm2

σ 2
D variance of IC peak due to longitudinal diffusion, cm2

σ 2� variance of IC peak due to laminar flow patterns and retention,
cm2

τ0 elementary adsorption sojourn time (≡ 1/ν0), s
τa mean adsorption sojourn time (mobile adsorption), s
τd mean desorption time of localized molecule, s
τNs mean residence time in random series of adsorptions, s
τr average time of chemical interaction of a molekule, s
φp(zψ) density distribution of irreversible deposit
φ

©
p (zψ), φ��

p (zψ) density distribution of irreversible deposit in channels
of particular cross sections

φ
©
p (z), φ��

p (z) density distribution of irreversible deposit in channels
of particular cross sections, cm−1

ψ, ψ©, ψ�� reduced distance parameters, proportional to D/Q, cm−1

ω1,2 collision diameter ω1,2 ≡ (dm,1,+dm,2)/2, cm
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Abbreviations

An any actinoid
BI Bayesian interval
CI confidence interval
EOB end of bombardment
EVR evaporation residue
FWHM full width at half maximum
IC isothermal chromatography, -phic
MC Monte Carlo
i.d. internal diameter
LET linear energy transfer
Ln any lanthanoid
pdf probability density function
pµA particle microampere
PTFE polytetrafluoroethylene
s.f. spontaneous fission, spontaneously fissioning
SHE superheavy element
SSTD solid-state track detectors
STP standard temperature and pressure: 273.15 K; 1 bar

(= 106 dyn cm−2)
TAE transactinoid element
TC thermochromatography, -phic
VTC vacuum thermochromatography

Subscripts

|1 related to tracer
|2 related to carrier gas
|d related to desorption
|m per molecule value of quantity

Superscripts

|◦ related to the standard state specified by Eq. 5.39
|∗ random value of the quantity with the symbol as the mean value
|het related to heterogeneous surface
|lc related to localized adsorption model
|mb related to mobile adsorption model
|opt optimized value of particular quantity



Introduction

Abstract Volatility of elements and compounds has been occasionally used for
radiochemical separations since the studies of Mme. Curie. Steady progress in
nuclear sciences and technologies posed new problems in separation of mixtures
of radionuclides. In the 1960s radiochemists paid attention to numerous volatile
halides and oxyhalides of metallic elements. These compounds then helped in dis-
covery and studies of the first, short-lived transactinoid elements. Needs of this par-
ticular field continue to motivate and stimulate further development. In this book,
the author will attempt a coherent look on the physicochemical background of all
steps involved in the experiments. The emphasis will be on gas-solid chromatogra-
phy, which provides the required data on volatile compounds. So far, conventional
interpretation of the adsorption data in terms of thermodynamic characteristics has
ignored heterogeneity of real column surfaces and their modification by the em-
ployed gaseous reagents. It necessitates a major revision of some conclusions from
past studies. The Introduction, besides others, specifies some terms used in the book,
especially in view of the problems of single atom chemistry. A schematic illustrates
the place of the heaviest elements in the Periodic Table and the classes of volatile
species, which are used for their chemical identification and further characterization.

A radiochemical experiment involves two principal steps. The first is obtaining the
desired compound. Second, generally, is isolation of the compound. It may mean
the isolation from a bulk matrix, separation of a complex mixture of radionuclides,
or both. The separations are behind both applied and fundamental radiochemistry
studies, which is the major emphasis in this book.

Already in the early days of radiochemistry some radionuclides were isolated
from matrices and their mixtures were separated, making use of different volatility
of various elements and compounds. Well-known is the role of the extreme volatil-
ity of radon in the discovery of “emanations” by Dorn and Rutherford (see a de-
tailed story in Reference [1]). In her logbooks Mme. Curie noted purification of
polonium by sublimation, when collecting deposits obtained at different tempera-
tures [2]. After the discovery of nuclear fission, the volatile species — Kr and Xe
in the elemental state, As and Sb as gaseous AsH3 and SbH3, as well as Ru in the

xix
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state of RuO4 — were often used for isolating these elements from mixed fission
products. It was noted that the separations can be made quickly. Such early works
were covered in review papers and reports [3–5].

In the beginning of the 1960s, Merinis and Boussieres [6] faced the task of
separating products of spallation reactions. They pioneered the gas-phase separa-
tions of transition metals that are capable of forming highly to moderately volatile
higher (oxy)halides. Successful employment of such an abundant class of com-
pounds, albeit easily hydrolyzable, was an important achievement. These authors
also introduced a novel variant of gas-solid chromatography — the thermochro-
matography, which is carried out in columns with downstream negative temperature
gradient. The gaseous species of different adsorbability get practically irreversibly
deposited in different temperature ranges along the column, thus yielding a prepara-
tive chromatogram. The latter possibility is an advantageous feature for application
in radiochemistry: the isothermal elution gas chromatography, even though provid-
ing better resolution, requires much more time and rather sophisticated techniques
for collecting the separated fractions, and for subsequent radiation measurement.
Soon after, various authors occasionally employed thermochromatography to sepa-
rate some fission products, both metals and nonmetals, as chlorides. All these exper-
iments dealt with mixtures of relatively long-lived activities and were done by batch
processing. Fast performance or high chemical yield was not of major concern.

In the mid-1960s, making use of volatile compounds and of gas chromatographic
techniques, the present author with co-workers at JINR, Dubna first solved a new,
most difficult radiochemical problem — “on-line” chemical identification and fur-
ther studies of transactinoids, the elements with atomic numbers larger than 103.
The latter can be produced only at accelerators of “heavy ions” (particles heavier
than He) by the bombardment of mostly radioactive actinoid targets. They are ob-
tained as single and very short-lived atoms — on the “one-atom-at-a-time” scale.
The solution was found by combining the following principles:

• The use of “thin” solid targets for prompt extraction of the bombardment prod-
ucts owing to their recoil energy

• Thermalizing the recoils in a gas flowing through the “target chamber” to enable
their fast interaction with gaseous reagents

• Feeding the necessary gaseous reagents into the target chamber or next to its exit
to realize in situ “chemical volatilization”

• The use of the beneficial properties of gases for rapid transportation of the
volatile species to a separation equipment and radiation detectors

• Isolation of the new element by a gas-solid chromatography technique

The JINR group had been alone in the field of gas-phase chemistry of transacti-
noid elements until the 1990s. From the very beginning they felt it necessary to
provide at least limited physicochemical background for the initially empirical con-
clusions. Otherwise, one could not be sure that the regularities disclosed in the test
runs would also be valid for yet unknown elements. One of the goals of this book
is to survey, generalize and discuss the present knowledge, as well as ignorance,
about the fundamentals of the gas-phase techniques, which are used in inorganic
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radiochemistry of metallic elements. The time sequence of the physicochemical
problems which attracted major interest was determined mostly by the progress
in transactinoid experiments. This, in turn, was greatly influenced by the chang-
ing chemical character of the transactinoids with higher atomic number. For these
reasons the book starts with a chapter, which quotes some important experimental
studies.

On the other hand, one cannot be satisfied with successful separations or with
understanding the comparative data on the adsorption behavior of new elements and
their lighter congeners. A much more exciting, as well as difficult, goal is to translate
the data (e.g., adsorption enthalpies) on the behavior of a few molecules into the
characteristics of bulk volatility of the compounds. To that end, it is necessary to go
far beyond empirical facts and apply, whenever possible, some theoretical concepts.

Chapter Synopsis

The author attempts to present a coherent, and in some respects novel, view of the
processes behind the experimental methods of gas-phase radiochemistry. It requires
considering the microscopic picture of the behavior and history of the atoms and
molecules; revealing the situations when the rate of chemical interactions may be
more important than thermodynamics; taking into account the heterogeneous struc-
ture of real surfaces and lateral diffusion of adsorbates; and paying due attention
to chemical modification of the surfaces by the employed gaseous reagents. As a
rule, the microscopic picture of the adsorption–desorption events is as follows: upon
striking the surface, the particle adsorbs on a particular site; it migrates laterally, vis-
iting a number of other adsorption centers and, as a result, it desorbs from a differ-
ent site, which is characterized by dissimilar adsorption energy. In literature, when
evaluating the experiments, this complicated picture has been mostly oversimplified
through too crude and sometimes even unsounded assumptions. The latter cases call
for some criticism.

Chapter 1 presents some details of the experimental developments which were
important steps forward. It also briefly describes a few typical concrete studies of the
transactinoid elements. The emphasis is on novel approaches, techniques and classes
of the utilized compounds, as well as on posing and solving problems. Consistently,
the presentation tends to comply, if possible, with both the historical and logical
sequences of the events. Closing sections of the chapter consider various classes of
inorganic compounds, other than the widespread chlorides, as to their prospects for
future studies.

Chapter 2 calls some fundamental laws and formulae of physical chemistry that
are relevant to the content of the book. It deals with diffusion and reactions in gases,
as well as with adsorption upon collisions with surfaces, emphasizing the molecular
level. It provides some formulae for estimating molecular properties of uncommon
compounds. Formulae describing irreversible diffusional deposition of molecular
entities and aerosols from flowing gas on the walls of channels are presented quite
extensively.
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Chapter 3 is devoted to step-by-step discussion of the history of a newborn
radioactive nucleus, which is included in a molecule and then fed into a chromato-
graphic column. It considers the production reaction, recoil-enhanced separation
from the target, the conditions of thermalizing the recoils, halogenation and the
transportation by gas or aerosol flow. Some non-trivial peculiarities of the delivery
by aerosol flow are mentioned.

Chapter 4 starts with some basic equations, which relate the molecular-kinetic
picture of gas-solid chromatography and the experimental data. Next come some
common mathematical properties of the chromatographic peak profiles. The exist-
ing attempts to find analytical formulae for the shapes of TC peaks are subject to
analysis. A mathematical model of migration of molecules down the column and
its Monte Carlo realization are discussed. The zone position and profile in vacuum
thermochromatography are treated as chromatographic, diffusional and simulation
problems.

Chapter 5 deals with the evaluation of desorption enthalpies from the experi-
mental data using Second Law-like approaches, and through calculating adsorption
entropy for the mobile model of adsorption on an ideal surface from first principles.
The data obtained so far have pointed to a similarity between adsorption enthalpies
of gaseous compounds (on silicas) and desublimation enthalpies of their bulk quan-
tities. The search for the rationale of the unexpected finding drew attention to the ac-
tual surface structures of the adsorbents in use – their heterogeneity and modification
by the employed gaseous reagents, which is extensively reviewed for the purpose.
Because such parameters strongly affect the real picture of the adsorption state and
the choice of its thermodynamic model, the approach to evaluating the results had to
be greatly revised. It showed that the former prescriptions probably underestimated
the actual values. Briefly considered are the eventual non-trivial mechanisms in-
volved in the chromatographic processing, other than simple adsorption–desorption
events of unaltered molecules.

Chapter 6 quotes some principal problems of the validity of the conclusions
drawn from the experiments with only a few atoms. The last sections witness the
advantages of using the Bayesian approach for the treatment of the data with poor
statistics, in particular, in radiochemical experiments. When combined with Monte
Carlo simulations of the experiment, the approach can easily account for peculiar
situations like unsteady physicochemical conditions and performance of the radia-
tion detectors during long runs on accelerator beam. It is demonstrated by concrete
examples.

The material of this book refers to various fields of chemistry, to some mathemat-
ics and to numerous experimental works. Therefore, it was not the aim to present
an exhaustive list of the appropriate references. Preferably cited are the works that
seemed stimulating, representative and thorough. A few interesting older studies
concerning the methods were published only in Russian and are not easily acces-
sible; here are presented some details of them. Also included are some yet unpub-
lished results obtained by the author and his co-workers, which contribute to the
analysis of the published data and of the conventional concepts.
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This book is mainly about the foundations of the experimental methods, and
about the evaluation and interpretation of the raw experimental data. For this reason,
in particular, only a fraction of the concrete results obtained in the one-atom-at-a-
time studies of the very heaviest elements is mentioned. The available data on the
concrete properties of the transactinoid elements and superheavy nuclides, as well
as the appropriate theories, have been reviewed in several papers [7, 8], multiauthor
books [9, 10] and proceedings of dedicated conferences [11–13]. Preparation of an
experiment with TAE includes estimation of the adsorption properties of the ex-
pected TAE compound. It is based on the estimations of thermochemical properties.
The problem is not directly related to the content of this book, however important
and interesting it may be. A technology of such estimates is presented in [14]; see
also references therein. These empirical estimations may be inaccurate if the antic-
ipated relativistic effects in the chemical properties of TAEs are strong. A recent
review of the long-standing theoretical studies on this subject has been presented by
Pershina [15].

Terms

The content of this book refers to several different fields of chemistry and physics.
It seems necessary to specify the meaning of some terms used throughout this book
for the purpose.

Trace, tracer and derived terms here consistently imply that the concentration of
the element or compound is so low that it makes the collisions between two identical
tracer entities in the course of a real experiment (i.e., limited in duration) completely
improbable. In practice, it means sub-microgram quantities of the element, that is,
the range from commercial “carrier-free” radionuclides down to single atoms. The
behavior of elements must not depend on the available quantity in this range. Such
definition of the tracer scale is somewhat truncated from the higher side – usually,
the term extends until concentrations at which infrequent encounters can occur. On
the other hand, from the lower side, here the definition also comprises single atoms.
This slight shift of the conventional scale will help us to avoid repeating statements
about the limitations of some conclusions.

Chemical volatilization is the production of volatile compounds or the elemental
state of the radionuclides by treating the original recoil atoms or other samples with
appropriate, mostly gaseous, reagents, usually at elevated temperatures.

Volatility is essentially a property of bulk amounts of the compound and may by
quantitatively characterized by the energy or enthalpy of sublimation (or vaporiza-
tion) as well as by the equilibrium vapor pressure. At the tracer level, we deal with
the interaction between adsorbate and foreign surface. Therefore, the adsorption
behavior of different compounds in the particular chemical system may or may
not change similar to their bulk volatility. Hence, this term is to be used care-
fully – only when such parallelism is empirically established and, even better, if its
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base is understood. Usually, such correlation takes place in the absence of specific
chemical mechanisms of adsorption interaction. Microvolatility might better serve
the purpose, but is not in common use.

Adsorbability is strictly used to characterize a trace adsorbate as to its strength
(energy) of interaction with surfaces because the term is derived from the word
adsorbable. In the literature the term mostly does have this straightforward meaning,
though occasionally it serves to characterize the adsorptive power of substrates.

Standard state has two easily distinguishable meanings in the book. When the
conventional thermodynamic standard state is meant (105 Pa = 1 bar, ideal gas), it
is not denoted here by any superscript (�rG, �vap H, �subS, etc.) In the meantime,
the thermodynamic consideration of the adsorption phenomena requires accepting
less common standard states; these will be specified in Sect. 5.1.1 and denoted by
the superscript “◦”, like in S◦, �desS◦ and K ◦.

Gas-solid isothermal chromatography (IC) of volatile species is realized in
columns with steady, longitudinally constant temperature. The analytes are detected
at the column exit by a variety of techniques.

Thermochromatography (TC) is a variant of the gas-solid chromatography char-
acterized by a steady, monotonically decreasing temperature profile along the col-
umn. Due to it, the migration velocity of the analyte gradually slows down. It offers
a convenient way to realize preparative separations by choosing such temperature
range that the elements under study come to practical stop, each in a particular tem-
perature range. Concrete techniques for measurement of these inner chromatograms
differ; experiments with short-lived nuclides need very specific techniques of de-
tecting, which are described in appropriate sections of the book. Outside the radio-
chemical community, the term thermochromatography also occurs in a dissimilar
meaning: continuous analysis of the gaseous products of the thermal destruction of
polymers, the composition of which changes with higher temperature.

Carrier gas here usually consists of a major component, chemically inert to-
wards tracer(s) and of minor (still macroscopic) quantities of reactive gases or va-
pors (see below).

Reagent and carrier are the chemically active minor components of the carrier
gas, while its major component is inert. In the first place, they both serve to react
with the tracer and produce the required chemical compound, but they also play
other roles discussed in Chapters 3 and 5. Reagent is preferred when emphasizing
the gaseous state of the agent. Occasionally, a reagent like chlorine is the major
component of the carrier gas. Carrier is usually a vapor rather than gas and is closer
in reactivity and volatility to the tracer compounds under study. One can employ
isotopic carrier when experimenting with radioisotopes of a common element, but
this, of course, changes the original tracer status of the activity.

Group numbers follow the IUPAC recommended [16] system of 18 groups based
on the long variant of the Periodic Table; see Table I.1 and Fig. I.1 below. This
convention removes the former ambiguity of having A and B in the original eight-
group table [17].

Lanthanoids and actinoids are well sounded replacements for the historical “lan-
thanides and actinides.” They are recommended by IUPAC because –oid emphasizes
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Table I.1 Place of the Transactinoid/Superheavy Elements in the Mendeleev Periodic Table of the
Elements. Emphasized are the calculated and just expected ground state electronic configurations

Group 3 4 5 6 7 8 9 10

Y Zr Nb Mo Tc Ru Rh Pd
4d5s2 4d25s2 4d45s 4d55s 4d75s 4d85s2 4d55s2 4d10

Lu Hf Ta W Re Os Ir Pt
5d6s2 5d26s2 5d36s2 5d46s2 5d66s2 5d56s2 5d76s2 5d96s
Lr 103 Rf 104 Db 105 Sg 106 Bh 107 Hs 108 Mt 109 Ds 110
7s2p 104 105 6d47s2 6d57s2 6d67s2 6d77s2 6d87s2

6d7s2p 6d37s2

Transactinoids —————————————————–>

11 12 13 14 15 16 17 18

Ag Cd In Sn Sb Te J Xe
4d105s 4d105s2 5s2p 5s2p2 5s2p3 5s2p4 5s2p5 5s2p6

Au Hg Tl Pb Bi Po At Rn
5d106s 5d106s2 6s2p 6s2p2 6s2p3 6s2p4 6s2p5 6s2p6

Rg 111 112 113 114 115 116 117 118
6d97s2 6d107s2 7s2p 7s2p2 7s2p3 7s2p4 7s2p7 7s2p6

——————————————————————————–>
Superheavies - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - >

similar chemical character of elements (cf. metalloid), while –ide is systematically
used for binary compounds of a particular element or group (cf. oxides, pnic-
tides, etc.). We use the symbol Ln in the sense of “any lanthanoid” and An —
for any actinoid.

Transuranium, transplutonium, (and so forth) elements are essentially all ele-
ments with atomic numbers higher than that specified by the name; no upper limit
is implied. In the meantime, for what are essentially translawrencium elements, the
radiochemical community uses the improper term transactinoid elements (TAEs).
Nevertheless, we will stick to the latter because it emphasizes that, after a long
row of elements of the actinoid character, one again deals with d-elements, each of
which must have distinct individual chemistry.

Superheavy elements (SHEs) is not a well-defined term because it takes into ac-
count nuclear physical characteristics and methods of production, rather than chem-
ical properties or position in the Periodic Table. A better-defined, though still vague,
term is superheavy nuclides — they have the atomic numbers around 112 or higher
and are produced by the bombardment of actinoid targets with neutron rich projec-
tiles; the latter now range from 48Ca, a “doubly-magic” nuclide, to 58Fe. In princi-
ple, the transactinoid elements with Z ≥ 112 can be also produced by bombarding
the doubly magic target 208Pb and adjacent nuclides with ions much heavier than
48Ca. However, the superheavy nuclides obtained with actinoid targets are the heav-
iest attainable isotopes of the corresponding transactinoid elements. In the chart of
nuclides, they are positioned on the slopes of the anticipated “island of stability”
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towards spontaneous fission. The center of the island is to be a new doubly magic
nucleus with Z around 120; theories yet give different concrete values for Z and A.
The superheavy nuclides might be better called “superheavy isotopes of TAEs.” As
such, these nuclides, generally, possess much longer total half-lives than the lighter
isotopes of the same element obtained by the lighter targets. It makes their chemical
studies feasible. To date, the known superheavy nuclides extend to Z = 118.

Names and symbols of transactinoid elements used herein are those recom-
mended by IUPAC. The procedure of naming suggests that the discovery of a new
element is established by a joint IUPAC–IUPAP Working Group. Then the discov-
erers are invited to propose a name and a symbol to the IUPAC Inorganic Chemistry
Division. Their proposal is one of several criteria, which are taken into account by
the IUPAC when choosing a “suitable” name; see Ref. [18]. The concrete recom-
mendations for elements numbers 101 to 109 are published in Ref. [19], for element
110 in [20] and for element 111 in [21]. Before the late 1990s, some groups called
element 104 “kurchatovium, Ku” and element 105 “nielsbohrium, Ns” or “hahnium,
Ha.” These names are used in older publications.

Chemical Character of the Transactinoid Elements

The expected or experimentally assigned positions of transactinoids in the
Mendeleev Periodic Table are shown in Table I.1. The ground state electronic
structures were obtained mostly by sophisticated relativistic calculations [10]; their
quantitative characteristics are being refined. Results of different authors may vary

Y

Ln

An

Binary halides
HfCl4 TaCl5

Oxides
ReO3 OsO4

Oxyhalides
TaOCI3 WO2CI2 ReO3CI

Hydroxides
WO2(OH)2 ReO3(OH)      Pt(Os,Ir)O2(OH)2

IUPAC groups

COMPOUNDS
GASEOUS

104 105 106 107 108 109 110 111 112

An
3

104
4

105
5

106
6

107
7

108
8

109
9

110
10

111
11

112
12

Hf Ta W Re Os Ir Pt Au Hg

Zr Nb Mo Tc Ru Rh Pd Ag Cd

Metals
Hg TI Pb

Fig. I.1 Volatile compounds and elemental forms characteristic of the lighter homologs of trans-
actinoid elements.
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as to the energies of the excited atomic levels. This is not very important for judging
the differences in chemical properties between TAEs and their lighter congeners
because the energies of molecular orbitals weakly depend on the detailed structure
of the outer shells of the heavy element. The problem of finding the “relativistic
effects in chemical properties” of a TAE is the next experimental goal after its
chemical identification.

Figure I.1 shows some volatile compounds formed by the common elements of
groups 4 to 11, as well as the relatively volatile metals of groups 12 to 14. The
compounds of transactinoid elements with supposedly similar stoichiometry have
been studied in works reported by now. A few studies have also been done with
bromides and oxybromides.
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Chapter 1
Experimental Developments in Gas-Phase
Radiochemistry

Abstract In the 1960s radiochemical separations of metallic elements were first
accomplished by gas-solid chromatography of halides. Chlorides and oxychlorides
in which both the oxidation state and coordination number of the metal is above
three have mostly symmetric, three-dimensional molecular structures, which make
the compounds relatively volatile molecular liquids. This fundamental property was
soon successfully exploited for chemical identification of the very short-lived first
transactinoids, Rf and Db. The continuing studies of new elements motivated fur-
ther development of experimental techniques, which should ensure fast synthesis of
the proper compounds, their transportation by gas flow or aerosol stream, chromato-
graphic separation and efficient radioactivity measurements. Two somewhat differ-
ent approaches have been developed. The first synthesizes necessary compounds in
the target chamber with their subsequent separation by thermochromatography in
columns made of radiation detectors. Otherwise, the thermalized recoils are trans-
ported by an aerosol flow to a distant setup to synthesize the compounds, perform
isothermal chromatography and, using another aerosol, deposit the compounds for
radioactivity measurements; it enables experiments with α-emitters when the work-
ing gas is corrosive. The concrete works described below illustrate the way to the
present state of art in the field. Similarly reviewed are the techniques and prospec-
tive classes of compounds (other halides, sulfides, gaseous complexes) which, to
date, have been employed only for common elements. Finally, there are some ex-
amples of separating mixtures of radioelements related by their origin, like fission
or spallation products.

1.1 Early Gas-Solid Chromatography Studies

The 1960s were marked by increasing interest of nuclear industry in volatile com-
pounds of metals. Not to mention UF6, which had been exploited from the mid-
1940s. Much effort was devoted to developments in the fluoride reprocessing of
spent nuclear fuel. At that time, transition metals like Zr, Nb and Ta found many
applications in nuclear industry. Some technologies for the extraction of these
elements from ores and for the production of pure metals were based on the use of

1



2 1 Experimental Developments in Gas-Phase Radiochemistry

anhydrous halides, especially chlorides. It was hoped that such an approach might
become universal.

The highest halides of the elements of groups four to eight are rather volatile
molecular liquids or solids. It is not due to covalent bonding — the metal–halogen,
M–X, bonds in the molecules of alkaline, alkaline earths, and rare earth halides are
very polar, and this bonding character cannot greatly change in the halides of higher
groups. The primary sources of the enhanced volatility are the 3D-structures and
high symmetry of the molecules which contain four to six bonded halogen atoms.
It holds even if the halogens are not all the same and if two of them are replaced by
oxygen. Now the bond dipoles are effectively shielded by a tight shell of the halo-
gens, and strong electrostatic interaction between touching molecules is prevented.
The boiling points of these inorganic molecular liquids (and so their vaporization
energies – cf. Trouton’s rule) follow a remarkably tight correlation with certain uni-
versal solely geometric parameters, which takes into account only the coordination
number and sizes of M and X [1].

Needs of the industrial technologies called for extensive studies and measure-
ment of the physicochemical properties of halides and oxohalides: their thermo-
dynamic characteristics, phase diagrams, reactions, complexing in gases and so
forth. After two decades of growth, the intensity of these works waned; today, such
studies are scarce, though the properties of a number of compounds are still known
with low accuracy.

During the same period the fundamental studies in nuclear chemistry with
increasingly powerful accelerators created a demand for radiochemical analyses
of mixtures of nuclides, which were more and more complex as well as unusual
in chemical composition. These tasks were tackled using solution chemistry tech-
niques. These were time-consuming and resulted in loss of information about the
relatively short-lived nuclides, which were originally present in the targets. Radio-
chemists and radioanalysts then, generally, did not keep pace with the progress in
the nuclear chemical and refractory metal technologies. For a long time, adequate
attention was not paid to the halides and other volatile compounds, which could
help solve the new problems. Nevertheless, this attitude changed and the potential-
ities of the gas-solid chromatography techniques were recognized. They are both
in separation of radioactive elements and in non-analytical studies, like measure-
ment of the characteristics of adsorption of molecules or atoms. Developments of
the gas-phase radiochemical techniques for heavy metals were mostly and primar-
ily motivated by the quest for new transactinoid elements (TAEs) and superheavy
nuclides. The studies focused on the chemical identification of TAEs, and on re-
vealing the anticipated relativistic effects in their chemical properties. Below, we
outline the major experimental steps which led to these goals. The works required
sophisticated equipment to perform the necessarily long-lasting on-line experiments
on intense beams of heavy ions. Another important requirement was high sensitivity
of the measurements of particle radioactivity – high efficiency and extremely low
background. These aspects are documented to help visualize the experiments. Pre-
sentation of these most difficult steps is followed by a more systematic outline of
the gas phase studies made with relatively long-lived nuclides. They are considered
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according to the classes and groups of elements, sorts of compounds and typical
problems met in practice.

Understanding of some of the chemical processes, which take place in the exper-
iments, is not yet satisfactory. It also concerns the rationales behind the observed
regularities. Occasionally, empirical observations have served to hypothesize cer-
tain functional dependence, but the latter has not been substantiated by proposing
a reasonable microscopic mechanism. This chapter emphasizes a few fundamental
physicochemical problems, which were posed by the experimental works. Tentative
solutions to some of them will be attempted in the later chapters.

Merinis and Boussières [2, 3] pioneered the method of thermochromatography
(TC) in application to radiochemistry. With the equipment schematically pictured in
Fig. 1.1, they investigated thermochromatographic behavior of some 20 elements,
mostly in the form of chlorides. The elements were some alkaline, alkaline earth,
rare earth, transition, noble, and actinoid (Th and Pa) metals. The authors’ experi-
mental technique was based on slow batch chemical volatilization. They obtained
data on the shift in position of TC peaks as a function of the experiment duration.

Fig. 1.1 Schematic of an experimental setup for thermochromatographic separations. The carrier
gases Cl2 or Cl2 + CCl4 also served as chlorination agents; the 90 cm long quartz column was
of 0.5 cm i.d. Processing lasted several hours. Except for the initial and ending segments of the
column, over some 60 cm, the temperature profile was nearly exponential.

Reproduced (adapted) from Radiochimica Acta, 12(2), Merinis J, Boussieres G, Etude de la migra-
tion des radioelements, 140–152, c© 1969, with permission from Oldenbourg Wissenschaftsverlag.
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1.2 Techniques for Isolation of Short-lived Accelerator
Produced Nuclides

1.2.1 Off-line Simulation with Recoiling Fission Products

The basic idea in developing quick and efficient methods and techniques for
TAEs was immediate, and continuous chemical processing of the nuclear reac-
tion products in gaseous phase to obtain volatile compound(s) of the element under
study. These had to be isolated from nonvolatile compounds of other elements and
transported to detectors of radioactivity.

The very first simulation of the proposed gas-phase processing of the recoiling
nuclear reaction products was done [4, 5] using the setup schematically depicted
in Fig. 1.2. A supported layer of highly enriched 235U3O8, covered with a thin
PTFE foil, was mounted on the inner wall of a heated cylindrical flow-through
PTFE ampoule with 20 mm i.d. The target was bombarded with thermal neutrons
from two closely attached 700-GBq Po-Be neutron sources, which were placed in a
surrounding oil bath. The thicknesses of the target and its cover were such that all
fission fragments penetrating into the ampoule volume thermalized in it; the activity
did not get implanted into the opposite wall [6]. This made it possible to measure
accurately enough (in separate experiments) the effective production rate of rela-
tively long-lived nuclides by covering the target with a catcher — an Al-foil, thicker
than the residual range of the fragments.

In one version of the experiments the target was bombarded with neutrons
while the ampoule was continuously flushed with a gas. These were N2, CO2,
Ar or Cl2, containing about 1 mmHg partial vapor pressure of a carrier, such as
MoCl5, ZrCl4, SeCl4, SnCl4, TiCl4, NbCl5 or TaCl5. If solid at ambient temper-
ature, the carrier was evaporated in the first furnace. Otherwise, the gas was bubbled
through the liquid carrier and then fed into the device (not shown in Fig. 1.2). The
target chamber was kept at different temperatures, not higher than 180 ◦C. The gas
passed the distance from the target to a trap in about 15 seconds, and absorbed the

Fig. 1.2 First simulation of the fast on-line radiochemical method for heavy metals [5].

Adapted from Radiokhimiya, 8(1), Zvara I, Zvarova TS, Krivanek M, Chuburkov YuT Regularities
in formation of volatile chlorides of 97Zr and 101,102Mo, 77–84, c© 1966 with permission from
Academizdat “Nauka” Publishers.
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carrier and the transported activities. An experiment with the 17-h 97Zr lasted about
five hours. The content of the trap was analyzed with the standard radiochemical
methods for Zr.

In other experiments the ampoule was filled with a pure inert gas at ambient
temperature and was bombarded with neutrons for two half-lives of the radionuclide
under study. Then, upon heating, the ampoule was flushed for a short time with the
carrier containing gas, like in the experiments of the first kind.

The tests under certain conditions confirmed that 97Zr, evidently in the state of
97ZrCl4, can be obtained and transported to the trap with a high chemical yield in
less than seven seconds. The rare earths elements, which form nonvolatile chlorides,
were not found in the trap. The results will be discussed in more detail in Sect. 3.2.1.

1.2.2 On-line Experiments with Spontaneously Fissioning
Nuclides

The first on-line studies were performed by the present author and co-workers [7,8]
on the intense circulating beam of the heavy ion cyclotron U-300 at JINR, Dubna.
Extracted beams were then not available. To realize experiments inside the cy-
clotron chamber was not easy because of controversial technical requirements. The
schematics of the setup [9,10] shown in Fig. 1.3 resulted from several trial-and-error
attempts.

Before starting the tests aimed at element 104 with an expected lifetime of a
second or less, two most important points had to be checked by producing Hf and
Ln activities [7]. First, to verify that the recoil atoms can be chlorinated rapidly
enough with the particular chemical agents, and at the working temperatures which
do not cause severe technical problems. The second task was to check whether the
behavior of tracer molecules in this processing, which was essentially gas-solid-
chromatography, correlates with the characteristics of bulk volatility of the com-
pounds involved – their energies of sublimation or vaporization. Specifically, it
was verified that the retention time of Ln and An chlorides is much longer than
that of hafnium compound, so that the IC column could serve as a sort of filter.
The retention time of HfCl4 was accurately measured with a special device attached
to the exit of the tube-column. It proved to be some 0.5 seconds; details will be
given in Sect. 3.2.1.

The construction of the target chamber assembly was described in Ref. [11]. It
proved impossible to introduce the chlorinating reagents directly into the chamber
because they corroded the target. An attempt failed to protect the target by a layer
of the inert gas, which was supplied through a hollow frame with numerous directed
pinholes. The layer was thinner than the range of recoils so that they were still ther-
malized in the presence of the reagents. However, the protection was not perfect
enough to allow experiments lasting days with plutonium targets. It became nec-
essary to flush the target chamber with pure nitrogen and to introduce the reagents
only at its outlet. Along this short distance, about a third of the requested atoms
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Fig. 1.3 Setup for first chemical experiments with element 104 – now Rf; Dubna, the mid-
1960s [10]. The broken frames outline the placement of resistive heaters, paraffin and cadmium
shielded the detectors from neutrons to prevent induced fission of uranium impurities in mica.
Thermal decomposition of NaNbCl6 was the source of NbCl5 vapor. A Faraday cup was placed
inside the target chamber (not shown).

Adapted from Radiokhimiya, 11(2), Zvara I, Chuburkov YuT, Caletka R, Shalaevskii MR, Experi-
ments on chemistry of element 104 II. Chemical study of the spontaneous fission isotope, 163–174,
c© 1969, with permission from Academizdat “Nauka” Publishers.

were lost — by molecular and convective diffusion they reached the metallic walls
of the target chamber and irreversibly adsorbed onto it. The majority of the atoms
still stayed in the gas and got a chance to react. To exit the vacuum chamber of
the accelerator, the volatile molecules passed through a 4-meter long tube; it func-
tioned as an isothermal chromatography (IC) column. At its outlet, the gas flow was
directed into a heated long, flat flow-through chamber, the walls of which were cov-
ered with mica sheets to detect fission fragments. The linear and time coordinates
of the detected s.f. events of element 104 nuclei served to verify the half-life of the
detected nuclide.

The fact that mica (and fused silica) can serve as “solid state track detector”
(SSTD) of fission fragments was reported shortly before the final stage of devel-
opment of the method for element 104 [12–14]. In the dielectric solids, fission
fragments produce tiny tracks visible by electron microscopy. Mica and silica are
very resistant to active chemical reagents and elevated temperatures. The tracks
proved to stay in hostile conditions of real experiments for a reasonably long time.
Thanks to this, after the end of bombardment (EOB), the mica sheets could be etched
with hydrofluoric acid to enlarge the tracks to micrometer size; they were distinct in
appearance and were searched out by scanning the surface of the detectors with an
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optical microscope. The target chamber accepting the heavy ion beam is the source
of a considerably intense neutron flux. In view of this, each batch of mica was as-
sayed for uranium impurities through exposing to much larger neutron fluences at a
nuclear reactor and counting tracks from the induced fission events. The content of
uranium in the batch selected for detectors was, by orders of magnitude, below the
permissible level.

In these first experiments with Rf a few detectable atoms were isolated per day;
now it is known that it was α-active 3.5-s 259Rf, which has a few percent s.f. branch-
ing. A total of a 14 s.f. events [10] were observed with the column kept at 350 ◦C,
while at 250 ◦C none survived because the chlorination or retention time of the
nuclide was much longer than t1/2. Independent of temperature, only about 1 per-
cent of the produced atoms of actinoid elements passed to the detectors accord-
ing to the measurements of α-active nuclides. Such a degree of separation proved
good enough to exclude the possibility that some s.f. events on the detectors might
originate from the actinoid nuclides — their total yield in the bombardment was
known from independent physical experiments. Moreover, several identical chemi-
cal experiments were done with products of the target plus projectile combinations,
which yielded only elements with atomic numbers less than 104. In these runs, the
mica sheets did not detect any fission event. Thus, the careful considerations and
experiments provided conclusive evidence for the observation of element 104 — in
spite of the fact that spontaneous fission does not possess spectroscopic characteris-
tics. The work was recognized as an independent discovery of element 104 [15,16].

With a flow rate of the carrier gas of about 20 L min−1, this technique of chemical
identification is still a record as to its rapidness of a few tenths of a second, and to the
almost quantitative chemical yield. Later on [17], a setup based on similar principals
was mounted on an extracted beam of U-300 cyclotron, which greatly enabled the
experiments: about 40 more atoms of Rf were isolated and detected.

The JINR, Dubna group also used thermochromatography in open columns for
studies with s.f. nuclides. The then novel setup for identification of element 104
as ekahafnium, see Fig. 1.4, could also serve to compare the adsorbability of the
tetrachlorides of these two congener elements. Especially for the latter purpose,
thermochromatography has important advantages over isothermal chromatography.
This time, the spontaneous fission of 259Rf was detected by long mica sheets of a
width equal to the column diameter. For the first time, the reagents were much more
volatile than the compounds under study — their dew points were much lower than
the temperature at the adsorption peak of HfCl4 [18, 19].

The experimental data are shown in the bottom of Fig. 1.4. A filling in the initial
section of the column served to enhance deposition of the nonvolatile chlorides of
actinoid elements by disturbing the flow patterns. Success is demonstrated by the
distribution of Sc activity as a marker for the nonvolatile species and by a few fis-
sion events (open circles) detected within the Sc zone. These are followed by one
track over 100 cm of the isothermal section of the column. The thermochromato-
graphic zone of Hf isotopes (measured by γ-activity) and that of Rf fission events,
which were observed in the thermochromatographic section of the column, have
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Fig. 1.4 Thermochromatographic identification of element 104 as ekaHf [18]. Extracted beam of
the JINR cyclotron U-300.

Adapted from Radiokhimiya, 18(3), Zvara I, Belov VZ, Chelnokov LP, Domanov VP, Hussonois
M, Buklanov GV, Korotkin YuS, Schegolev VA, and Shalayevsky MR, Chemical isolation of kur-
chatovium, 119–122, c© 1972, with permission from Academizdatcenter “Nauka” Publishers.

characteristic TC profiles. Most probably, the solitary fission event at 120 cm dis-
tance was due to decay of the short-lived Rf in flight, rather than due to incomplete
deposition of nonvolatile molecules.

An important achievement was chemical identification of element 106 as a
homolog of tungsten. The aim was to produce an oxychloride of the element using
gaseous SOCl2, plus air as reagents. The experiment [20] had some distinct fea-
tures. First, the 0.9-s 263Sg, obtained via 249Cf(18O,4n), was to that date (and
continues to be) the shortest chemically identified transactinoid nuclide. The ther-
mochromatographic device had to be modified, compared with what was shown in
Fig. 1.4. In particular, the temperature gradient took place along the entire column;
cf. Fig. 1.5. Next, the column was made of fused silica and its walls served as SSTD.
It required a special device, which allowed scanning the inner surface for the etched
track through the column wall. The experiment remains unique in that the gaseous
medium containing the molecules under study got in contact exclusively with the
surface of silica. From the principal point of view it is very important for careful
studies. A total of some 40 atoms of the element were detected; Figure 1.5 displays
the experimental data. Interpretation of these and supplementary observations as
to the chemical state of the homologous elements and to the mechanism of their
thermochromatography is presented in Chapters 3 and 5.
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Fig. 1.5 Chemical identification of element 106, now seaborgium [20]; extracted beam of JINR
U-300. The combined hatched histogram shows s.f. events from three separate runs. The white
histogram shows fission events detected in an experiment with the inert carrier gas only. The ther-
mochromatogram of simultaneously produced 176W was traced through γ-radiation.

Reproduced from Radiochimica Acta, 81(4), Zvara I, Yakushev AB, Timokhin SN, et al.,
Chemical identification of element 106, 179–187, c© 1998, with permission from Oldenbourg
Wissenschaftsverlag.

1.3 Techniques for α-active Nuclides: Corrosive Reagents

The α-active transactinoid isotopes which possess half-lives suitable for chemical
studies are quite numerous. However, the spectrometric detectors for measuring α
particles or fission fragments are sensitive to the high neutron flux in the vicinity of
the target. In addition, they do not withstand elevated temperatures and active chem-
ical reagents. Hence, the bombardment products must be transported several meters
away from the beam stop. This also enhances the technical problems of chemical
experiments. Notice that in the first Dubna equipment depicted in Fig. 1.3, the bom-
bardment products were transported to a distance of four meters from the target.
However, the chemical processing was still done next to the accelerator and had
to be remotely controlled from a shielded room, which was several more meters
away. In the meantime, the radioactivity of the bombardment products is moder-
ate, so that the necessary radiation protection measures are quite simple when the
chemical equipment itself is placed behind a biological shield. In nuclear chemistry
studies, researchers widely used a “helium jet” for long-distance transportation of
short-lived nuclides from the targets. The techniques made use of the fact that vapors
of various organic compounds in an inert carrier gas form molecular clusters when
exposed to a particle beam. The recoils thermalized in such a flow are adsorbed to
the clusters and can be transported over a long capillary through energetic pumping
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of its exit. In the late 1970s such transportation was realized also at ambient pressure
at the capillary exit, with alkali halides as the cluster (aerosol) material; see more in
Sect. 3.4. Using the target chamber like that in Fig. 1.3, Dubna researchers [21] were
able to transport Pt+12C bombardment products to about 12 meters with 70 percent
efficiency. Hickmann, et al. [22] made an important step forward. They joined a gas-
jet recoil-transport technique (with KCl aerosol) to a thermochromatographic sys-
tem for continuous radiochemical separation of fission product; see also Sect. 1.5.3.
Dincklage, et al. [23], still using mostly clusters of certain organics, were first to
build a sophisticated equipment for continuous gas-solid isothermal chromatogra-
phy with the possibility of measurement of α-active nuclides; see Fig. 1.6. The clus-
ters were decomposed at the inlet of the chromatographic column in a quartz wool
filter kept at 800 ◦C, while the transported bombardment products reacted with CCl4
vapor, which was introduced into the flow shortly before. A nozzle-like end of the
chromatographic column produced directed flow impinging onto a cooled copper
wheel; the isotopes of Nb and Hf under study were deposited within a spot of about
1 cm in diameter. The wheel was rotated using a stepping motor to place the spot in
front of the particle detectors. In the meantime, at the mouth of the chromatographic
column, a portion of the gas was continuously taken aside and assayed for the ac-
tivity in the same way as the gas exiting the column. Such measurements gave the
survival yield of the particular nuclide after passing the column, and so the reten-
tion time of the appropriate analyte. The efficiency of cluster transportation was
30 percent; the overall efficiency of finding the long-lived products on the wheel
was 10 percent.
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Fig. 1.6 Isothermal chromatography of short-lived cyclotron produced nuclides transported by
helium (cluster) jet [23].

Reproduced from Nuclear Instruments and Methods, 176(3), von Dincklage RD, Schrewe UJ,
Schmidt-Ott WD, Fehnse HF, Bachmann K, Coupling of a He-jet system to gas chromatographic
columns for the measurement of thermodynamical properties of chemical compounds of 90mNb
(18s), 160Hf (12s) and 161Hf (17s), 529–535, c© 1980, with permission from Elsevier.
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Fig. 1.7 Isothermal chromatography experiments (OLGA-type equipment) with volatile com-
pounds of α-active nuclides [29].

Reprinted from Nuclear instruments and methods in physics research, A 309(1–2), Gäggeler HW,
Jost DT, Baltensperger U, Weber A, Kovacs A, Vermeulen D, Türler A, Olga II, an on-line gas
apparatus, 201–208, c© 1991 with permission from Elsevier.

Later, using a similar approach, Gäggeler and co-workers [24–28] at PSI, Villi-
gen built the first dedicated setup for isothermal chromatography experiments with
short-lived, α- or s.f.-active isotopes of transactinoids. The essential parts of the
equipment are shown in Fig. 1.7. A major concern was high efficiency at every
step of processing. Several modifications of this OLGA setup have been built and
employed. They differed in the parameters of the column and in the complexity,
as well as quality, of the detection system. For example, the older detectors were
replaced by the passivated implanted planar silicon (PIPS) detectors, which are
much more resistant to elevated temperature and to chemicals.

The aerosol materials that have been exploited to date (not all of them in TAE
studies) by the PSI and other groups are alkaline element halides, metal oxides
(MoO3), metals (Ag, Pb, C, and Pd) and carbon. The aerosols are introduced by
mere evaporation of the material under experimentally found optimal conditions, or
by spark discharge sputtering. After reaching the device for chemical experiments,
the aerosol jet is mixed with gaseous reagents and passes through a hot filter (usually
quartz wool plug). In this section the atoms of radionuclides are to react and yield
the required compounds, while the particulates are destroyed and their matrix is ei-
ther removed or (seldom) also chemically volatilized. The volatile tracer molecules
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are fed into an isothermal column; its temperature must be such as to make the reten-
tion time of the molecules comparable with the half-life of the particular nuclide. At
the column outlet the gas is mixed with another (cold) aerosol stream to “recluster”
the molecules containing the surviving atoms. Reclustering is a distinct feature of
the novel equipment. It serves efficient transportation of the activity to the detection
system, as well as complete deposition of the aerosol material as a thin layer suitable
for the spectrometric measurements of particle radiation. To that end, the transport
capillary is intensely pumped out from the exit to obtain a high velocity aerosol jet.
The particulates are deposited by impact as a spot on the surface of a wheel [29] or
tape [30]. These are stepped to make the sample successively face several detectors.
If the foil supporting the deposit is very thin, the spectrometric measurements of the
specimens can be done simultaneously from both sides. It allows achieving the ulti-
mate detection efficiency and considerable probability of observing the “correlated”
mother–daughter decay events. Correlation means consecutive detection from the
same deposit of two α particles, which can be assigned to the expected pair by their
energies, and by the time interval between them. It greatly enhances the problem
of accounting for the possible background due to interfering α-activity of lighter
elements.

A principal experimental value with OLGA is the column temperature at which
50 percent of the atoms decay during the retention time. The low production rate of
TAEs does not allow simultaneous measurement of the incoming and exiting con-
centrations like in the above-mentioned studies [23] of common elements. Setups
similar to that in Fig. 1.7 were constructed also in LBL, Berkeley [31] and in JAERI,
Tokai [32]. That built in Radiochemistry Center, Dresden [33] allows column tem-
peratures as high as 1,300 K; reclustering is omitted, and the exiting gas hits a cooled
spot on the surface of a stepping wheel to deposit the tracer, like in Ref. [23].

Sample transactinoid data obtained by the Swiss group are presented in Fig. 1.8.
The team pioneered the use of HCl, HBr, Cl2 and Br2 as the reagents. To date, with
installations for isothermal chromatography, the above groups have reported adsorp-
tion studies of halides or oxohalides of rutherfordium [32, 34, 35], dubnium [36],
seaborgium [37] and bohrium [38]. The data of Kadkhodayan, et al. [34] on RfCl4
are distinguished for the best statistics in transactinoid research to date. Chemical
identification of bohrium with HCl plus O2 as the reagents producing BhO3Cl is
remarkable for the use of carbon aerosol, which could be removed on the quartz
wool filter by oxidation to CO2, rather than by absorption.

1.3.1 Relative Merit of Isothermal- and Thermochromatography

At this point, it seems appropriate to summarize the advantages and drawbacks of
thermochromatography and isothermal chromatography as the tools for chemical
identification and study of chemistry of the very heaviest elements:
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Fig. 1.8 Experiments with bromides of Db and its homologs. Survival yield of short-lived isotopes
as a function of IC column temperature. The ≈0.5-min 262,263105 were produced through the
reaction 249Bk (18O, 4, 5n) [26].

Reproduced from Radiochimica Acta, 57(2–3), Gäggeler HW, Jost DT, Kovacs J, Sherer UW,
Weber A, Vermeelen D, Tuerler A, Gregorich KE, Henderson RA, Czerwinski KR, Gas phase
chromatography experiments with bromides of tantalum and element 105, 93–100, c© 1992, with
permission from Oldenbourg Wissenschaftsverlag.

1.3.1.1 Thermochromatography

Disadvantages:

• When using solid state track detectors, results are not obtained in real time.
• If the reagents are corrosive and temperature elevated, α-active nuclides cannot

be studied.
• Under the first two conditions, half-life of the measured nuclide cannot be mea-

sured or verified.

Advantages:

• All detectable nuclei reaching the column inlet contribute to the data.
• The new element and its known homolog, if produced simultaneously, are treated

in identical conditions.
• The experiment, including chemical processing, is relatively simple and no

mechanical devices are needed.
• In the case of noncorrosive reagents and very volatile analytes, the column can be

made of spectrometric detectors, and the method also acquires the below-listed
advantages of IC.
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1.3.1.2 Isothermal Chromatography

Advantages:

• It is possible to study both s.f. and α-active nuclides.
• It is possible to identify nuclides by half-life and through spectrometry of its

particle radiation.
• Data can be taken in real time.

Disadvantages:

• It is necessary to remove the aerosol matter by hot filters, which makes the chem-
ical processes uncertain and difficult to control.

• The transportation and reclustering efficiencies strongly depend on the quality
(concentration, size of particles) of the aerosol, which may change with time.

• Reclustering efficiency decreases with column temperature, which brings more
uncertainty in the value of the 100 percent survival yield.

• It is necessary to perform several separate experiments at different column tem-
peratures, while maintaining otherwise identical conditions may be difficult.

• Experiments with a lighter homolog of the TAE must often be performed in a
different range of column temperatures.

• The temperature of the 50 percent survival yield can be found only at the expense
of severe losses of otherwise observable nuclei.

The advantages of thermochromatography clearly prevail when the experiments
involve only non-corrosive gaseous reagents, and when the compounds under study
are so volatile that the “hot” end temperature of the TC column may be slightly
above ambient temperature. This is evidenced by the works on chemistry of the
transactinoids beyond seaborgium, which are cited in the following section.

1.4 Techniques for α-active Nuclides: Non-corrosive Reagents

1.4.1 Thermochromatography of Hassium Tetroxide

The Periodic Table suggests that hassium is a member of group 8, and thus akin to
the lighter group members – Ru and Os. These are known to form unique highly
volatile tetroxides. Chemical separation and characterization of hassium by ther-
mochromatography of oxides was reported by Düllmann, et al. [39]; the design of
the experiment is visualized in Fig. 1.9. The isotopes 269,270Hs with the half-lives of
several seconds were produced in bombardments of a 248Cm target with 26Mg. To
obtain HsO4, the recoiling nuclei were stopped in a mixture of He and O2, and the
gas exiting the target chamber was passed through a short quartz tube with a quartz
wool plug heated to 600 ◦C. Quartz also absorbed many accompanying elements
which form nonvolatile oxides.
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Fig. 1.9 Schematic drawing of the setup used to produce and isolate Hs isotopes in the form of
volatile HsQ4 [39]. Ref. [40] gives a detailed description of the target chamber and Ref. [41] — of
the cryo-thermochromatographic separator.

Reprinted (adapted) by permission from Macmillan Publishers Ltd: Nature, 418(6900), Düllmann
ChE, Brüchle W, Dressler R, Eberhardt K, Eichler B, Eichler R, Gäggeler HW, Ginter TN, Glaus F,
Gregorich KE, Hoffman DC, Jäger E, Jost DT, Kirbach UW, Lee DM, Nitsche H, Patin JB, Pershina
V, Piguet D, Qin Z, Schädel M, Schausten B, Schimpf E, Schott H-J, Soverna S, Südowe R, Thörle
P, Timokhin SN, Trautmann N, Türler A, Vahle A, Wirth G, Yakushev AB, Zielinski PM, Chemical
investigation of hassium (element 108), 862–859, c© 2002.

The volatile oxides could be transported through a capillary by the gas flow
at ambient temperature to an array of 24 PIPS detectors. These were arranged in
12 pairs to make a narrow rectangular channel, which also served as the thermochro-
matographic column. A downstream negative temperature gradient was established,
the temperature changed from a slightly elevated to that of LN2.

The seven Hs nuclei observed in detectors numbered 2 through 4 in Fig. 1.10
were identified owing to the detection of the correlated mother–daughter decay
events. Simultaneously, α-active Os isotopes were produced and detected. The par-
ticular gaseous chemical system is very simple. It allows selective isolation of the
group 8 elements Ru-Os-Hs from the great majority of the simultaneously produced
α-active nuclides. Unfortunately, this is not true for group 18, namely for the short-
lived isotopes of radon, which are carried by the gas all the way through the system
and, when decaying in flight, they yield descendants with high energy α-radiation.
This creates interfering background in the measurements of α–spectra of hassium.

Another fundamental problem is securing the necessary low residual water con-
tent in the gas. The supplied gas was reportedly dried with P2O5 to obtain the water
content less than 10−3 mmHg. Reference sources give the residual water concen-
tration in air dried over P2O5 as 10−5 mmHg; the corresponding dew point would
be −100 ◦C. In the conditions of the Hs experiments, it means some 10 mg of ice
deposited per day on the surface of the detectors; fortunately, the region is beyond
the peaks of Hs and Os; see Fig. 1.10. Such an amount would heavily deteriorate
spectrometric measurements of α particles emerging from deposits of even more
volatile compounds.
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Fig. 1.10 Merged thermochromatograms of HsO4 and OsO4 [39]. Indicated are the relative yields
of HsO4 and OsO4 for each of the 12 detector pairs. For Os, the distribution of some 105 decay
events of 172Os is given.

Reprinted by permission from Macmillan Publishers Ltd: Nature, 418(6900), Düllmann ChE,
Brüchle W, Dressler R, Eberhardt K, Eichler B, Eichler R, Gäggeler HW, Ginter TN, Glaus F,
Gregorich KE, Hoffman DC, Jager E, Jost DT, Kirbach UW, Lee DM, Nitsche H, Patin JB,
Pershina V, Piguet D, Qin Z, Schädel M, Schausten B, Schimpf E, Schott H-J, Soverna S, Südowe
R, Thörle P, Timokhin SN, Trautmann N, Türler A, Vahle A, Wirth G, Yakushev AB, Zielinski
PM, Chemical investigation of hassium (element 108), 862–859, c© 2002.

Generally, the work once more witnesses the advantages of in situ production of
the desired compounds [40] and of thermochromatography as the most economic
method of obtaining data when only a few atoms are produced.

1.4.2 Chemical Identification of Metallic Element 112

The conclusions presented above can be applied in designing experiments on chem-
ical identification and studies of element 112. There is little doubt that the element
is a congener of mercury, at least equally volatile and chemically inert. Then proper
chemical environment can be even simpler than in the case of HsO4. However, the
experimental technique must allow for the possibility that element 112 is much more
volatile and chemically inert than mercury. The problem is to guarantee the regis-
tration of the element (not to lose it) even if it resembles Rn, rather than Hg, in
volatility and inertness. Atomic mercury in tracer quantities can be transported by
inert gas at ambient temperature through tubes made of various materials. However,
it adsorbs onto some metals, in particular, on gold.
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Fig. 1.11 Schematic of an experiment to distinguish between the mercury-like and radon-like
behavior of element 112.

These expectations determined the principal schematics of the experiments in
progress. The essential components of the experimental installation which were
considered at Dubna are shown in Fig. 1.11. The recoiling α-active isotopes of
element 112 and of simultaneously produced mercury are thermalized in stream-
ing helium. The gas flows first through a flat chamber with several consecutive pairs
of PIPS detectors coated with Au. Mercury is known to adsorb strongly on gold at
ambient temperature. Hence, the chamber serves to deposit and register at least the
simultaneously produced α-active isotopes of Hg. To detect spontaneous fission of
element 112, if it does not get adsorbed on gold, the exiting gas is directed into a
flow-through ionization chamber adjusted to register fission fragments. To assure
reliable identification of the spontaneous fission events, both detecting devices are
housed inside an assembly of neutron counters (3H-filled) with polyethylene mod-
erator. The device serves to detect the burst of prompt fission neutrons in coinci-
dence with the triggering signal of fission fragment detection by the PIPSs, or by
the chamber.

Experiments and attempts along the above lines, which have been reported up to
now [42–44], are not completely consistent. More informative will be experiments
using a TC column, like that utilized in the HsO4 experiments. It offers a variety
of ways to arrange the detectors, with or without the gold layer on the surface,
to provide quantitative characteristics of the differences in volatility and reactivity
within the range Hg–112–Rn.



18 1 Experimental Developments in Gas-Phase Radiochemistry

1.5 Prospects for Future of Radiochemical Studies of Heavy
Elements

1.5.1 Classes of Compounds

Several classes of binary and ternary compounds are potentially prospective for use
in studies of heavy elements. Below are some remarks and observations about the
merit of various classes of compounds — those already employed (like chlorides) as
well as those investigated thus far only in off-line experiments with relatively long-
lived nuclides. One can judge prospects for their use in radiochemistry of the very
heaviest element from the tests with lighter homologs. The transactinoid elements
reported to date, including those yet identified only by nuclear techniques, belong to
groups 4 to 18; cf. Table I.1 and Fig. I.1. We also comment on the actinoids because
they are always present in the experiments with TAEs.

1.5.1.1 Metals

Reports on isolation and interseparation of tracer metals appear in literature with
increasing frequency. Long-standing interest comes from the ISOL installations.
They need rapid extraction of (mostly) spallation products from bulk voluminous
targets and supplying them to a mass separator. The research is largely empiri-
cal, and concrete tasks often bring novel problems with technology [45]. Mean-
while, more fundamental laboratory studies on separation of metals by gas-solid
thermochromatography and by vacuum thermochromatography have been reported.
The works also evaluated the adsorption energies of tracer metals on foreign metallic
surfaces and as well as the most volatile metals. Some data and relevant references
will be given in Sect. 4.4.

1.5.1.2 Oxides and Oxide Hydroxides

Gaseous oxygen usually reacts only at elevated temperatures. Moderately to consid-
erably volatile oxides are characteristic of some heavy metals of groups 6 through 9.
A thorough study of the oxides of group 7 to 10 elements by the programmed
chromatography and thermochromatography was reported in Refs. [46,47]. Some of
the data are presented in Figs. 1.12 and 1.13. More results can be found in Ref. [48].

As was illustrated in Sect. 1.4.1, the unique volatility of tetroxides makes their
high selective isolation possible. Domanov, et al. [49, 50] reported observation of a
volatile compound of plutonium, presumably the tetroxide. This unexpected result
has not yet been independently confirmed and was questioned [51].

Of interest are also oxide hydroxides of some heavy elements of groups 6
to 10 [52–54]. They can seldom be obtained as bulk phases, but have been observed
in tracer chemistry with oxygen, plus water vapor, as the reagents. Expecting that
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Fig. 1.12 Temperature-programmed chromatography of oxides [46]. Conditions: quartz column,
length 100 cm, 8 mm i.d, filled with quartz granules 0.32–0.63 mm; heating rate 20 K min−1; carrier
gas and reagent oxygen, 3 cm3 min−1.

Reprinted from Talanta, 25 (10), Steffen A, Bachmann K, Gas chromatographic study of volatile
oxides I, 551–556, c© 1978, with permission from Elsevier.
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Fig. 1.13 Thermochromatogram of a mixture of oxides [47]. Conditions: quartz column, length
100 cm, 8 mm i.d, filled with quartz granules 0.32–0.63 mm; duration of run 30 min; carrier gas
and reagent oxygen, 6 cm3 min−1.

Reprinted from Talanta, 25 (11–12), Steffen A, Bachmann K, Gas chromatographic study of
volatile oxides II, 677–683, c© 1978, with permission from Elsevier.

element 107 must form the compound similar to ReO3(OH), the FLNR group once
attempted the isolation of possible s.f. isotopes from the products of the bombard-
ment of 249Bk with 22Ne [54]. The desired nuclides were not observed, either
because of their small s.f. branching or because of an insufficient fluence. Later,
Hübener, et al. [55,56], making experiments with 21-s 266Sg from the bombardment
of 248Cm with 22Ne, succeeded in isolating two molecules of what was supposedly
SgO2(OH)2. The temperature of the isothermal column had to be as high as 1,300 K.
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Fig. 1.14 Thermochromatography with sulfur vapor in the carrier gas [57].

Conditions: open silica column, length 100 cm, 3 mm i.d; duration of run 20 min; carrier gas argon,
10 cm3 min−1; reagent sulfur, 5 mmHg (effective concentration of monoatomic S).

Reprinted from JINR report P6-88-595, Korotkin YuS, Kim UJ, Timokhin SN, Orelowich OL, Al-
tynov VA, Thermochromatography of sulfides of elements groups I–VIII, c© 1988, with permission
from Joint Institute for Nuclear Research.

1.5.1.3 Sulfides

Volatilized sulfides have not yet been utilized for “applied” separations. In the mean-
time, Korotkin, at al. [57] reported adsorption characteristics for a number of such
compounds; a sample chromatogram is shown Fig. 1.14. The deposition tempera-
tures of the investigated sulfides proved to correlate with the sublimation energies of
the bulk compounds. Notice an enhanced volatility of the compounds with less than
four sulfur atoms in the molecule; it seems to be attributable to less polar bonding
than that in oxides. The paper offers an extended discussion of the potentialities of
sulfides for isolation and radiochemical separations of elements.

1.5.1.4 Chlorides, Bromides and Corresponding Oxyhalides

Higher chlorides, higher bromides (to a less degree), oxychlorides and oxybro-
mides have already been used in TAE studies, as was documented in previous
sections of this chapter. In the pioneering works the chlorinating agents were
ZrCl4, NbCl5, TiCl4 and SOCl2; later, in the tests with aerosol transportation, came
HCl, Cl2 and CCl4. Carbon tetrachloride has some disadvantages: it only works on
the filter at above 800 ◦C, when it decomposes to much less volatile C2Cl6 (subli-
mation point 184 ◦C) [23]. The isothermal chromatographic columns have usually
moderate working temperatures, and C2Cl6 may condense and yield an aerosol.
Then the particulates capture a fraction of the analyte, which is then retained in the
column only for the gas hold-up time. This phenomenon may negatively affect the
quality of experimental data.
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Usually some mixtures of chlorinating reagents with oxygen are used to produce
oxyhalides, though SOCl2 alone can serve the purpose [58, 59]. The known oxy-
halides in which the total number of the atoms attached to metal is four or more
are volatile approximately like the binary halides with the same number of halogen
atoms. It takes place because, in both cases, the positive charge of the metal atom is
spatially shielded from electrostatic interaction with neighboring molecules [1]. The
variety of oxyhalides of the metals of groups five to eight [60] is quite large. Occa-
sionally, two such compounds of the same element (even in equal oxidation state)
with different stoichiometry have similar volatility; it makes judging the formula
difficult.

The brominating agents have been HBr, Br2, as well as BBr3 — a convenient and
very powerful reagent. Bromides have been used less than chlorides, though they
might have some advantages: deposition temperatures are similar, while the reagents
are less corrosive than the chlorinating agents. Kim, et al. [61] compared ther-
mochromatographic behavior of a number of elements as chlorides and bromides
in laboratory batch experiments. The results are illustrated by Fig. 1.15. Differences
are very small.
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Fig. 1.15 Thermochromatograms of a mixture of radionuclides in the form of chlorides and
bromides, obtained in otherwise similar conditions [61]. Conditions: open silica column, length
120 cm, 3 mm i.d; duration of run 20 min; carrier gas argon, 20 cm3 min−1; reagents SOCl2,
100 mmHg or BBr3, 35 mmHg plus Br2, 90 mmHg.

Reprinted from Environmental and Health Studies, 24(1), Kim UJ, Timokhin SN, Zvara I,
The study of thermochromatography of bromides of various elements in relation to their
chlorides (in Russian), 30–34, c© 1988, with permission from Taylor and Francis Ltd.,
http://www.informaword.com.
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It has been long known from macrochemical studies that AlCl3 and AlBr3, as
well as the trihalides of other group 13 elements form gaseous complexes with the
halides of the elements of groups 2 to 8 in various oxidation states [62–66]. Most
of such complexes exist only in gas, in the presence of an excess of the complexing
vapors of Al2Cl6 (dense vapors of all the group 13 trihalides are largely dimeric in
gas). The number of attached ligands depends on the oxidation number of the metal
and on the partial pressure of Al2Cl6. A simplest example is La(AlCl4)3 [67]. It
proved that it is possible to chemically volatilize even the chlorides of PdII and PtII.
Nevertheless, the complexes have not yet been exploited in radiochemistry, in spite
of the successful chromatographic separation of lanthanoids and actinoids, which
will be described shortly below.

1.5.1.5 Fluorides

Many heavy elements of group 5 and above form volatile pentafluorides and
hexafluorides. In the same oxidation state, the fluorides are more volatile than the
chlorides and bromides. What is more, in the fluorides or oxyfluorides, various
elements (platinum metals, U–Cm and so forth) reach larger oxidation numbers
than with other halogens. Then the highest fluorides are, of course, much more
volatile. Widespread use of fluorides for radiochemical separations is prevented by
the specific technical problems of handling the hazardous fluorination agents and by
a limited choice of the materials which would withstand such reagents. Neverthe-
less, some French authors [68,69] (see also references in the papers) performed ther-
mochromatographic studies of fluorides of some early transuranium elements. They
observed a higher than expected microvolatility of these elements in TC experiments
in nickel columns with HF, HF + O2, F2 or BF3 + F2 (the strongest oxidation
reagent) as the carrier gas. Considering possible enhancement of the higher ox-
idation states, the authors of Ref. [69] conjectured that the previously unknown
NpO3F, NpF7, PuF5, PuO3F, AmF5, AmF6, CmOF3, CmF6 and EsF4 are partly
responsible for the behavior of the elements. This assignment of the chemical states
was based on a systematics of the deposition temperatures; the limitations of such
an approach to identification of the chemical formulae will be considered in Chap-
ter 5. The prospects for obtaining highest oxidation states, as well as compounds
which are unstable as bulk phases, deserve more attention from radiochemists.

Hexafluorides of the elements of groups 6 to 8, not to mention similar com-
pounds of U, Np and Pu, are very volatile. Nevertheless, their chromatographic sep-
arations are not easy because the volatilities (boiling points) of these compounds are
quite close.

1.5.1.6 More Options

There are more exotic classes of volatile inorganic compounds like higher carbonyls,
anhydrous nitrates or borohydrides. However, their use would probably bring
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severe experimental and technical problems: the appropriate chemical reagents and
the compounds are not stable enough and are easily hydrolyzable or oxydizable
(flammable).

1.5.1.7 Complexes with Heavy Organic Ligands

Many metallic elements form relatively volatile compounds with voluminous
organic ligands. Well-known are hexafluoroacetylacenonates and heavier, highly
fluorinated β-diketonates. Screening of the central atom by negatively charged
ligands is, again, the source of considerable volatility of many chelates. Ther-
mochromatography of hexafluoroacetylacetonates has been tested for use in radio-
chemistry of actinoids (from Th to Md) and for separation of some fission products
by Fedoseev, Travnikov, et al. [70–72].

Gas chromatographic behavior of five dissimilar kinds of organic ligand com-
plexes was studied in Ref. [73]. The complexing agents were various salicy-
laldimines, Schiff bases, a fluorinated β-diketone, a β-dithione and a hexadentate
macrocycle. The metal ions included lanthanoids, transition metals, Pt, Pd and Zn.
The monograph by Suglobov, et al. [74] gives more references related to organic
ligands. Generally, chemical and thermal instability of the organic complexes con-
strain their applicability in gas-solid chromatography. In addition, kinetics of their
formation has not yet been explored; it may be relatively slow. A careful study of the
volatility and thermal stability of a number of β-diketonate chelates was reported
by Berg and Acosta [75].

1.5.2 Groups of Related Elements

Refs. [45, 76] provide concise surveys of works on TC separations of common
elements of all groups. They concern both compounds and elementary state. The
present section quotes in more detail some works on separation of mixtures of the
elements which have some common chemical properties, as well as of the elements
which are related by their origin, like the fission products. The separations were
performed by thermochromatography or by (eventually programmed) isothermal
chromatography.

1.5.2.1 Lanthanoids and Actinoids

Clear interseparation of the lanthanoids or actinoids by gas chromatography of
inorganic compounds is a challenge to experimental techniques. Thermochromato-
graphy does not have adequate resolving power for the separations, but the method
proved very useful for adsorption studies of tracer metals. Hübener [77] was the
first to realize the difficult experiments with some lanthanoids and the actinoids
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from Cf to Md; the tests included active metals of group 1 and 2 for comparison.
The columns were made of Ti or Mo, the carrier gas was high purity He with some
content of Ca vapor, which served to support the state of free atoms and to eliminate
last traces of oxygen. The thermochromatograms are displayed in Fig. 1.16. Later
work [78, 79] was done with extra pure He, in the presence of efficient solid getters
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Fig. 1.16 Comparative thermochromatograms of some alkali, alkaline earth and rare earth metals
in a titanium column [77]. Conditions: open titanium column, 4.5 mm i.d., average temperature
gradient 57 K cm−1, duration of run 15 min; carrier gas helium, 44 cm3 min−1; reagent 0.5 mg of
Ca evaporated per run.

Reproduced from Radiochimica Acta, 31(1/2), Hübener S, Zvara I, Characterization of Some
Metallic State Properties of Mendelevium and other Actinoids by Thermochromatography, 89–94,
c© 1982, with permission from Oldenbourg Wissenschaftsverlag.
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for O2; it provided adsorption data for the actinoids also on Fe, Nb and Ta surfaces,
and achieved better resolution of the thermochromatograms.

The deposition temperature of known elements was found to correlate with their
metallic valency; namely, the divalent metals were deposited at much lower temper-
atures than the trivalent ones. The data seen in Fig. 1.16 allowed deducing divalency
of the metallic Fm and Md. This was the first experimental observation of this prop-
erty; it enables some specific separations.

Successful clear separations of lanthanoids and actinoids by gas-solid chro-
matography were achieved owing to the volatile complexes of aluminium chloride
with LnCl3 [80] and AnCl3 [81]. Unlike the trichlorides themselves, the complex
molecules behave in the process of adsorption like the vapors of volatile molecular
liquids. It is because they have composition and spatial structure of the kind shown
in Fig. 1.17. Evidently, the outside of such a molecule looks very much like a cluster
of the molecules of A12C16. Because the complexes do not exist as condensed mat-
ter, an obligatory component of the carrier gas is a large concentration of Al2Cl6.
Figures 1.18 and 1.19 present the results of elution chromatography on an isother-
mal or programmed temperature isothermal column. The separation of the halves of
the lanthanoid series in one and one-half hours each is a very satisfactory achieve-
ment for a completely new method. Obviously, the method is not ready-to-use for
any radiochemical problem. The separated elements exited the column mixed with
a large amount of aluminium chloride and the chromatogram had to be detected
by collecting fractions of the eluate, or by continuous deposition of the eluate on a
moving belt.

Cl

Al

Ln(AlCl4)3

Ln

Fig. 1.17 Structure of Ln(AlCl4)3 molecules. The six “outer shell” chlorines attached to alu-
minium atoms are not explicitly shown.
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Fig. 1.18 Programmed temperature gas–solid chromatography of the complexes of lanthanoids
with A12C16 [82]. Conditions: Pyrex glass column, length 50 cm, 3 mm i.d., filled with 0.17 mm
glass beads; carrier gas helium, 70 cm3 min−1; reagent 230 mmHg of Al2Cl6.

Adapted from Radiokhimiya, 16(5), Zvara I, Eichler B, Belov VZ, Zvarova TS, Korotkin YuS, Sha-
laevskii MR, Shchegolev VA, Hussonnois M, Gas chromatography and thermochromatography in
the study of transuranium elements, 720–727, c© 1974, with permission of Akademizdat “Nauka”
Publishers.
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Fig. 1.19 Gas–solid IC chromatography of complexes of actinoids with A12C16 [81]. Conditions:
open glass column, length 250 cm, 1 mm i.d.; temperature 250 ◦C; carrier gas helium, 8 cm3 min−1;
reagent 100 mmHg of Al2Cl6.

Reprinted from Journal of Chromatography, 49(1), Zvarova TS, Zvara I, Separation of transura-
nium elements, 290–292, c© 1970, with permission from Elsevier.

1.5.2.2 6p-elements of Groups 12 to 17

The problem of the superheavy nuclides with the atomic numbers around 114 stim-
ulated TC separation studies of their expected chemical homologs — the elements
of groups 13 to 18 in the sixth period of the Mendeleev system. With the use of H2
as the reducing carrier gas, elements from Hg to Rn could be separated, mostly in
their elemental state [83,84]. An illustration is given in Fig. 1.20. This approach was
used in searching (yet unsuccessful) for SHEs in a uranium target after it had been
bombarded with Xe ions [85].

1.5.2.3 Elements of Groups 7 to 10

Elements from Re to Pt are the expected homologs of elements 107 to 110. Chem-
istry of the halides in these groups is rather complicated; it is difficult to reveal any
regularity which would allow reasonable extrapolations to the transactinoids. Mean-
while, the above closest congeners show an unexpected common behavior. In the TC
experiments with either dry or moist air as a carrier gas, the tracer quantities of Re
and platinum metals deposited at surprisingly low temperatures [53]. It indicated
formation of gaseous oxides and hydroxides, which were mentioned above in this
section. This group property is very specific and allows easy separation from the
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Reproduced (adapted) from JINR report, R12-6662, Eichler B. Thermochromatography of volatile
metals, c© 1974, with permission from Joint Institute of Nuclear Research.

elements of lower groups, which yield much less volatile hydroxides. The degree of
separation from Hf, Ta and W was as high as 104. An attempt was made [85–87]
to use this specific feature to search for s.f. isotopes in the products of an appropri-
ate combination of the target and projectile; see Fig. 1.21. The range of detectable
half-lives was from 0.5 s to 2×105 s. The obtained negative result (zero counts) in-
dicated the effective cross-section less than 2×10−35 cm2.

1.5.2.4 Fission Products

Rengan [88] reviewed the fastest gas phase isolations and separations of the fission
products. Blachot, et al. [89] seem to be the first to separate the long-lived products
of the neutron-induced fission of 235U by thermochromatography of chlorides.
Hickmann, et al. [22] made a careful study of fast continuous thermochromato-
graphic separation of such fission products. They employed HCl, Cl2, SOCl2 and
CCl4 for chemical volatilization. Figure 1.22 shows their sample result.

Rudolph and Bächmann [90, 91] studied in detail isothermal chromatography
of chlorides of several fission products. They used quartz columns filled with
graphite, quartz or quartz coated with NaCl, KCl, MgCl2 or CsCl. They made
careful measurements of the retention time versus column temperature, and of the
peak widths. The best separation was achieved by temperature-programmed chro-
matography. It is illustrated by Fig. 1.23.
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Fig. 1.21 Search for elements 107 to 110 as the products of the bombardment of 235U with 40Ar
ions [86]. Quartz glass and mica served as SSTD of fission fragments.

Reproduced (adapted) from JINR Report R7-86-322, Domanov VP, Timokhin SN, Zhuikov BL,
Chun KS, Eichler B, Chepigin VI, Zvara I, Search for spontaneously fissioning isotopes of ele-
ments 107–110 in the products of the interaction of 235U +40 Ar, c© 1986, with permission from
Joint Institute for Nuclear Research.
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Fig. 1.22 Thermochromatographic separation of fission products in the form of chlorides [22].
Conditions: quartz column, 4mm i.d., filled with quartz powder, 0.75 mm; carrier gas nitrogen,
1.2 L min−1, reagent hydrogen chloride, 6 percent vol.

Reproduced (adjusted) from Nuclear Instruments and Methods, 174(3), Hickmann U, Greulich N,
Trautmann N, Gäggeler H, Gäggeler-Koch H, Eichler B, Herrmann G, Rapid continuous radio-
chemical separations by thermochromatography in connection with a gas-jet recoil system, 507–
513, c© 1980, with permission from Elsevier.
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Fig. 1.23 Temperature-programmed separation of chlorides of fission products [90]. Conditions:
quartz column, length 75 cm, 8 mm i.d., packed with 0.25 mm quartz particles coated with NaCl;
heating rate 24.5 K min−1; carrier gas nitrogen, 1cm3 min−1; reagent CCl4, 100 mmHg.

Reproduced from Chromatographia, 10(12), Bächmann K, Rudolph J, Inorganic gas chromatogra-
phy Part I, 731–743, c© 1977, with permission from author.
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26. Gäggeler HW, Jost DT, Kovacs J, Sherer UW, Weber A, Vermeelen D, Türler A, Gregorich
KE, Henderson RA, Czerwinski KR (1992) Radiochim Acta 57:93
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KE, Hübener S, Jost DT, Lebedev VY, Pershina VG, Schädel M, Taut S, Timokhin SN, Traut-
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55. Vahle, A, Hübener, S, Funke, H, Eichler, B, Jost, DT, Türler, A, Brüchle, W, Jäger E (1999)
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Chapter 2
Physicochemical Fundamentals

Abstract Molecular kinetics provides initial interpretation of gas–solid chromato-
graphic separations, which are based on the gas adsorption equilibrium. This chap-
ter presents selected formulae and equations adapted for use later in the book. Their
set contains the speed of gaseous molecules (also for two-dimensional gas), their
rates of mutual collisions and chemical interaction, and the frequency of collisions
with walls. The rate of desorption from surfaces is the Boltzmann factor multiplied
by a frequency, which solely characterizes the crystal lattice of the adsorbent and
can be calculated from semiempirical relationships. Some integrals of the Boltz-
mann factor times a power of temperature are presented in terms of the error or
exponential integrals, as well as the appropriate asymptotic series. Because the data
on molecular collision diameters and diffusion coefficients for many uncommon
compounds are lacking, some semiempirical methods for their estimation are given.
These diffusion coefficients, as well as those of aerosols, are needed to understand
the rate of irreversible diffusional deposition of molecules and aerosols in channels,
and to calculate the density of deposits and the penetration through ducts. The avail-
able formulae for the latter quantities were obtained by mathematical or engineering
approaches. They deal with circular and rectangular channels, with the laminar and
turbulent regimes, and with diffusionally and hydrodynamically developed flows;
they are scarce for developing flows.

The specific problems discussed in this book require the use of fundamental con-
cepts and equations from various fields like kinetic theory of gases, kinetics of
chemical reactions, thermodynamics and mass transfer. This chapter presents some
basic relationships relevant to these problems. From the very beginning, the studies
of gas-phase radiochemistry of heavy metallic elements have been largely motivated
by the quest for new man-made chemical elements. It necessitated experimentation
with very short-lived nuclides on one-atom-at-a-time basis. We will pay much atten-
tion to this direction of research. Accordingly, we will consider microscopic pictures
(at the atomic and molecular level) of the processes underlying the experimental
methods and concrete techniques, and follow individual histories of the molecules.

35



36 2 Physicochemical Fundamentals

Here and in later chapters, the formulae for some quantities are presented in two
ways. One is a concise form obtained through all possible cancelling, as well as by
combining numerical coefficients; it explicitly shows how the quantity depends on
temperature, pressure, molar mass, geometric parameters, and so forth. The aim is
to offer “ready-for-use” formulae, including the units of measurement of the result.
In addition, typical values or orders of magnitude of the involved variables in com-
mon experimental conditions are sometimes recalled. The alternative is not to unveil
quantities like the mean speed of molecules, which are involved in many equations
of our interest. Such formulae help in estimating the order of magnitude of the result
at a glance. In later chapters, quite often, we will need to restrict ourselves to the
orders of magnitude because of the complexity of the tasks.

References are given in the present chapter only when the approach or treatment
may be less known.

2.1 Molecular Kinetics

Most of the formulae below give the average values of quantities. For integer quan-
tities, like concentration or frequency of collisions, in the case of poor statistics, the
possible uncertainties in data evaluation are discussed when dealing with specific
“applied” problems in Chapter 6.

2.1.1 Concentration and Speed of Gaseous Molecules

The average number of molecules per volume unit, the concentration, is:

n = NA
p

RT
= p

kBT
cm−3 (2.1)

The number of molecules per cubic centimeter at standard temperature and pressure
(STP), the Loschmidt number, is

LN ≡ NA
p0

RT0
= NA

22414
= 2.687 × 1019 cm−3 (2.2)

so that
n = 2.687 × 1019 p

p0

273.15
T

cm−3 (2.3)

For different pressure units the appropriate numerical values are:

n = 7.24 × 1015

T
p

dyn cm−2 cm−3

n = 7.24 × 1016

T
p

Pa
cm−3
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n = 9.66 × 1018

T
p

mmHg
cm−3

n = 7.24 × 1021

T
p

bar
cm−3

The mean speed um of molecules with the mass m or the molar mass M is:

um =
√

8kBT
πm

=
√

8RT
πM

(2.4)

When the numerical values of the constants and quantities are substituted in CGS
units then, accurately enough, um = 14550

√
T/M cm s−1.

It holds for three-dimensional gas. On some special occasions we shall need
the characteristics of two-dimensional gas; its mean speed is by about 22 percent
smaller:

u(2)
m =

√
πkBT

2m
=
√

πRT
2M

(2.5)

For the two-dimensional pressure p(2) also holds that

n(2) = p(2)

kBT
(2.6)

so that at p(2) = 1 dyn cm−2 and T = 273.15 K the concentration n(2) is 2.65 ×
1013 cm−2.

2.1.2 Number of Collisions with Wall

The mean speed serves to evaluate the rate of adsorption and the rate of chemical
reaction of the adsorbed molecules with gaseous reagents. The average number of
molecules striking unit area per unit time na is proportional to the concentration of
the molecular entities and their mean speed:

na = num

4
= p√

2πmkBT
(2.7)

In CGS units it is numerically

na = 2.63 × 1019 p√
MT

cm−2 s−1 (2.8)

This number is usually of the order of 1023 cm−2 s−1 at STP (notice that 1 bar =
1 × 106 dyn cm−2).

Let us now consider a concrete molecule of a gas, which passes with the flow rate
Q through an isothermal chromatographic column with the length z, the area per
unit length az , and the free volume per unit length vz . We shall soon need to know
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how many times each molecule hits the surfaces when moving through a column.
Let Zz be this number. It is obviously proportional to na, to the total surface zaz ,
and to zvz/Q – the gas hold-up time; meanwhile, it is inversely proportional to the
total number of molecules in the volume nzvz . Hence:

Zz = nazaz

nzvz

zvz

Q
= nazaz

nQ
= um

4
zaz

Q
(2.9)

Thus, for a given sort of molecules and temperature, Zz explicitly depends only on
the total surface area of the column and on the true flow-rate. It is evidently a result
of general validity — the size and internal geometry of the volume (including its
eventual packing) are irrelevant. Notice that az must be the true surface area, which
would take into account roughness and open porosity of real surfaces.

If Q0 is the flow rate at an arbitrarily chosen standard temperature T0 and
pressure p0, then

Zz = 3640
zaz T0 p
Q0T p0

√
T
M

(2.10)

and if Q0 is measured at STP then:

Zz = 0.945zaz p

Q0
√

MT
(2.11)

2.1.3 Collisions in Gas and Rate of Chemical Interactions

In the first approximation the collision phenomena are described in terms of hard
sphere molecular diameters, which are independent of temperature. Actually, the
diameters decrease with higher temperature, approaching individual limits [1]. Let
us consider a single molecular entity with the mass m1 and the diameter dm,1, which
diffuses through a gas consisting mainly of more abundant dissimilar molecules of
the mass m2, the diameter dm,2 and the concentration n2. If the collision diameter is
ω1,2 = (dm,1 + dm,2)/2, the tracer molecule must collide each second with the host
molecules contained in a volume of about πω2

1,2um . Because the host molecules
also move, the mean relative speed u1,2 is

u1,2 =
√

8kBT
πm1,2

(2.12)

where m1,2 is the reduced (harmonic mean) mass of the colliding particles:

m1,2 = m1m2

m1 + m2
(2.13)

It is always smaller than the mass of the lighter partner; for identical molecules
m2,2 = m2/2.
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The average number of collisions experienced by the tracer single per second is:

Z1,2 = π(n1 + n2)ω
2
1,2u1,2 ≈ πn2ω

2
1,2u1,2 (2.14)

Hence, in a common host gas at STP, the value of Z1,2 is of the order of 109 s−1;
it is inversely proportional to the total bulk gas concentration. The mean free path
between two collisions λm,1 is the mean speed divided by the above number of
collisions:

λm,1 = u1,2

n1,2
≈ 1

πn2ω
2
1,2

(2.15)

It gives an order of 0.1 µm for the STP conditions. Evidently, λm,1 is proportional
to temperature and inversely proportional to the total pressure.

In the experiments of our concern, the otherwise inert carrier gas usually con-
tains a minor chemical active component. To estimate the rate of chemical interac-
tion, we should take the concentration of the reagent for n2, which is still by many
orders of magnitude larger than n1. Due to this, the reaction is formally of the first
kinetic order, and a useful quantity is the mean time of interaction τr. It is obviously
the reciprocal of the rate of “effective” collisions, the above ncz, multiplied by the
Boltzmann factor due to εea – the energy of activation. It yields:

τr = eεea/kBT

n1,2
= eεea/kBT

πn2ω
2
1,2u1,2

(2.16)

The pre-exponential coefficient is taken here in its simplest form. A rigorous way
to evaluate the collision diameters is offered by the fundamental, generally valid
relationship between the dynamic viscosity of the gas µ2 and its collision diameter:

µ2 = 1
πdm,2

√
kBT m2

π
(2.17)

The particular µ2 and m2 are taken here only to emphasize that the viscosity data
are easily available only for major components of the carrier gas in gas–solid chro-
matography. Minor components of the gas and tracer species are less common
compounds, and their gaseous viscosities are mostly unknown. The usual way to
estimate the diameters is to assume that the molecules are hard spheres, and that
they are closely packed in the condensed phase. Then the volume per molecule is
d3

m,1/
√

2 and the formula for the diameter is [2]

dm,1 =
[√

2M
NAρ

]1/3

= 1.33 × 10−8
(

M
ρ

)1/3

cm (2.18)

where ρ is the density of the liquid or solid compound. The data in the upper lines of
Table 2.1 are accurate values for 273.15 K obtained from the measurements of vis-
cosity [1]. The lower part of the table contains the estimates based on Eq. 2.18,
which are inherently of limited accuracy; they cannot be related to a particular
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Table 2.1 Some Molecular (Atomic) Collision Diameters in Å

He Ar H2 N2 O2 Cl2 Br2 HCl H2O SOCl2
2.17 3.66 2.73 3.76 3.62 5.55 6.16 4.50 4.32 5.6
LaCl3 CCl4 TiCl4 ZrCl4 NbCl5 WCl6 WO2Cl2 ZrBr4 TaBr5 OsO4
5.3 6.0 6.3 5.7 6.0 6.3 5.2 6.0 6.4 4.9

temperature. We see that such data for the molecular compounds of the heavy ele-
ments fall in a rather narrow range. The differences are insignificant if we take into
account other uncertainties involved in the microscopic picture of the physicochem-
ical processes, which will be described in later chapters.

2.1.4 Diffusion in Gases

This process governs the rate of deposition of the molecules of nonvolatile com-
pounds on the surface of gas ducts, and contributes to broadening of the chromato-
graphic zones. Being of the order of 0.1 µm at STP, the mean free path of molecules,
which is inversely proportional to pressure, reaches 1 cm only at about 0.01 mmHg.
In dense enough gas, in the absence of convective flow, the macroscopic picture of
migration of molecules (as well as of aerosol particulates) is described by the equa-
tions of diffusion. The mean squared diffusional displacement z2

D of molecules, the
time of diffusion t and the mutual diffusion coefficient D1,2 are related by:

z2
D = 2D1,2t (2.19)

Molecular kinetic considerations of mutual diffusion [1] lead to the equation

D1,2 = u1,2

2πω2
1,2(n1 + n2)

≈ u1,2

2πω2
1,2n2

(2.20)

from which it follows that D ∼ T 3/2/p.
The microscopic picture of diffusion in gases consists in that the molecule

changes its velocity (vector) after each collision. The free paths are essentially ran-
dom flights (displacements), which can be treated by the appropriate statistical theo-
ries. The latter conclude that D1,2 is proportional to the frequency of random flights
multiplied by their average squared length. Because the free molecular path lengths
have exponential distribution [3], their average squared length equals the squared
λm . Thus we come to

D1,2 = n1,2λ
2
m,1/2 = u1,2λm,1/2 (2.21)

which completely agrees with Eq. 2.20.
A well-known semiempirical equation for diffusion coefficient proposed by

Gilliland [4] is

D1,2 = 0.0044 · T 3/2

p
[
(M1/ρ1)1/3 + (M2/ρ2)1/3

]2
(

1
M1

+ 1
M2

)1/2

cm2s−1 (2.22)
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Fig. 2.1 Coefficients of mutual diffusion of tracers in various carrier gases at 1 bar and 500 K as
a function of the molar volume of the condensed tracer; see text for explanations. Arrows indicate
molar volumes of the particular compounds.

where p is in bars. The equation explicitly includes the reduced mass, cf. Eq. 2.13,
and accounts for the theoretical dependence of D1,2 on T and p. Evidently, it
includes evaluation of the collision diameter in a manner consistent with Eq. 2.18.

We used Eq. 2.22 to calculate some D1,2 values, which are related to the condi-
tions and results of the experiments with the halides of heavy elements. The results
are displayed in Fig. 2.1. In such studies the molar mass of the tracer is usually much
larger than that of the carrier gas. Then the term 1/M1 in the parentheses in Eq. 2.22
becomes negligible, and the diffusion coefficients could be plotted in Fig. 2.1 as a
function of only the molar volume. The D1,2 values are given for 500 K; the figures
for 273 K are less by a factor of 0.77, those for 700 K are obtained by multiply-
ing with 1.18. We see that the combinations of common carrier gases with heavy
voluminous molecules are characterized by D1,2 of the order of 0.01–0.1 cm2 s−1 at
atmospheric pressure.

Some other proposed equations for D1,2 better fit extended experimental data and
point to a stronger temperature dependence of the coefficient, like D1,2 ∼ T 1.75.
A concise informative survey and critical discussion of them was presented by
Giddings [5]. Unfortunately, these more sophisticated equations usually require
knowledge of some molecular parameters, which are known only for a limited num-
ber of gaseous species. No values are available for the molecular compounds of
metals. Thus, we are forced to adhere to the Gilliland’s prescription and, if neces-
sary, to estimate the unknown molar volumes based on the available data for the
compounds of similar stoichiometry.
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2.1.5 Elementary Adsorption–Desorption Event

Gas–solid chromatography is based on the fact that molecules migrating down the
column experience numerous adsorption–desorption events on the walls of the tube
and on the surface of an eventual packing. Let us assume that the surfaces are smooth
and homogeneous. The simplest theory [6] suggests that at each collision with sur-
face the molecule is adsorbed for a mean time interval τa obeying

τa = τ0eεd/kBT (2.23)

where τ0 is the period of vibration (perpendicular to the surface) in the adsorbed
state, and εd is the energy of desorption per molecule. Due to the Boltzmann factor
the random values of the adsorption sojourn time τ ∗

a have an exponential probability
density distribution:

ρ(τ ∗
a ) = e−τ∗

a /τa

τa
(2.24)

The vibrations of adsorbed entities are induced by the vibrations of the adsorbent
crystalline lattice. Hence, τ0 is assumed to be a property of the adsorbent only and is
supposed to be independent of temperature. Meanwhile εd characterizes the interac-
tion between adsorbate and adsorbent. In the case of tracers, adsorbate – adsorbate
interactions can be neglected.

The lattice vibrations have a complex spectrum; in various applications it is of-
ten replaced by an effective frequency ν0, and τ0 is taken as its reciprocal. Several
approaches and formulae have been proposed for calculation of its value. In partic-
ular, Lindemann [7] proposed the relationship

τ0 = 4.75 × 10−13

√
(M/κM )(M/κMρ)2/3

Tmp
s (2.25)

where κM is the number of atoms in the molecular formula and Tmp is the melting
point temperature. For example, in the case of SiO2 (M = 60, κM = 3, ρ =
2.21 g cm−1, Tmp = 2001 K) we obtain τ0 = 1 × 10−13 s.

The reciprocal of the Debye’s [8] maximal allowed phonon frequency is

τ0 =
(

4π
3

M
ρ

1
κM NA

)1/3 1
wsd

s (2.26)

where wsd is the effective speed of sound — 5.9×105 cm s−1 for silica. This formula
yields τ0 = 0.7 × 10−13 s. Notice that κM NA/M is the number density of atoms per
unit volume of the adsorbent matrix.

2.1.6 Integrals Containing Boltzmann Factor

The mathematics of the problems in thermochromatography involves integration of
the Boltzmann-type factor multiplied by a power of temperature. It is required to
evaluate integrals of the general form
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∫

T ke
εd

kBT dT (2.27)

with integer or half-integer k values in the range [2,−2]. By the substitutions
aε = εd

kB
and u = 1

T , so that dT = − du
u2 , the integral is transformed into

∫ eaεu

uk+2 du.
Such integrals are expressed through the special functions erfi(x) and Ei(x). The
functions can be expanded into asymptotic series [9]. Namely:

erfi(x) ≈ ex2

x
√

π

(
1 + 1

2x2 + 1 · 3
4x4 + 1 · 3 · 5

8x6 + . . .

)
(2.28)

and

Ei (x) ≈ ex

x

(
1 + 1!

x
+ 2!

x2 + 3!
x3 + . . . .

)
(2.29)

The basic integrals are:

k = −1∫
eaεu

u
du = Ei(aεu) ≈ eaεu

aεu

(
1 + 1!

aεu
+ 2!

(aεu)2 + 3!
(aεu)3 + . . .

)
(2.30)

and

k = −3/2∫
eaεu
√

u
du =

√
π
a

erfi(
√

aεu) ≈ eaεu

aε
√

u

(
1 + 1

2aεu
+ 1 · 3

4(aεu)2 + 1 · 3 · 5
8(aεu)3 + . . .

)

(2.31)

The rest of the integrals are obtained through integration by parts:

k = −1/2
∫

eaεu

u3/2 du = 2
[√

πaε erfi(
√

aεu) − eaεu
√

u

]
(2.32)

k = 0
∫

eaεu

u2 du = −eaεu

u
+aε Ei(aεu) (2.33)

k = 1
∫

eaεu

u3 du = −eaεu

2u2 − aεeaεu

2u
+ a2

ε

2
Ei(aεu) (2.34)

k = 2
∫

eaεu

u4 du = −eaεu

3u3 + aε

3

∫
eaεu

u3 du (2.35)

In the experimental works discussed in this book, the real values of aεu ≡εd/kBT
have ranged from about 15 to 30. If so, just the first terms of the above power series
2.30 or 2.31 suffice to provide the precision that is required when treating experi-
mental data. It can be verified that the series truncated this way yield a common
approximate formula for the six integrals:

∫
T ke

εd
kBT dT ≈ kB

εd
T k+2e

εd
kBT

[
1 + (k + 2)

kBT
εd

]
(2.36)



44 2 Physicochemical Fundamentals

2.2 Diffusional Deposition of Particles in Channels

In many experiments described and referenced in Chapter 1 an important role was
played by diffusional deposition of nonvolatile molecular species (and of particu-
late matter) on the surface of gas ducts. First of all, in chromatographic columns,
the nonvolatile molecules deposit within a short distance from the inlet and con-
tribute to decontamination of the elements under study from interfering radioactive
nuclides. Meanwhile, especially in chemical experiments with the aid of aggressive
gases, unwanted aerosols occasionally form. The latter diffuse much more slowly,
and when they catch and then carry a fraction of the nonvolatile molecular species,
they make the depositional decontamination less efficient.

On the other hand, the aerosol “jets” have been widely utilized for primary trans-
portation of the nuclear reaction products, from an accelerator to distant experimen-
tal equipment. Therefore, the major concern has been keeping the deposition rate of
aerosols as low as possible.

All this substantiates our interest in understanding the regularities of deposition.
In addition, the formulae for penetration of channels, and especially those for the
deposition density profile, proved helpful when developing a Monte Carlo technique
of simulation of chromatographic zones, which is described in Chapter 4.

2.2.1 Diffusion Coefficients of Aerosols

The values of DBn — the diffusivity for the Brownian motion of aerosol — are cal-
culated from the Stokes–Einstein equation. For spherical particulates with the effec-
tive radius rp, in a gas with the dynamic viscosity µ2 (nearly constant for pressures
about and less than one bar), the formula is:

DBn = kBT cC

6πµ2rp
(2.37)

Here cC is the Cunningham slip correction factor given in Table 2.2. It should be
included when rp is comparable with the mean free path of the gas molecules.

Notice that the equation was evaluated by considering a particulate which moves
through a fluid being pushed by the force resulting from impacts of many mole-
cules of the (viscous) medium. In the same time, it experiences hydrodynamic resis-
tance (friction). The dynamical viscosity of gases rather weakly depends on p and

Table 2.2 Cunningham Factor cC [10] and the Dependence of Aerosol Diffusivity on Temperature
and Pressure

λ/rp rp/µm in air at STP Cunningham factor DBn = DBn (T, p)

>2.6 <0.025 1.66 · λ/rp ∼T 3/2 p−1

0.15–2.6 0.025–0.5 2.61 · (λ/rp)
1/2 ∼T p−1/2

<0.15 >0.5 1 ∼T 1/2 p0
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Fig. 2.2 Diffusion coefficients of the aerosol particulates as a function of their size at 300 K
according to Eq. 2.37.

increases like T 1/2. Meanwhile, λm ∼ T/p. The dependence of DBn on T and p
observed for aerosol particulates greatly differs from D ∼ T 1.5–1.75/p for molecu-
lar species. DBn does not explicitly depend on the mass of the particulate; however,
above certain mass, the velocity of gravitational fall out-performs the displacement
due to diffusion (see Sect. 3.1.1).

The calculated functional dependence presented in Fig. 2.2 is roughly the same
for helium, nitrogen and argon carrier gases, which at 300 K have similar viscos-
ity — about 2 × 10−4 g cm−1 s−1

(= 20 × 10−6 Pa s). The viscosity of hydrogen is
only one-half of the value so that diffusion in hydrogen is markedly faster.

2.2.2 Deposition from Laminar Flow

Several published works have been devoted to the mathematical solution of the prob-
lems of penetration of aerosols through a “diffusion battery,” which is essentially a
bundle of identical circular or rectangular channels in parallel [11]. The deposited
matter is characterized only by its diffusion coefficient; it means that the derived
formulae hold for aerosol particulates, as well as for molecular entities.
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Neglecting the longitudinal diffusion, for the case of fully developed laminar flow
in isothermal channels of the length z, the fractional penetration was found to be

Fp(z) =
∞∑

i=0

αi e−βi ψz Fp(zψ) =
∞∑

i=0

αi e−βi zψ (2.38)

where ψ ∼ D/Q; while the proportionality coefficient depends on the shape of the
channel cross section (circular, rectangular, etc.), and zψ ≡ ψz is the “reduced”
distance. The set of numerical coefficients αi depends on the channel shape and on
the distribution of the adsorbate concentration over the column section at z = 0.
However, the sum of the infinite series obeys Σαi = 1. The eigenvalues βi increase
with i , their set depends only on the channel shape.

The longitudinal profile of the deposit density ϕp(zψ) is obtained by differentia-
tion:

ϕp(zψ) = − d
dzψ

Fp(zψ) =
∞∑

i=0

αiβi e−βi zψ (2.39)

In the true length units, it is convenient to present the distribution in the form

ϕp(z) =
∞∑

i=0

αi

ηi
e−z/ηi ηi = 1

βiψ
∼ Q

D
(2.40)

to show that the density profile is the sum of weighted exponential terms character-
ized by steadily decreasing mean deposition distances ηi . Each such term is respon-
sible for the fraction αi of the total area under the profile.

Below, we will use appropriate mnemonic superscripts for the quantities related
to circular or rectangular channels.

2.2.2.1 Circular Channels

If at x = 0 the concentration of the tracer over the column section is uniform, the
numerical coefficients are now

α0 = 0.819 α1 = 0.0976 α2 = 0.0325 α3 = 0.0154 α4 = 0.0088 α5 = 0.00573. . .
β0 = 3.65 β1 = 22.3 β2 = 56.9 β3 = 107.6 β4 = 174.3 β5 = 257. . .

(2.41)

and
ψ© = πD

Q
cm−1 η©

i = 1
βi

Q
πD

cm (2.42)

Hence

F©
p (zψ) = 0.819 e−3.65zψ + 0.0976 e−22.3zψ + 0.0325 e−56.9 zψ + . . . . (2.43)

and

ϕ©
p (zψ) = 2.989e−3.65 zψ + 2.176e−22.3 zψ + 1.849e−56.9 zψ + . . . . (2.44)
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As the values βi rapidly increase in the series and so ηi values decrease, the shape
of ϕ©

d (z) at sufficiently large z is determined mostly by the first term with

η©
0 = Q/3.65πD (2.45)

On the other hand, near the column inlet, the deposition profile has a larger (neg-
ative) slope, which is described by the latter terms of the series. For small values of
zψ , the infinite series by Eq. 2.44 converges very slowly, which makes the calcula-
tions cumbersome. There were simpler working formulae proposed for the penetra-
tion at small zψ ’s to avoid the evaluation of many members of the series. According
to Ref. [12], near the inlet of a circular channel, at zψ < 0.031,

F©
p (zψ) = 1 − 2.566 · z2/3

ψ + 1.20zψ + 0.177z4/3
ψ (2.46)

with the derivative

ϕ©
p (zψ) = 1.71 z−1/3

ψ − 1.20 − 0.24z1/3
ψ (2.47)

At zψ > 0.031, the sums of just three first terms in Eqs. 2.43 and 2.44 closely
approximate F©

d (zψ) and ϕ©
d (zψ), respectively.

2.2.2.2 Rectangular Channels

For the rectangular channels the diffusional deposition problem was solved only for
an infinitely wide duct. Real channels have a finite ratio of the height to the width,
bh/bw. If it is � 1, the formula allows one to use the flow rate rather than the flow
velocity. The general form of the solution for such channels with

ψ�� = 8bw D
3bh Q

(2.48)

is in every respect similar to Eqs. 2.38 and 2.40. As many as 20 pairs of the values
of numerical coefficients were reported [13]. The very first of them are:

α0 = 0.910 α1 = 0.0531 α2 = 0.0153 α3 = 0.0068 α4 = 0.0037, α5 = 0.0023. . .
β0 = 2.83 β1 = 32.2 β2 = 93.5 β3 = 186.8 β4 = 312.1 β5 = 469.5 . . .

(2.49)

Now we obtain:
η��

0 = 0.375
bh

bw

Q
2.828D

(2.50)

A formula derived by Gormlay and Kennedy [12] for the initial part of the deposition
profile, at zψ < 0.013 is

F��
p (zψ) = 1 − 1.54 z2/3

ψ + 1.50zψ (2.51)
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with the derivative:
ϕ��

p (zψ) = 1.03 z−1/3
ψ − 1.50 (2.52)

Again, three first terms of the appropriate “rigorous” infinite series for F��
p (zψ) and

ϕ��
p (zψ) suffice if zψ > 0.013.

The proportionality of η to Q/D in both cases and the absence of any depen-
dence on the cross section area of the channel are easy to understand. First, the
molecules which are initially near the tube walls reach the surface by diffusion in
a short time; they are also carried by the laminar flow only a small distance. The
layers near the surface are soon depleted, and the resulting steady shape of the con-
centration profile of the tracer over the radius no longer depends on that profile
at the inlet of the channel. Then the probability of deposition per unit length gets
constant and only one exponential term must characterize the density profile of the
deposit. Second, the respective mean deposition length must be proportional to the
flow velocity multiplied by the time of diffusion across the tube section: For circular

channels we obtain η
©
0 ∼ Q

d2
c

d2
c

D ∼ Q
D and for rectangular — η

©
0 ∼ Q

bhbw

b2
h

D ∼ bh
bw

Q
D .

In the latter case the dimensions do appear in Eq. 2.50, but only as they ration, not
the absolute values.

2.2.3 Diffusional Deposition — Engineering Approach

The engineering approach to the mass-transfer suggests full analogy between heat
and mass-transfer when making use of dimensionless hydrodynamic and transport
criteria. For our problems, and with the numerical subscripts to indicate the appro-
priate standard components of our chemical systems, we have:

Re = wdcρ2/µ2 (flow is laminar at Re < 2300); (2.53)
Sc = µ2/ρ2 D is the analog of Pr;
Sh = kmdc/D is the analog of Nu;

Here km is the mass transfer coefficient and D stays either for D1,2 or DBn. Notice
that the engineering approach does not propose individual formulae for different
geometric cross sections of the channels. Instead, the non-cylindrical channels are
characterized by an effective diameter. For rectangular channels it is 2bhbw/(bh +
bw), which approaches 2bh for wide channels of small height.

Irreversible deposition of a tracer from the flow onto a channel wall is analogous
to heat transfer at constant wall temperature. The formulae can be applied to our
problems straightforwardly, because there are no gradients of macroscopic concen-
trations and no temperature fields to change the properties of the bulk fluid.

Below, we shall be interested in the formulae for penetration of channels and for
deposition profiles in the case of laminar and turbulent steady flow regimes, and at
various initial situations at the inlet of the channel — whether the flow is diffusion-
ally and/or hydrodynamically developed. The engineering approach is not rigorous;
various authors proposed different formulae which, nevertheless, yield reasonably
consistent results. The author made a deliberate choice from the alternate formulae.
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2.2.3.1 Diffusionally Developing Hydrodynamically Developed Laminar Flow

The title case for circular channels was characterized above by Eqs. 2.43 and 2.44.
In the engineering approach [14, 15]:

Sh = 3.657 + 0.19 [ReSc dc/z]0.8

1 + 0.117 [ReSc dc/z]0.467 (2.54)

So, at large distances from the inlet, when dc/z � 1, and in fully stabilized laminar
flow, the Sh value is constant: Sh = 3.657. Then in agreement with Eq. 2.45 the
deposition length is 1/ψ©Sh = 1/3.657ψ©.

The formulae for penetration and for the deposit density can be obtained by
the following way [16]. At a particular coordinate, the fraction of the tracer mass
deposited per unit tube length in unit time is the mass flux to the surface, divided by
the mass carried by the gas flow per unit time. In a cylindrical tube the deposition
rate is kmcg × πdc/ψ

© and the carried amount is Qcg. The two quantities have the
same dimension and their ratio is

πD
Q

kmdc

Dψ© = Sh (2.55)

In our notations
ReSc

dc

z
= wdcρ

µf

µf

ρD
dc

z
= 4

zψ
(2.56)

Then, at a given coordinate, the fraction of molecules or aerosol particulates staying
in the gas, which is deposited per reduced length unit, is

d F©
p (zψ)

dzψ

1

F©
p (zψ)

= Sh = 3.657 + 0.576
z0.8
ψ + 0.224 z0.333

ψ

(2.57)

However, it does not directly provide the formulae for penetration or deposition
profile. The penetration obeys

ln F©
p (zψ) = −

zψ∫

0

Sh dzψ and F©
p (zψ) = exp

⎡
⎣−

zψ∫

0

Sh dzψ

⎤
⎦ (2.58)

and so

ϕ©
p (zψ) = −d F©

p (zψ)

dzψ
= −Sh exp

⎛
⎝−

zψ∫

0

Sh dzψ

⎞
⎠ (2.59)

which is to be evaluated numerically.
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2.2.3.2 Both Diffusionally and Hydrodynamically Developing Laminar Flow

This case seems much closer to most real situations near the channel inlet. Now
[17, 18]

Sh = 3.657 + 0.0677 [ReSc dc/z ]1.33

1 + 0.1Sc · [Re dc/z]0.3 (2.60)

from which it follows that

Sh = 3.657 + 0.422

z1.33
ψ + 0.152 Sc0.7z1.03

ψ

(2.61)

and Eqs. 2.58 and 2.59 apply as well.

2.2.3.3 Developed Turbulent Flow

Under the conditions of a few transactinoid experiments, Re number was as high
as 103–104; the value of Sc was about unity. A formula known and used for a long
time is:

Sh = 0.023Re0.83Sc0.3 (2.62)

It is reportedly valid over the range 0.6 < Sc < 100.
More recent formulae for the heat transfer proposed by Gnielinski [19], when

re-casted for the mass transfer, give

Sh = 0.12
(

Re0.87 − 280
)

Sc0.4 if 1.5 < Sc < 500 and 300 < Re < 106 (2.63)

as well as

Sh = 0.0214
(

Re0.8 − 100
)

Sc0.4 if 0.5 < Sc < 100 and 104< Re < 5 × 106

(2.64)
The mean deposition length derived from Eq. 2.62 is

1
ψ Sh

= 43.5

ψ Re0.83 Sc0.3 (2.65)

It is an analogue of the values of η0, obtained above from the analytical solutions to
some problems with laminar flow.

Because Sc is inversely proportional to D, the values of Schmidt number for
aerosols are much larger than unity. In practice one meets the problem of diffusional
deposition of polydisperse aerosols. A solution to this problem for rectangular and
circular tubes was proposed in Refs. [10, 20].
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Chapter 3
Production of Transactinoid Elements,
Synthesis and Transportation of Compounds

Abstract On-line chemical experiments with single short-lived atoms produced on
accelerators involve a number of stages, besides the chemical partition processing
itself. The newborn nuclei, ejected by recoil into a flowing gas, thermalize in
heavily ionized environment; typical conditions are quantitatively characterized.
A priori consideration shows that chlorinating (an example) must proceed rapidly,
provided that it consists of several simple bimolecular steps — transfer of one or
two chlorines — with a negative enthalpy change and so low activation energy in
each of them. Fast synthesis of HfCl4 was repeatedly confirmed in on-line elution-
chromatography-like experiments. Analogous considerations helped to establish a
safe upper limit for the concentration of interfering reactive impurities in the work-
ing medium. Briefly discussed are hot filters for retaining aerosols and for absorp-
tion of contaminants. When the gaseous molecules of the tracer should be trans-
ported a long distance, the concern is efficient deposition of unwanted aerosols
in the channel. The presented universal graphs describe diffusional deposition as
a function of certain reduced distance. Alternatively, molecular entities are inten-
tionally attached to aerosol particulates for transportation. The size of particulates,
which provides the highest possible penetration through a channel, corresponds to
equal rates of gravitational settling and diffusional deposition; these two rates de-
pend on the size in an opposite way. Concentration of the aerosol should be above
a necessary minimum — diffusional deposition of the tracer on the particulates
should exhaust the particular volume (like target chamber) during the gas hold-up
time. Transportation of short-lived radionuclides by laminar aerosol flow has some
prospective peculiarities.

The “on-line” (on an accelerator beam) experiments with gaseous compounds
of short-lived heaviest elements, which were illustrated by the schematics in
Figs. 1.3, 1.6 and 1.7, are most complicated. They involve numerous stages like:
• Production of the elements in heavy ion-induced reactions with radioactive tar-

gets
• Prompt isolation of the bombardment products from the target material using

recoil energy
• Thermalization of the recoils in gas
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• Fast synthesis of the desired compounds in situ
• Synthesis of the compounds after transportation of the thermalized recoils by

aerosol flow to a distance (as alternative to the previous stage)
• Separation of compounds of different volatility (adsorbability)
• Detection of the characteristic radiation of the required, as well as interfering,

radionuclides

In this Chapter we briefly consider the production and prompt isolation of the
nuclear reaction products. The thermalization of recoils and the synthesis of com-
pounds are discussed in more detail, as is the transportation of thermalized recoils by
aerosol particulates to remote equipment for chemical experiments. The separations
on chromatographic principles are discussed in Chapter 4. Some basic information
about detection and measurement was given in Chapter 1 when describing concrete
experiments.

3.1 Production of the Elements by Heavy Ion Accelerators

Today the only way to obtain TAEs, including their superheavy isotopes, is bom-
bardment of high atomic number targets with proper heavy projectiles to achieve
complete fusion of the two interacting nuclei. The compound nuclei are obtained
with nearly geometric effective cross sections — around 10−24 cm2 (one barn) for
the lightest projectiles, but some orders of magnitude less with the heaviest ones.
Because the newborn products of fusion are necessarily excited, a great major-
ity of them undergo prompt fission. Still, some of them cool and reach ground
state, thanks to evaporation of several neutrons; practically all these “evaporation
residues” (EVRs) are radioactive. The general trend is that the effective production
cross sections of transactinoids get smaller with higher Z . At present, discoveries
and studies of the new elements are feasible down to picobarn level of cross sec-
tions. Because the numerous possible nuclear interaction channels take place in par-
allel, the bombardments also inevitably produce other kinds of radioactive recoils
with total yield reaching some fractions of barns. In addition the beam hits vari-
ous parts of the target chamber and nonselectively sputters their atoms. This way a
small fraction of the target is also released into gas. It is necessary to account for the
phenomenon if the target nuclide itself is radioactive.

To date, in the chemical experiments with TAEs, the targets have been certain
isotopes of the actinoids Th to Cf, while stable isotopes of elements C to Ca have
served as the projectiles. An optimal energy of the beam particles is slightly above
the repulsive Coulomb barrier between the nuclei to be fused. Namely, it is about
5 to 6 MeV per nucleon of the projectile in the laboratory system; the corresponding
velocity of the particles is about one-tenth of the speed of light.

Table 3.1 provides basic information on the production and radioactive properties
of the transactinoid nuclides, including their superheavy isotopes. The data (as in the
fall of 2006) are from various sources [1, 2]. Only nuclides with half-lives longer
than 0.5 seconds are listed because, at present, chemical studies seem to be feasible
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Table 3.1 Reported Transactinoid Nuclides with Half-lives ≥ 0.5 s

Nuclide Half-life, Production Nuclide Half-life, Production
Decay Decay

Z A mode(s) Z A modes
114 289 2.6 s α 244Pu(48Ca, 3n)

decay of 293116
106Sg 271 1.9 min α, SF decay of 283112,

287114, 291116
288 0.8 s α 244Pu(48Ca, 4n)

decay of 292116
266 34 s 248Cm(22Ne, 4n)

287 0.5 s α 242Pu(48Ca, 3n)
decay of 291116

265 7.1 s α 248Cm(22Ne, 5n)

113 284 0.5 s α decay of 288115 263 0.8 s SF, α 249Cf(18O, 4n)

112 285 29 s α decay of 289114,
293116

259 0.5 s α, SF 207Pb(54Cr, 2n)

283 3.8 s α 238U (48Ca, 3n)
decay of 287114,
291116

105Dba 268 1.2 d α, SF decay of 284113,
288115

111Rg 280 3.6 s α decay of 288115 267 1.2 h SF decay of 283113,
287115

110Ds 281 11 s SF decay of 289114,
293116

266 22 min SF,
EC

decay of 282113

109Mt 276 0.7 s α decay of 288115 263 27 sα, SF, EC 249Bk(18O, 4n)

274 0.5 s α decay of 282113 262 34 s α, SF 249Bk(18O, 5n)

108Hs 270 3.6 s α
22 sb α

26Mg(248Cm, 4n) 104Rfa 267 1.3 h SF decay of 283112,
287114, 291116

269 9.7 s α 26Mg(248Cm, 5 n) 263 15 min SF EC decay of 263Db
107Bh 272 9.8 s α decay of 288115 262 2 s SF 244Pu(22Ne, 4n)

270 1 min α decay of 282113 261 65 s α, SF, EC 248Cm(18O, 5n)

267 17 s α 249Bk(22Ne, 4n) 259 3 s α, SF 242Pu(22Ne, 5n)

266 1.7 s α 249Bk(22Ne, 5n)
a dubnium 255, 256, 257, 258, 260, 261 and rutherfordium 253, 255, 257, 259 have half-lives in
the range of 1.5–4.5 seconds
b calculated from the experimental decay energy [3]

only above this time limit. If the particular nuclide can be produced through a com-
plete fusion reaction, the reaction is given in the Table 3.1. Some of the nuclides can-
not be obtained this way. They were observed only as descendants in the chains of
α-decays of the shown heavier mother activities. Of them, the nuclides 291−293116,
287,288115, and 282,283113 have half-lives shorter than 0.5 s. They were produced by
the 48Ca bombardments of 245,248Cm, 243Am, and 237Np, respectively.

The effective production cross sections are not included in Table 3.1; their values
are not known accurately enough. The cross sections for the superheavy isotopes
in 48Ca-induced reactions with heavy actinoid targets are not larger than a few
picobarns. They reach 10s to hundreds picobarns for the reactions of 18O and
22Ne with the same targets, producing the first transactinoids. Generally, the larger
the neutron number of the projectile at given Z , the larger the yield may be, and the
longer the half-life of the complete fusion products. Hence, neutron rich radioactive
nuclides would have great advantages as bombarding particles. However, intense
enough beams of such projectiles will probably be available only in the distant
future.
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3.1.1 Recoil Separation from Targets

The recoil energy of an EVR is close to the energy of the compound nucleus. Let
EHI and AHI be the energy (in MeV) and mass number of the heavy ion (projectile),
while ECN and ACN are the same quantities for the compound nucleus. Then, from
the law of momentum conservation, it follows that

ECN = EHI
AHI

ACN
= (5 − 6) × A2

HI
ACN

MeV (3.1)

where the numerical coefficient comes from the optimal energy mentioned above.
Thus, ECN increases roughly as the squared projectile mass, and is of the order of
0.01 to 0.1 MeV per nucleon. The absorbed projectile momentum makes the angular
distribution of the recoiling EVRs narrow. Hence, if the target is not thicker than the
recoil range of EVRs in it, the residues are mostly ejected into the target chamber.
Such “thin” target has a surface density of about 1 mg cm−2. The targets for Ca
projectiles can be thicker than in the bombardments with O ions. In the meantime,
with the target thickness optimized for prompt isolation, one does not enjoy the
maximum possible production yield of the required rare products. The reason is that
the loss of the projectile energy in the optimal target is smaller than the width of
the bell-shaped dependence of the cross section on EHI. The production yield with
the target thick enough to absorb the whole width of the excitation curve would be
considerably larger.

In principle, the required fast (though not prompt) isolation from thick targets
might be achieved by evaporation of the products from the target or a recoil catcher
heated to high temperature. This has been realized with massive targets for low
and medium Z elements in ISOL-type installations. The prospects of the ISOL-type
approach for the elements 104 to 110, which are expected to be refractory met-
als, are dubious. On the other hand, SHEs number 112 to 118 must be relatively
volatile; evaporating their atoms into vacuum would be a convenient way to supply
them to a mass separator. Evaporation into gas and transportation by the flow also
seems promising. Early attempts to apply such techniques in searching for SHEs in
products of heavy ion-induced reactions were unsuccessful.

3.1.2 Thermalizing Recoils

The recoiling EVRs are let thermalize in a gas. When the target thickness is equal
to (optimal) or larger than the nominal range of the recoils in the target material,
the spectra of the residual energies, and so also ranges of the recoils ejected into
the gas, span from zero to a maximum. In practice, the recoil separation efficiency
under optimal conditions is high, but never 100 percent. It is so because of the
fundamental phenomenon of “straggling” in the target, which results in wider (than
might be expected) energy and angular distributions of the recoils, and shortens the
projected ranges of the recoils. In addition, some local extra target thickness due
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to small variations can also cause some losses. If the target chamber volume is to
be small, then the optimal chamber depth equals the nominal range of the recoils.
For the TAE nuclei the range is some 5 cm in He or H2, and not more than 1 cm in
heavier gases.

In chemical experiments with the new elements, it is highly desirable to also pro-
duce, in parallel, their known and expected chemical (quasi)homologs. It requires
simultaneous bombardment of an appropriate lighter target element; thanks to a
larger effective cross section, the necessary mass of this additional target is relatively
small. Such a two-component target can be realized in different ways. Generally, it
is advantageous to use a homogeneous mixture of the two elements. It makes the
ratio of the yields of the homologous nuclides practically independent of the uneven
beam density profile over the target, which always changes with time. However, be-
cause the lighter recoils have longer range, it is not possible to guarantee that the
conditions of thermalizing and extraction from the target chamber are completely
identical for the recoiling TAE and its lighter homolog. Clearly, the larger range of
the lighter homologous nuclides must be taken into account when optimizing the
size of the chamber.

These minor disadvantages can be overcome by pasting a separate lighter target
onto the heavy one down the beam. The supporting foil of this additional target can
help to reduce the projectile energy to the individual optimum. From the chamber
side, the target layer may be covered by another degrading foil to make the spectrum
of the residual ranges in gas similar to that of the TAE. A serious drawback of this
variant is that the ratio of the yields of the heavy and lighter activities varies with
time because of the aforementioned unsteady beam density profile.

In the pioneering experiments on the circulating cyclotron beam (see Fig. 1.3),
the depth of the target chamber was much smaller than the recoil ranges in gas
discussed above. It was possible due to the strong magnetic field between the cy-
clotron poles, which made the charged and relatively low energy recoils move along
a small-diameter spiral.

The ejected nuclei are thermalized under ionization of the gas by the beam pen-
etrating the target chamber. It is still an open question whether this may affect the
chemical fate of the recoils. The available beams of heavy ions (O, Ne, Ca etc.)
have diameters in the millimeter to centimeter range, and intensities as high as a
few “particle microamperes” — pµA. The latter is a frequently used unit which de-
notes a beam of 6 × 1012 particles per second; when singly ionized, they give a
current of 1 µA. Table 3.2 presents the values of LET – the linear (per unit length)
energy transfer – and the full residual ranges of various heavy ions in several gases
at STP. When passing the target, the projectiles are stripped of almost all electrons,
and they remain highly charged along a large part of their range. The LET of the
projectiles is predominantly of “electronic” origin rather than due to atomic colli-
sions. Its values increase with the atomic numbers of the projectile and gas. In a
particular gas LET depends only on the atomic number and velocity of the particle.
Hence, it is the same for isotopes of an element with the same ratio EHI/AHI.

It can be seen from Table 3.2 that in the target chamber, which is optimized for
the few centimeter range of EVRs, a substantial portion of the beam energy is taken
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Table 3.2 Radiation Effects and Absorbed Energy Per Cubic Centimeter of Stopping Gas at STP

Gasa He N2 Ar
C p at STP
(MeV K−1 cm−3)

5.77 × 109 7.86 × 109 5.77 × 109

Heavy ion EHI
(MeV)

18O 90 48Ca 240 18O 90 48Ca 240 18O 90 48Ca 240

LET of HI in U
(MeV mg−1 cm−2)

1.6 8 1.6 8 1.6 8

LET of HI in gas
(MeV cm−1)

0.89 3.71 5.22 21.8 5.61 23.4

Range of HI in gas
(cm)

73 52 12.8 9.6 7.3 8.9

Energy absorption
rate in gasb

(MeV cm−3 s−1)

0.534 × 1012 2.23 × 1012 3.13 × 1012 13.1 × 1012 3.38 × 1012 14.0 × 1012

Ratio of absorbed
energy to C p at
STP

92 386 398 1670 586 2430

Energy deposited
per electron - ion
pair (eV)

31.7 [4] – 36 39 [5] 26 –

Production rate of
the pairs
(cm−3 s−1)

0.17 × 1017 – 0.87 × 1017 3.4 × 1017 1.3 × 1017 –

The heavy ion projectiles are 5-MeV per nucleon 18O and 48Ca, beam density is 0.1 pµA per
square centimeter (≡6 × 1011 cm−2 s−1). Beam power in watts is 0.1 × (EHI/MeV).
a Values for H2 are by 10 percent higher than for He, values for O2 and air are close to those
for N2
b Equals 6 × 1011s−1 × LET. The equivalents of 1 MeV are 1.602 × 10−6 erg and 1.602 × 10−13 J.

up by the gas. With a beam of 1 pµA per cm2, the absorbed power is very large com-
pared with the heat capacity of gases. Actually, there are several fundamental factors
and experimental circumstances which prevent heating the gas to hundreds or thou-
sands of degrees. First, not all the absorbed energy is directly converted into heat –
it is also emitted as radiation of different wavelengths and so rapidly transferred
to the (usually cooled) walls of the target chamber. Second, the gas expands upon
heating which makes the projectile range longer. Last, the true volume penetrated
by the beam within the chamber is often several times smaller than the total volume
of the chamber. On the other hand, the target assembly also contributes to heating
of the gas. Indeed, the target is typically a layer of a refractory oxide deposited onto
a supporting metallic foil; it absorbs a significant portion of the beam energy and
partly transfers it to the gas. Experience shows that the gas is considerably heated
by beams of the order of 0.1 pµA, which seems to be close to the highest inten-
sity in TAE gas phase chemical experiments performed to date. One more order of
magnitude may bring novel technical problems.

The data of Table 3.2 show that, primarily, the beams of a “standard” intensity
produce each second 1016 to 1017 electron–ion pairs per cm3. It goes to about one
percent of the 2.6 × 1019 cm−3 molecules present at STP. However, recombination
of the electrons with the molecular ions is fast – typical values of rate constants
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for pairs produced in air are 10−7 to 10−6 cm3 s−1 [6]. Evidently, the squared
steady state concentration of the ions nearly equals the production rate divided by
the recombination rate constant. In the present case, this concentration should be√

1017/10−7 cm−3 = 1012 cm−3. However, the concentration of various chemically
active atoms, radicals and molecules, including their excited and ionized states, may
be higher [6].

To date, most of the discoveries of the heaviest elements or their particular
nuclides have been done with sophisticated “on-line separators” performing on
exclusively physical principles: charged particles move in magnetic and electro-
static fields, in vacuum or in rarefied gas. The task is efficient in-flight separation
of the recoiling heavy evaporation residues from the beam of the bombarding par-
ticles, because they originally move along about the same lines. The separated rare
products are directed to spectrometric detectors of α particles and fission fragments.
The detectors are usually arranged in a high detection efficiency system, which is
capable of tracing even long decay chains of mother nuclides. Incomplete isolation
of the EVRs from the beam would deteriorate the detectors, and poor separation
from the unwanted by-products would produce a hardly manageable background in
counting. To achieve the necessary cleanness, the target should be thinner than the
recoil range of the EVRs, because to be guided by the physical fields the recoils
must possess energies above a certain minimum.

There are good prospects for using some simpler dedicated modifications or
varieties of the above separators to help future studies of TAE chemistry. Such
equipment will mainly serve to separate the recoils from the projectiles to avoid
the technical and principal problems due to the heat and ionization produced in
the target chamber by the heavy ion beam. A broader spectrum of recoil energies
is allowed and so also thicker targets. An ultimately efficient separation from the
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Fig. 3.1 Schematic of the Berkeley gas-filled separator (BGS) in combination with the Recoil
transfer chamber (RTC) as used in a particular experiment [7].

Reproduced from Nuclear instruments and methods in physics research A, 551(2-3), Dullmann
ChE, Folden CM, Gregory KE, et al., Heavy ion induced production and physical pre-separation
of short lived isotopes for chemistry experiments, 528–539, c© 2005 with permission from Elsevier.
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radioactive by-products of the bombardment is not required because many eventual
problems can be solved in chemical processing. Now, instead of hitting radiation
detectors, the evaporation residues leave the low-pressure or vacuum chamber of
the separator through a thin window. They enter a gas-filled chamber, being free
from the ionizating beam and from a large fraction of the simultaneously produced
interfering radionuclides. These important features open prospects for much broader
diversity of chemical experiments. A schematic of such an experimental setup [7] is
shown in Fig. 3.1.

Another project, TASCA – an experimental setup which includes a novel dedi-
cated magnetic system — is being built at GSI Darmstadt [8].

3.2 Rapid Synthesis of Volatile Compounds

At the very beginning of the transactinoid radiochemistry, diverse functions of the
gaseous reagents were of major concern. It was required that they:

• Rapidly react (chlorinate, oxidize etc.) with the nuclear reaction products to yield
the desired volatile compounds of the new elements; it was not at all clear if it is
possible only in the exceptional ionized medium, or also after the atoms become
thermalized or even adsorbed on the walls

• Inactivate possible harmful impurities in the working gas, even those not detected
by the available analytical techniques; the danger seemed to be in the formation
of stable compounds which could interfere in obtaining the desired chemical
form of the tracers

• Similarly to the previous point, block possible “active sites” with extra high
energy of adsorption on the surfaces of the gas ducts and chromatographic
columns

Problems raised by these requirements were like the following:

• It seemed that small bulk amounts of the “carrier,” a compound homologous to
that of the TAE, if introduced into the working medium, might take up at least
inactivation of impurities and of the extra active adsorption sites. If so, can heavy
losses of single atom tracers be avoided only by introducing almost “isotopic”
carriers?

• If other, “nonisotopic” chlorination agents and carriers can also serve the pur-
pose, then to what degree may their physicochemical properties differ from those
of the compound of interest?

• Does the experimentally observed “effective volatility” – that is, possibility of
transportation far from the target at certain temperature and gas composition –
follow the bulk volatility of the compounds closely enough?

The anticipated short half-lives made the outlined functions and questions vital.
Empirical studies of common binary compounds of the expected lighter homologs
of TAEs usually did succeed in finding a suitable chemical reagent, its concentra-
tion, working temperature and other conditions under which the known volatile
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compounds were rapidly obtained and transported. However, mere homology –
which, actually, is a rather vague term – cannot automatically guarantee that these
conditions are also suitable for the new heavy elements. For example, the heavier
homologs may not yield compounds of similar stoichiometry because of kinetic or
thermochemical factors. Evidently, a deeper insight into the problem and the mech-
anisms involved is needed. This is of primary importance because the emphasis in
chemical studies of TAEs is not just on chemical identification of still heavier ele-
ments. The interest naturally extends to the studies of both qualitative and quantita-
tive differences in behavior of the particular TAE and of its nearest lighter homolog
in possible detail. While chemical processes in gases are relatively simple, separa-
tion of tracers also involves interaction with surfaces, which is much more difficult
to treat rigorously. Without understanding of the underlying mechanisms, the mere
fact that the experiments gave results in the range consistent with reasonable expec-
tations cannot bring any intellectual satisfaction.

The pioneering studies performed with chlorides at Dubna in the early 1960s
had to answer at least some of the above-listed fundamental questions before pro-
ceeding to the studies on the inner circulating beam of the U-300 cyclotron. With
a simple apparatus showed in Fig. 1.2, the experimenters [9] sought to achieve fast
and efficient processing of single atoms in the “mildest” possible atmosphere (low
concentration of weakly corrosive reagents), at the lowest possible working tem-
perature. They investigated chlorination and transportation of the fission products –
17-h 97Zr, 101,102Mo and some Ln isotopes. The percentage of this activity trans-
ferred into the trap, the chemical yield, could be evaluated rather accurately. It was
measured as a function of the gas phase composition and of the temperature regime.
In addition, several time regimes of target bombardment and of switching of the car-
rier gas flow were tested. The recoiling fission products were thermalized in various
carrier gases (air, N2, CO2, Ar or Cl2) in the absence or presence of vapors of dif-
ferent molecular chlorides. These were, first, ZrCl4 and MoCl5, the truly “isotopic”
carriers (in the traditional radiochemical terms) for 97Zr and 101,102Mo, respectively.
Next were various “nonisotopic” carriers – SeCl4, SnCl4, TiCl4, NbCl5, TaCl5 –
as well as MoCl5 for 97Zr and ZrCl4 for the isotopes of Mo. Thus, the physicochem-
ical properties of the nonisotopic carriers differed from the properties of the isotopic
carriers to various degrees.

The chemical yields were measured at ≤ 180 ◦C; higher working temperatures
were not explored because of technical problems. The experimental regime mostly
consisted in bombarding the target with neutrons, during several hours in the case
of 97Zr, while the ampoule was heated and continuously flushed with gas con-
taining the reagents. The major results were the following: the employed gases,
including Cl2, did not transport Zr and Mo tracers. However, in the presence of
the truly isotopic carriers (see above), the activities were efficiently transported.
Moreover, the nonisotopic carriers MoCl5, NbCl5, and TaCl5 were also effective in
transporting 97Zr, but TiCl4, SnCl4 and SeCl4 were not. Later, with more sophisti-
cated equipment, it was found that temperatures above 200 ◦C allow using TiCl4 and
SOCl2 for the Zr tracer. The efficiency of transportation of 97Zr by NbCl5 and other
carriers did not depend on the nature of the supporting gas. Transportation of 97Zr
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and 101,102Mo depended on the temperature of the gas duct. Rare earth elements
were not transported under any tested conditions.

Because the presence of free chlorine proved unnecessary, all the investigated
carriers could, to some extent, play the role of chlorination agents. Even the thermal-
ized atoms adsorbed on PTFE could be chlorinated. It was deduced that the carrier
may be considerably more volatile than the transported compound, though the losses
would increase, presumably due to adsorption. A strong temperature dependence of
the processes was observed. Though these indications were necessarily rough, the
behavior of various tracer elements seemed to correlate with the volatility of the
expected chloride or oxychlorides.

3.2.1 Experimental Findings on Kinetics

One of the basic requirements is to synthesize the desirable compounds and to
rapidly transport them to the equipment for chemical experiments. The time spent
to accomplish such processes and its probability distribution can be properly de-
termined only when a radioisotope of the element under study can be produced in
a quantity that can be easily and accurately measured. It has never been the case
for the transactinoid elements. Rough estimation of the chlorination time of Zr and
Mo was done in the model experiments described in the above Section (see also
Fig. 1.2). The ampoule was filled with pure inert gas, then closed and bombarded
for some time with neutrons at ambient temperature. Thus, the thermalized fission
products were accumulated on the walls. Then the ampoule was heated and flushed
for a short time with the gas containing a reagent. Most of the activity got transferred
into the trap in 30 seconds or so; it involved a mean gas hold-up time of 15 seconds,
so that the actual upper limit of the chlorination time could be set as 15 seconds.

Advanced measurements of the sum of the mean hold-up, chlorination and net
retention times – down to tenths of a second [10] – could be done by exploit-
ing the basic equipment for the cyclotron experiments depicted in Sect. 1.2.2 and
Fig. 1.3. The 4-m tube, which served for transportation of the volatile species from
the target region to the detectors of radiation, also performed as an isothermal chro-
matographic column. At its exit there was mounted the device shown in the top of
Fig. 3.2. Two heated valves served to commute the out-going gas between two traps
for the de-sublimed reagent, which scavenged the transported radionuclide from the
gas. To accumulate enough activity, an elementary elution experiment had to be
repeated many times. To this end, the cyclotron beam was periodically switched on
and off for equal time intervals, as shown by the first line in the bottom of Fig. 3.2.
(This brought some technical problems in operating such a large machine). The
valves were actuated in a similar regime – the trap A was opened and trap B kept
closed when the beam was on, and vice versa when the beam was off, with just a
short time shift to allow for the gas hold-up time in the tube. It is illustrated by the
two bottom lines, which show the ideal and the expected actual profile of the activity
concentration in the gas at the tube branching. Obviously, if the measured delay time
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Fig. 3.2 Measurement of short elution time in an IC experiment on the accelerator beam by syn-
chronous timing of the beam and two traps for exiting activity [10]; see text.

Reproduced (adapted) from Radiokhimiya, 9(2), Zvara I, Zvarova TS, Caletka R, Chuburkov YuT,
Shalaevskii MR, Express continuous separation of transition elements of groups III and IV, 231–
239, c© 1967, with permission from Academizdatcenter “Nauka” Publishers.

is shorter than the beam on–off intervals, the activity must be found mostly in the
trap A. The physicochemical conditions were identical to those in the later experi-
ments on chemical identification of Rf. With 1.4 second on–off intervals and a gas
hold-up time of 0.15 seconds in the 4-m tube, the ratio of activities of long-lived
Hf isotopes found in the traps was A/B = 3.5 ± 0.5. Assuming the ideal form of
the elution curve, the sum of the mean chlorination and net retention times could be
estimated as 0.3 seconds or less.

In the first experiments ZrCl4 was one of the chlorinating agents. It was expected
to be a nearly isotopic carrier, not only for HfCl4, but also for RfCl4. In the first
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thermochromatography of RfCl4 [11], the reagents and carriers were SOCl2 plus
TiCl4; they were obviously not that similar in properties to the main object of the
study. Therefore, the elution time of Hf isotopes had to be checked again. To that
end, the gas jet exiting the high temperature section of the column (cf. Fig. 1.4) hit
the periphery of a cold rotated disk. HfCl4 was deposited on the surface with high
yield by adsorption, producing a ring. The much more volatile nonisotopic carriers
were sucked off. In the particular tests the beam was on for 0.4 seconds and off for
some 3 seconds. The cycle was again repeated many times; rotation of the disk and
timing of the cyclotron beam were strongly synchronized again. This yielded a true
elution curve shown in Fig. 3.3. It provides evidence for the high average rate of
processing and indicates the extent of tailing in the total retention time.

The described techniques with blinking accelerator beam are quite cumbersome.
Of course, mere observation that a short-lived radionuclide appears at the exit of
the column indicates that the retention time is of similar order as the half-life. How-
ever, more precise measurements would require an independent determination of
the initial activity released from the target. In the case of short-lived nuclides, the
traditional simple catcher experiments can again be realized only by repeated bom-
bardments and with the use of some technical tools.
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Fig. 3.3 Elution curve of Hf isotopes resulting from multiple cycles of a short bombardment fol-
lowed by a longer beam-off interval [11]. The hatched area (the activity produced at beam-on)
equals that under the histogram.

Reproduced (adapted) from Radiokhimiya, 14(1), Zvara I, Belov VZ, Chelnokov LP, Domanov VP,
Hussonois M, Buklanov GV, Korotkin YuS, Schegolev VA, Shalayevsky MR, Chemical isolation of
kurchatovium, 119–122, c© 1972, with permission from Academizdatcenter “Nauka” Publishers.
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3.2.2 Thermochemistry and Kinetics — Chlorination in Gas

The reactions of recoil atoms with chlorinating reagents (carriers) are considered in
some detail to outline a general approach. It might be of use especially when it is
desirable to avoid high working temperatures.

If the interactions proceed under the beam (in the target chamber), the atoms
(ions) may still possess extra excitation energy and “hot” reactions at the initial
stages cannot be excluded. However, the above-cited studies with the isotopes of
Zr and Mo, which originated as fission fragments, proved the possibility to produce
volatile compounds rapidly even after the recoil atoms have lost any extra energy.
Similar observations were made in the experiments on the cyclotron beam; cf. the
middle of Fig. 3.2. Here the recoil atoms were thermalized in pure nitrogen gas
and in some hundredths to tenths of a second were transported to the point where
the chlorinating agents were applied. On that way, typically, one-third of the atoms
irreversibly adsorbed onto the walls; they were lost for experimentation. Beyond
the point, all atoms were chlorinated. Strictly speaking, it is not known in what state
they existed when interacting – whether mostly yet in gas or after getting adsorbed
on the walls.

The synthesis of higher halides is easier to discuss if the interactions proceed
in the gaseous phase [12]. From the point of view of thermodynamics, conversion
of the atomic tracers through the reactions with halogen containing reagents must
be practically complete, even at small equilibrium constants, because of the over-
whelming concentration of the carrier. For example, almost any chlorine-containing
gaseous compound is capable of chlorinating the recoil atoms of Zr, producing
ZrCl4. This is corroborated by a non-thermodynamic argument: in practice, the
products of a reaction involving the tracer cannot meet again in a reasonable time
to realize the reverse reaction. This argument will be quantitatively discussed in
Chapter 6.

Generally, thermodynamics as such cannot say anything about the mechanisms
of producing higher chlorides, and so about the duration of chlorination, which is of
our major concern. Therefore, we need a plausible scheme of the interaction steps.
Chlorination through a reaction like 97Zr+TiCl4 → 97ZrCl4 +Ti seems unrealistic.
It would require complex rearrangement of the participating atoms. Reactions pro-
ceeding through steps requiring triple and higher multiple collisions, for example
97Zr + TiCl4 → 97ZrCl4 + 4TiCl3 as an extreme, are completely improbable. Our
conclusion is that the mechanism yielding 97ZrCl4 is a sequence of several bimole-
cular steps, each of which mostly results in transfer of only one chlorine:

97Zr + TiCl4 → 97ZrCl + TiCl3
97ZrCl + TiCl4 → 97ZrCl2 + TiCl3

97ZrCl2 + TiCl4 → 97ZrCl3 + TiCl3
97ZrCl3 + TiCl4 → 97ZrCl4 + TiCl3
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The transfer of two chlorines at a time like

97Zr + TiCl4 → 97ZrCl2 + TiCl2.

might play some role, especially as the first step.
Reactions of the types listed above must be characterized by a relatively small

entropy change. Hence, a thermodynamic equilibrium constant is small only if the
enthalpy change is highly positive. On the other hand, the activation energy Eact
of a reaction cannot be less than its enthalpy change: Eact ≥ �r H . Then, given
the half-life of the nuclide and the working temperature, any bimolecular step is
inevitably slow for the purpose if �r H is higher than certain value. When such
a critical step cannot be bypassed, there is not enough time to obtain the volatile
(weakly adsorbable) compound. The limit can be estimated, taking into account that
in a bimolecular reaction, the concentration of non-reacted molecules of the tracer
exponentially decreases with time, because the reaction has pseudomonomolecular
kinetics. The mean duration of reaction is (cf. Eq. 2.14)

τr = eEact/RT

Z1,2 P
= eEact/RT

πn2ω
2
1,2u1,2 P

(3.2)

where n2 is now the concentration of the reagent (carrier) and P ≤ 1 is the steric
factor. In other terms, the rate constant of bimolecular reaction kr1,2 is

kr1,2 = πω2
1,2uµ PeEact/RT (3.3)

and its maximum possible value, in the absence of any steric or energetic hindrance,
is πω2

1,2u1,2 ≈ 10−10n2. Because n1,2 P ≤ 10−10n2, the shortest possible mean
interaction time is:

τr ≥ 1010

n2
eEact/RT (3.4)

Hence the chlorination is fast enough, that is, its time does not exceed tλ, pro-
vided that

Eact

RT
< ln(10−10n2tλ) (3.5)

For example, at T = 300 K, t1/2 = 10 s, and n2 corresponding to 0.01 bar (see
Eq. 2.3 and below it), only Eact values less than some 48 kJ mol−1 are “permissible;”
the limit becomes 80 kJ mol−1 at 500 K.

Notice that the above limit holds only for the values of Eact: the inequality by
Eq. 3.5, when rewritten for the value of the enthalpy change in reaction is only a
necessary, but not at all sufficient, condition for �Hr.

Unfortunately, there is no broadly valid relation between the two quantities. The
activation energies of the above chlorination reactions and analogous interactions
of concern in this book have not yet been reported, and their calculation from the
first principles seems difficult. Meanwhile, the above supposed chlorination steps in-
volve atoms and molecules of lower halides – “the species with unpaired electrons
on an otherwise open shell configuration” – which is exactly the IUPAC definition
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of free radicals. Numerous kinetic data are available in literature for the reactions
of organic radicals abstracting atoms from molecules; the results of studying inor-
ganic radicals are much fewer. The original findings about regularities in the Eact
values were due to Evans and Polanyi [13]. Later, Semenov [14] proposed a general
correlation between Eact and �r H :

Eact ≈ 43 + 0.25�r H kJ mol−1 (3.6)

It is valid for both endothermic and exothermic bimolecular reactions between
simple radicals and molecules (mostly organic) in gaseous phase. Semenov
realized that the coefficients of the correlation formula may differ somewhat for
individual classes of the reaction partners. Ref. [15] reviews the empirical mod-
els of radical abstraction. A rationale for the above correlation was provided by
Morse or Lennard-Jones who considered the potentials of overlap in the reacting
partners [16].

According to Eq. 3.6, all exothermic reactions have activation energies less than
some 43 kJ mol−1. From Eqs. 3.5 and 3.6 it follows that the reactions are fast, even
at ambient temperature.

The experimental data obtained so far on reactions somewhat similar to ours
are for the atoms of H, F, Cl, Br and B interacting with the molecules of fully or
partially halogenated methanes. The rate constants of exothermic reactions of boron
abstracting one halide atom from various (mixed) tetrahalides of carbon [17, 18],
silicon and germanium [19] were found to be in the range 10−10–10−14 cm3 s−1

at ambient temperature (except for the case of CF4 and SiF4). It means that their
activation energies are not higher than 22 kJ mol−1. The transfer of two halide atoms
was not expected to compete with the abstraction of just one. Below, we will assume
that Eq. 3.6 approximately holds also for the chlorination reactions of our concern.

3.2.3 Synthesis of (Oxy)chlorides of Group 4 and 6 Elements

The two figures given below allow finding and analyzing conceivable paths of chlo-
rination of group 4 and 6 elements by certain reagents. Included in the figures are the
gaseous compounds for which the formation enthalpies are known or can be reason-
ably guessed. Figure 3.4 displays thermochemical data for the simple bimolecular
reactions involving zirconium, which might take place when the reagents are SOCl2
or TiCl4, like in the thermochromatographic experiments with Rf chloride. In this
case the two diagrams start with atoms and allow also for the reactions with oxy-
gen. Notice from the data that many oxides of transition metals are rather reactive
in gaseous state — the refractory properties and chemical inertness of the appro-
priate solids results from the extremely high energy of their ionic crystal lattices.
Interactions with nitrogen were not considered despite that N2 often serves as the
carrier gas and is difficult to remove if present as an impurity. The reason is that the
reaction

Zr(g) + N2(g) = ZrN(g) + N(g)
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Fig. 3.4 Different imaginable ways of transformation of Zr atoms into ZrCl4 molecules in the
interactions with TiCl4 (a) and SOCl2 (b) in gaseous phase [12]. The reacting constituent of the
gas and the resulting species are indicated above and below the arrow, respectively; the enthalpy
of reaction in kJ mol−1 is given in the gap of the arrow. At the formulae of gaseous compounds of
Zr are given their standard formation enthalpies (in the parentheses).

Reproduced from Pure and Applied Chemistry, 53, Zvara I, Problems in the identification of new
elements, 979–995, c© 1981, with permission from IUPAC.



3.2 Rapid Synthesis of Volatile Compounds 69

has an extremely large enthalpy change of +380 kJ mol−1. The figure for

Zr(g) + O2(g) = ZrO(g) + O(g)

is considerably smaller, 267 kJ mol−1.
The data for zirconium in Fig. 3.4 do reveal paths from an atom to the tetra-

chloride through bimolecular steps, all of which have negative enthalpies, involve
radicals and do not require deep rearrangement of the atoms of reacting entities. In
the first place, it is the sequence postulated in Sect. 3.2.2 for TiCl4 as the reagent
and an analogous one for SOCl2. Some of the used thermochemical data may be
of poor accuracy, which is evidenced by differences in the values recommended
by renowned sources [20–25]. Nevertheless, the steps along these paths can by no
means exceed the above limit �r H > 80 kJ mol−1 because the enthalpy change
is mostly determined by the energies of the corresponding ruptured and newly
formed bonds.

The interpretation might not be that straightforward with TiCl4 as the only agent,
taking into account the possible initial interaction of Zr atoms with oxygen. The
problem might be clarified if the formation enthalpies of gaseous TiOCl or ZrOCl
were known. The original diagram comes from Ref. [12] and contains thermochem-
ical data taken from Refs. [20,21]. Those for ZrCl2 and ZrCl3 today seem inconsis-
tent – in Fig. 3.4 they are replaced by novel information from [24, 25].

Figure 3.5, using the data of the IvtanThermo base [22, 24], displays a part of
�r H data diagram for the reactions of gaseous compounds of Mo and W. The
active components of the gas were nominally SOCl2 + O2 with a little excess of
oxygen. According to the thermodynamic calculations using the same database, in
the range of working temperatures 300 to 700 K, the two components must react to
yield Cl2, SO2 and SO3, leaving no untouched SOCl2. However, a mass spectro-
metric analysis of the gas exiting the column revealed O2, SOCl2 and SOCl, plus

Fig. 3.5 Chlorination of group 6 elements from the oxidation state IV to state VI with SOCl2 in
the presence of O2 [26]. See the legend of Fig. 3.4 except for the nuclear-reaction-like notation of
the chemical interactions used in the present Figure.
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a little of Cl2, SO2 and HCl. The hold-up time in the hottest part of the column
(700 K) was probably too short to approach the equilibrium composition. All the
actually present agents were included in the analysis.

In Fig. 3.5 the bimolecular reaction steps that yield compounds with the stoi-
chiometry MCl4, MOCl2 and MO2 are not shown; their thermochemical character-
istics are similar to those for Zr compounds in Fig. 3.4. Notice that WCl6, not to
mention MoCl6, could hardly come out, while there are many exothermic ways to
convert WIV and MoIV compounds into MVI oxychlorides. Thus, from the point of
view of the kinetics, both W(Mo)O2Cl2 and W(Mo)OCl4 can be expected as the end
products, because the reactions W(Mo)O2Cl2 + SOCl2 = W(Mo)OCl4 + SO2 are
exothermic with �r H = −46(−39) kJ mol−1. The MV species are not discussed
because MIV,VI compounds are preferable as to the thermochemical characteristics.
These considerations will be taken into account in Sect. 5.7.4, when suggesting two
possible chemical states and peculiar transport mechanisms to explain the results of
comparative thermochromatography of W and Sg.

3.2.4 Chlorination in the Adsorbed State

As mentioned above, in real experiments the required volatile compounds could
be obtained from the atoms, which became adsorbed on the walls. The number of
the gaseous reagent molecules striking an adsorbed tracer entity per second differs
from the collision rate of the gaseous tracer only slightly, by the factor u1,2/u2; cf.
Eq. 3.3. However, the formation enthalpies of the tracer entities in adsorbed and
gaseous state are very different because of the adsorption enthalpy. The latter must
be highly negative, especially for the lower halides – the nonvolatile intermediates.
This fact can strongly affect the enthalpy change in reactions.

Adsorption enthalpies of tracer entities on the surfaces of silica, metals, poly-
mers and other materials contacted in experiments are not known. The values on
truly bare surfaces may be very different for materials of a dissimilar nature. On the
other hand, in the experimental studies with halides, at least the surface of columns
seems to be deeply modified – densely covered by chemically bound fragments of
the reagent molecules. This fact will be discussed in detail in Sections 5.3.4, 5.3.5
and 5.6. For example, most probable structures on the surface of silica modified by
TiCl4 seem to be ≡Si–O–TiCl3, (≡Si–O–)2TiCl2, as well as ≡Si–Cl. If so, the
adsorbed unsaturated tracer entity contacts mostly with these fragments rather than
with the original surface of the adsorbent. Now the entity can realize its reactivity
by also abstracting nearby chlorine atoms, which are directly or indirectly tied to
the surface. On the surface densely covered by the grafted reagent, the tracer should
“feel” nearly like in liquid TiCl4. In particular, it may experience as many as 1011

to 1012 collisions with the neighboring chlorines per second — by some five orders
of magnitude more frequent than in a carrier gas with 1 percent of TiCl4 vapor.

The much higher collision rate considerably increases the tolerable activation
energy of interaction compared with the reaction in gas. According to Eq. 3.5, the
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activation energy limit becomes higher by RT ln 105. It is an important factor in
favor of chlorination in the adsorbed state. However, the difference in the energetics
of interactions because of the negative adsorption enthalpy is a strongly competing
factor. In the specific case of the surfaces modified by halogenating reagents, there
is a way to make some estimates of the adsorption enthalpy. They are based on an
empirical correlation to be discussed in length in Sect. 5.6. Briefly, the adsorption
enthalpy is close to the desublimation enthalpy of the solid adsorbate. We empha-
size that such estimates are very rough, the more so as the available data on the
sublimation energies of the lower halides are not always accurate.

As an example we will consider the reaction

≡Si–O–TiCl3 + ZrCl3(ads) = ≡Si–O–TiCl2 + ZrCl4(ads)

Its enthalpy change must be more positive than in gas (cf. Fig. 3.4) by about
130 kJ mol−1, which is the difference of the sublimation enthalpies of ZrCl3 and
ZrCl4. With such a correction, the enthalpy of this step of chlorination of Zr atoms,
which happens to be −132 kJ mol−1 in gas (see Fig. 3.4), may be about zero on the
surface. Provided that Eq. 3.6 is still valid, chlorination on the surface is fast enough
for the purpose. It is illustrated by the data of Table 3.3.

So far, we have left aside the question whether the change in the structure of the
fragment modifying the surface might also bring a contribution. We would expect
it to have an opposite sign than that due ZrCl3–ZrCl4. Let us consider an obviously
extreme situation. It would be the reaction

TiCl4(ads) + ZrCl3(ads) = TiCl3(ads) + ZrCl4(ads).

The enthalpy of this reaction would evidently gain one more, this time negative
contribution, approximately equal to the difference between the sublimation ener-
gies of the two Ti compounds. In the particular case, this would markedly compen-
sate the contribution from the zirconium chlorides. Thus, when a priori neglecting
the possible contribution from the surface, we obtain a safer margin to judge whether
the reaction on surface is fast enough.

Let us go to the allowable reaction enthalpies. We have seen from the concrete
example that the �r H value for a reaction on surface can be much less negative than
for the essentially similar reaction in gas. Very probably, with other combinations
of the reaction partners, some of the halogenation steps may have positive �r H .
Hence, it is not any more guaranteed that they are fast enough. Evidently, �r H

Table 3.3 Limits for Quantities which Govern the Kinetics of Halogenation of Thermalized
Recoils

Units Reactions in gas Reactions on surface
Temperature K 300 500 700 300 500 700
RT ln 105 kJ mol−1 34 57 80
Allowed a/ Eact kJ mol−1 ≤48 ≤79 ≤108 ≤82 ≤136 ≤188
Allowed �r H kJ mol−1 ≤1 ≤9 ≤16 ≤10 ≤23 ≤36
a In gas — from Eq. 3.5; on surface — that in gas plus RT ln 105
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must simultaneously obey the correlation 3.6 and the condition Eact ≥ �r H . Then
the allowed values are �r H ≤ (Emax

act − 43)/4. Table 3.3 gives some figures related
to typical temperatures of the experiments.

Needless to say, this section has presented a largely mental picture, not suffi-
ciently substantiated by direct experimental data on the energetics of the processes
involved. Posed questions call for carefully designed experiments with various
reagents at different temperatures, concentrations and so forth. They could provide
important evidence in favor or against the proposed picture. Studies along these lines
also seem to be important in view of the prospective use of the compounds with the
organic ligands, which may bring problems with kinetics.

3.2.5 Chemistry on Hot Aerosol Filters

The experiments with aerosol transportation of nuclear reaction products to the
equipment for gas-phase chemistry include the use of filters, which serve to re-
move and absorb the aerosol matter from gas, as well as to enhance synthesis of the
desired compounds of tracers. To date, the aerosols of various alkali metal halides,
MoO3 and elemental metals (Ag, Pb, C, Pd) have been utilized. The filters have
been mostly varieties of silica (wool plug, powder), but also some crystalline salts.
The synthesis is performed by introducing some gaseous reagents into the aerosol
flow right ahead of the filter. Its temperature is chosen empirically; it is typically
1,300 K or somewhat higher. Ref. [27] reports 800 ◦C as the lower limit of satis-
factory performance of a quartz wool filter for organic clusters carrying nuclear
reaction products. Vahle, et al. [28] measured the efficiency of a quartz wool filter
in absorbing barium activity carried by MoO3 aerosol. Chemical reactions yielding
the desired volatile species have not been discussed in any detail.

The high temperature of filters is an essential difference with the in situ synthesis
of the required compounds at moderate heating, which was considered in the pre-
vious section. Occasionally, high temperature might enhance using the molecular
halogens and hydrogen halides as halogenating agents. It can be discussed only for
the reactions in gaseous phase; possible influence of the solid matter of the aerosol
and filter is not clear. Here are some examples of the reactions for which the data
are available (enthalpy is given for molar amounts):

• ZrO(g) + Cl2(g) = ZrCl2(g) + O(g) �r H = 49 kJ
• ZrO(g) + HCl(g) = ZrCl(g) + OH(g) �r H = 315 kJ
• Zr(g) + HCl(g) = ZrCl(g) + H(g) �r H = −20 kJ
• ZrCl3(g) + HCl(g) = ZrCl4(g) + H(g) �r H = −45 kJ

Hickmann, et al. [29] investigated how different chlorination agents (HCl,
Cl2, SOCl2 and CCl4) affect the appearance of the thermochromatogram of fission
products of uranium; see Sect. 1.5.3 and Fig. 1.22 herein. The reagents, as well as
Ln and Zr among the separated fission products, are of interest in the context of
the present discussion. These important data deserve a detailed analysis of what
concerns the chemical mechanisms involved.
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3.3 Scavenging of Gaseous Chemically Active and Radioactive
Impurities

A principal advantage of working with the short-lived nuclides in gaseous phase is a
safe upper limit for the permissible concentration of any chemically active contami-
nation. Indeed, the chemical fate of the recoil atom cannot be affected when its col-
lisions with the contaminations are improbable because of the short lifetime. Equa-
tion 3.4 shows that the safe concentrations are smaller than about 109/t1/2 cm−3.

3.3.1 Removing Water and Oxygen

In the first experiments with Rf and Db, which were characterized by huge flow
rate of the carrier gas consisting mostly of nitrogen, the halogenating compounds
fulfilled all three functions indicated in the introduction to Sect. 3.2. In particular,
they scavenged the possible minor contaminations of nitrogen by water vapor and
oxygen. These were supposed to be the most harmful trivial impurities, in view of
the optimal path, and so the kinetics of chlorination. An example is the study of
niobium bromide [30, 31] as a model of the behavior of dubnium. With helium and
Br2 vapors only, it proved possible to obtain volatile compounds of Ge, As, Se, Ga
and Zn, but not such of Zr, Nb or Ta. As soon as BBr3 was added to the gas, volatile
compounds of Hf, Nb and Ta were produced with high yields. The two reagents were
present in the carrier gas already at the inlet of the target chamber made of nickel.
Thanks to their low corrosivity, it was possible to realize true in situ synthesis of the
required tracer compounds.

BBr3 is a well-known active brominating agent in macrochemistry, capable of
converting solid oxides of transition and other metals into higher bromides. In prin-
ciple, the gaseous molecules of oxides, or even those adsorbed on the surface, might
be brominated. However, it is not evident that such reactions are fast enough. The
authors of Refs. [30,31] were inclined to believe that it was namely thorough purifi-
cation of the gas from water and oxygen, which made fast synthesis of the higher
bromides of Nb, Db possible when BBr3 served as an active component of the gas.
The reaction

2BBr3(g) + 3H2O(g) = B2O3(c) + 6 HBr(g)

has a free enthalpy change of �rG = −364 kJ so that an equilibrium constant is as
large as ≈1040. The reaction

BBr3(g) + 3H2O(g) = H3BO3(c) + 3HBr(g)

is characterized by �rG = −211 kJ.
At some typical concentrations of the reagents, straightforward equilibrium cal-

culations yield a residual content of free water and oxygen molecules by several
orders of magnitude smaller than the permissible one (vide ante). The above gross
reactions very probably also proceed through some simpler steps like

BBr3(g) + H2O(g) = HBr(g) + HOBBr2(g),
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which must be exothermic by �r H = −60 kJ mol−1.
Similarly, in the experiments on chlorides, with SOCl2 and TiCl4 vapors in the

carrier gas, water and oxygen impurities must be rather efficiently removed through
the reactions

SOCl2(g) + H2O(g) = SO2(g) + 2HCl(g);
SOCl2(g) + O2(g) = SO3(g) + Cl2(g); or

TiCl4(g) + 2H2O(g) = TiO2(c) + 4HCl(g).

They are characterized by �r H equal to 67, −176, and −1001 kJ mol−1, respec-
tively. The detailed kinetics of the reactions is undoubtedly fast.

Notice that, under intense beam, the steady concentration of the products of
radiation-induced reactions like (excited) molecules, atoms and radicals can exceed
the limit for the contaminations; see Sect. 3.1. Whether this might be a real danger
has not yet been discussed in the literature on heavy element chemistry. In any case,
one must keep in mind the above estimates when introducing reactive (in broad
sense) gases into the target chamber. To date, the only reagents directly applied into
the target chamber for real in situ chemical conversion or stabilization have been
bromine and BBr3 to produce bromides, hydrogen to support the metallic state,
oxygen to produce higher oxides and water vapor to produce oxide hydroxides.

3.3.2 Chemical Filter After the Target Chamber

Experiments with the most volatile elemental tracers or their volatile oxides do not
require aerosol transportation. Thanks to the non-corrosive environment, it is pos-
sible to place some chemical filters at the exit of the target chamber to remove
the elements which might interfere in the measurements of radiation of the desired
products of nuclear reactions. The problem is not only decontamination from the
unwanted heavy nuclides which emit alpha particles and undergo spontaneous fis-
sion. The reactions of nucleon transfer between the projectiles and the target, or the
carrier gas, yield many relatively light radionuclides “around” the projectile or the
nuclei of the carrier gas. Some of these activities are produced with highly effective
cross sections. They mostly emit β particles and may negatively affect spectromet-
ric quality of the charged particle detectors, when deposited on their surface. This
can be an acute problem when using argon as the carrier gas, as well as with the
projectiles like the isotopes of calcium.

Zhuikov [32] was concerned with a broad task — the use of chemical volatiliza-
tion, active filters in gases and thermochromatography for separation of elements in
all regions of the Periodic Table. He investigated behavior of the elements at high
temperature (1,100 ◦C) in hydrogen or oxygen flow, as well as their interaction with
silica (tubes) and deposition on chemical filters. Great parts of his data, which are
summarized in Ref. [33], are of interest for experimenters in heavy element studies.
Some of his observations are outlined in Table 3.4.
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Table 3.4 Chemical Volatilization of Elements and their Deposition on Silica Tube or Chemical
Filters

Atmosphere Behavior Elements
Volatilized halogens,

Zn, Se, Cd, In, Sb, Te, Hg,
Tl, Pb, Bi, Po

Hydrogen Slightly
volatilized

Mn, Cu, Ga, Ge, As, Ag,
Au, Sn

Volatilized, react
with silica

alkali metals, alkaline earth
metals, “divalent” Ln and
An: Sm, Eu, Tm,Yb, Cf, Es,
Fm, Md

Volatilized, do
not react with
silica

halogens,
Zn, Ag, Cd, Os, Ir, Au, Hg

Oxygen Slightly
volatilized

(Pd), (Re), (Pt)

Volatilized, react
with CaO filter

Se, Mo, Tc, Ru, Rh Te, W,
Re Pt, Bi, Po

3.3.3 Diffusional Deposition of Nonvolatile Species in Gas Ducts

The mathematics of the irreversible diffusional deposition in circular and rectan-
gular channels was considered in Sect. 2.2. These regularities are related to the
experimental problems of two kinds. First, when the radioelement wanted for study
is converted into a volatile compound, either for the purpose of chemical studies or
for easy transportation by the gas flow away from the target, some of the initially
present interfering radionuclides yield compounds, which are strongly adsorbable
on the walls of the channel; they get deposited in the duct, providing a profitable
preliminary decontamination. Second, the carrier gas inevitably contains some hid-
den aerosol particulates (or molecular clusters) of various origin, concentration and
size. These can nonselectively adsorb nonvolatile molecular entities from the gas
and transport them a long distance. This way they may seriously hamper achiev-
ing the highest possible decontamination factor from truly nonvolatile species. The
aerosols can also simulate a higher than actual volatility of compounds. For ex-
ample, in the isothermal chromatography experiments on RfCl4 [34] with CCl4 as
the reagent, a nonzero survival yield of 261Rf persisted, even at very low tempera-
tures of the column. It was obviously due to the aerosols from the thermal destruc-
tion of CCl4.

The mathematics of diffusional deposition is the same for particles ranging from
atoms to aerosol particulates. Because of smaller diffusion coefficients, tiny aerosols
deposit more slowly than do the molecular entities.

Figure 3.6 displays graphs of the pertinent formulae for the laminar flow regime
from Sect. 2.2. They describe the profile of the deposit density ϕp(zψ) and that of
penetration Fp(zψ) – the fraction of the adsorbable particles still staying in gas at
the exit of the channel. Notice that the reduced distance also equals the ratio of the
doubled gas hold-up time tg in a tube of the length z to the average time needed by
the particles to diffuse across the channel diameter dc:
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Fig. 3.6 Top: Density profile of an irreversibly adsorbed species deposited from laminar flow in
circular tubes. The reduced distance is zψ = ψOz = π Dz/Q. Analytical solution for hydrody-
namically developed flow is given by Eqs. 2.47 (near inlet) and 2.44 – corresponding parts of the
curve are divided by the thick mark; the engineering approach is Eq. 2.59 with Sh from Eq. 2.54. In
the case of hydrodynamically developing flow, ψ taken from Eq. 2.61 was substituted into Eq. 2.59.

Bottom: Penetration of an irreversibly adsorbable species through circular tubes in laminar flow.
Analytical solution for the developed flow is Eq. 2.43, that engineering is Eq. 2.58 with Sh from
Eq. 2.57. Engineering formula for the developing flow is Eq. 2.57 with Sh substituted from
Eq. 2.61; penetration values for some reduced distances larger than 0.5 are shown in the right
bottom corner.
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ψ©z = πDz
Q

= πd2
c z

4Q
4D
d2

c
= 2tg

2D
d2

c
(3.7)

In practice, it is difficult to introduce the radioactive nuclides into streaming car-
rier gas without disturbing the hydrodynamic patterns of the flow. Still, the analyt-
ical and engineering solutions to the problem of hydrodynamically developed flow
proved useful in mathematical simulations of the gas-solid (thermo) chromatogra-
phy (see Sect. 4.4). The two solutions are compared in the top of Fig. 3.6; their
agreement is reasonable.

The case of both diffusionally and hydrodynamically developing flow is directly
related to most experimental situations. For example, this regime takes place in the
initial section of the tubing attached to a target chamber. The initial disturbance
intensifies deposition of nonvolatiles and requires some distance and time to relax.
Figure 3.6 shows that a very large fraction of adsorbable particles is deposited
just behind the tube inlet: in particular, deposition of 99 percent of them within
zψ ≤ 0.05 is guaranteed. Sooner or later, the profiles of the penetration function
and of the deposit density become almost strictly exponential; they are character-
ized by the mean reduced deposition length 1/3.657, and the mean deposition length
1/3.657ψ©.

There are several engineering solutions available for both hydrodynamically and
diffusionally developed turbulent flow. The most common is that by Eq. 2.53 in
Sect. 2.2.3. This criterion relationship can be deciphered in terms of the involved
variables to elucidate the corresponding dependencies [10]. We come to Eq. 2.56
from which it follows that

η0 ∼ w0.17d1.17
c ν0.30

2
D0.56 ∼ Q0.17d0.83

c ν0.30
2

D0.56 (3.8)

where ν2 is the kinematic viscosity of the carrier gas, which is about 1 cm2s−1 for H2

and He, being 0.15 cm2s−1 for N2 and Ar. We can see an explicit strong dependence
on dc, but much weaker dependence on D and especially on Q compared with the
laminar flow for which

η0 ∼ wd2
c

D
∼ Q

D
(3.9)

Turbulent flow seldom occurs in radiochemical studies. A rule of thumb is that
the constant mass transfer coefficient is established starting from a distance of about
50dc from the tube inlet. With radioactive tracers it is equally easy to measure either
the penetration of the irreversibly adsorbed molecular entities or the density of their
deposit. Zvara, et al. [10] compared the deposits of chlorides of three tracer elements
from a turbulent flow; the results are seen in Fig. 3.7. The mean deposition lengths
observed for NaCl, ScCl3 and LnCl3 were 15.4, 21.3 and 26.2 cm, respectively, with
the error bars (1σ) ± 1.5 cm; hence, the differences are significant. When the diffu-
sion coefficients were estimated from Eq. 2.19, the values calculated from Eq. 2.56
were 18, 24 and 23 cm, respectively. The agreement seems satisfactory. In any case
it provides evidence for completely nonselective deposition mechanism of different
nonvolatile chlorides. Initial parts of the curves evidence gradual stabilization of the
flow patterns.
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Fig. 3.7 Deposition profiles of nonvolatile chlorides [10]. Experimental conditions: Tube: stain-
less steel, i.d. 0.28 cm, length 400 cm. Gas: nitrogen + 0.2 mmHg of NbCl5 (chlorinating agent),
Q0 335 cm−3 s−1, Tc = 530 K, p = 1.6 bar at the inlet, 1 bar at the outlet, Re ≈ 8000, Sc ≈ 1.

Reproduced from Radiokhimiya, 9(2), Zvara I, Zvarova TS, Caletka R, Chuburkov YuT,
Shalaevskii MR, Express continuous separation of transition elements of groups III and IV, 231–
239, c© 1967, with permission from Academizdatcenter “Nauka” Publishers.

3.3.4 Deposition of Heat

A problem somewhat analogous to those discussed in previous sections is deposi-
tion of heat (more illustratively, deposition of temperature of the gas) in thermochro-
matographic columns. Indeed, such columns have sometimes very steep temperature
profile, or the flow is fast. Thus, we cannot be a priori sure that the heat exchange
between the gas and the surface of the column is intense enough to ensure their
equal temperatures at any given point. To our best knowledge, the problem has not
yet been analyzed in detail. The fused silica columns are usually placed into thick
outer metallic tubings to smooth and stabilize the temperature profile. It seems wise
to measure the temperature profile inside a column by a possibly thin Pt-Pt(Rh)
thermocouple, the wires of which come from opposite ends to compensate for the
heat conductivity of the metal. The results of measurements in flowing gas (lam-
inar regime) and with the flow stopped are usually identical. Still, this approach
might not be perfect — the thermocouple slightly disturbs the patterns of the flow,
enhancing heat exchange.

Simple estimates of the rate of heat transfer corroborate equal temperatures of
the flow and of the column surface. Let us call the “thermal diffusivity,” which is
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the heat conductivity divided by the heat capacity of the unit volume of the matter.
The quantity plays the same role as the diffusion coefficient in mass transfer, and its
dimension is also cm2 s−1. The values for H2, He, N2 and Ar at 500 K and one bar
are about 1.3, 3.8, 0.6, and 0.5 cm2 s−1, respectively; they are roughly proportional
to the absolute temperature. Comparison with the typical 0.1 cm2 s−1 or smaller
diffusion coefficients of the heavy voluminous molecules of our interest indicates
that the thermal equilibrium is reached considerably faster. Hence, the heat transfer
probably cannot negatively affect quantitative interpretation of the thermochromato-
graphic data.

3.4 Transportation of Molecular Entities by Aerosol Stream

The previous section touched the problems which arise in the presence of unwanted
aerosols in the gas-phase chemistry experiments. On the other hand, intention-
ally produced aerosols have found important application in nuclear chemical and
radiochemical experiments as a tool for transportation of the accelerator produced
tracers.

The 1970s saw intense development of the so-called He-jet technique of fast,
nonspecific transportation of nuclear reaction products to counting area. The recoils
were thermalized in helium containing an organic gas or vapor. The atoms stuck to
the large molecular clusters of the organics emerging under the beam. Through in-
tense pumping, the clusters could be sucked through a capillary as long as hundreds
of meters away. At the exit, a special nozzle shaped supersonic jet, which helped to
achieve high collection efficiency of the clusters impacting a catcher foil. The field
was reviewed in Refs. [35, 36].

The above technique could not continuously supply radionuclides for chemical
experiments. Catching the activity, for example by letting the gas bubble through a
solution, requires ambient pressure at the capillary exit. Kosanke, et al. [37] seem to
have pioneered such modification of the method. They still used organic (benzene)
clusters and succeeded in efficient collection after transportation to 14 meters in a
second. Other experimenters used ethane or ethylene gas. However, the high par-
tial pressure of organic compounds required to produce clusters of necessary size
and concentration, brought difficulties in the subsequent chemical experiments with
gaseous halides.

The next logical step was to abandon organic clusters in favor of inorganic
aerosols produced by controlled generators. In Ref. [38], a chamber with 235U target
was irradiated in a beam hole of the Mainz Triga reactor to produce fission products.
Five different alkali halides were tried as aerosols. With 0.1-µm KCl particulates of
the concentration 2×105 cm−3, the products could be transported eight meters away
from the target in some tenths of a second with an efficiency of 70 percent. In the
subsequent work [29], the aerosol particulates were removed by a quartz wool plug
kept at 920 ◦C while some halogenating reagents were introduced at this point to
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accomplish an on-line thermochromatographic experiment; cf. Sect. 1.5.3 for the
results.

At the JINR heavy ion cyclotron, an isotope of Po was produced in the target
chamber bombarded by the internal circulating beam, and was transported by helium
containing NaCl aerosol [39]. A sophisticated aerosol generator produced 0.2-µm
NaCl particles with a concentration of 3 × 106 cm−3. The transportation efficiency
to 12 meters in some two seconds was as high as 70 percent; in the meantime,
20 percent of the activity was deposited in the target chamber and 10 percent – in
the long capillary. Because the gas carrying aerosols is heavily ionized when passing
through the target chamber, see Table 3.2, the electrical charging could affect depo-
sition of the aerosols. The two latter experimental figures provided indirect evidence
that the influence, if any, is not negative — similar losses are observed in the case
of formation and transportation of volatile molecular compounds.

3.4.1 Optimal Parameters of Aerosol

When using aerosols for transportation of atoms or molecules thermalized in gas,
the concern is achieving fast and highly efficient deposition of the entities on the
surface of particulates, and low losses of the aerosol due to deposition on the walls
of gas duct. This imposes requirements of certain concentration and size of the
particulates. Electrically neutral particulates reach the duct wall by diffusion and
gravitational settling. The rates of these processes depend in different ways on the
effective radius rp and the density of the particulate matter ρ, as well as on p and T .
Diffusion is to be as slow as possible, which points to larger aerosol particles; how-
ever, these fall faster with larger size and density. For the laminar flow regime, there
is a straightforward way to estimate the optimal size of the particles. The Brownian
diffusion coefficients are given by Eq. 2.37, while the required Cunningham factor
in the particle size range of present interest is cC = 2.61(λm/rp)

1/2; see Table 2.2.
On the other hand, the terminal gravitational settling velocity is

wps = 2ggρr2
p cC

9µ2
(3.10)

where gg is the gravitational constant.
Now, the optimal size is evidently such that the particles are displaced across

the channel by the two independent deposition processes in the same time. Approx-
imately (without integrating over the channel cross section), the condition can be
written like

dc

wps
= d2

c
2DBn

(3.11)

so that the optimal radius is:

ropt
p ≈ 4 × 10−7 3

√
T

dcρ
(3.12)
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Under common conditions, the calculated value of the particulate diameter is
of the order 0.1 µm; see also Ref. [40]. It means that DBn ≈ 10−6 cm2 s−1 and
wps ≈ 10−4 cm s−1; the latter velocity is established within a very short relaxation
time of wps/gg = 10−7 s. According to Eq. 2.45, the steady deposition length η0,p is:

η0,p = wd2
c

14.6DBn
(3.13)

Hence, at the above DBn value, in ideal conditions, with a 0.3 cm i.d. capillary and
w = 10 cm s−1, the theoretical length would reach kilometers.

The next step is estimation of the number concentration of the particulates nec-
essary to guarantee that all tracer molecules deposit on the aerosol within a certain
time. Porstendorfer [41] found that the volume vp “exhausted” by a spherical par-
ticulate per second is

vp = 4π rp D1,2
4D1,2
um,1rp

+ 1
1+λm,1/rp

cm3 s−1 (3.14)

(here again D1,2 characterizes the molecular entities). The formula is an approxima-
tion – very appropriate for the purpose – of the coagulation frequency function [42];
the dependence on DBn and dm,1, is neglected here.

Experimental measurements [41] of the uptake of 212Po atoms by a latex-aerosol
in the range of radii from 0.05 to 1 µm gave vp values between 1 × 10−6 to

6×10−5 cm3 s−1, respectively, in agreement with the formula. Charged atoms were
attached with a very similar rate. It means that a particulate concentration of the
order of 106 cm−3 or higher would be needed to uptake the recoils in a typical target
chamber in a second or so. It would prevent them from reaching the chamber wall
by molecular diffusion, which is characterized by mean displacements of ≈ 0.3 cm
during the first second. With such concentration and the 0.1 µm size of NaCl partic-
ulates, the content of the salt in gas is some 15 µg L−1. It corresponds to the vapor
saturated at 670 ◦C so that the necessary temperature of the aerosol generator based
on evaporation cannot be lower.

At the above optimal concentration, the rate of coagulation of the aerosol hap-
pens to be rather small. According to Smoluchowski’s equation, the particle number
concentration decreases like

dcp

dt
= −kprc2

p (3.15)

where kpr, the rate constant of the binary coagulation, equals:

kpr = 8π rp DBn = 4kBT cC

3µ2
(3.16)

For 0.1-µm particles, the constant is of the order of 10−9 − 10−8 cm3 s−1; the con-
centration would then halve only in thousands of seconds [43, 44].
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The above-recommended parameters of the aerosol stream cannot be fully real-
ized. The particles always have some size distribution, and it is difficult to main-
tain the optimal parameters of the aerosol during many hours or days. The isother-
mal chromatography experiments with TAEs, as a rule, require “reclustering” of
the molecules at the column exit [45] to transfer and deposit the radionuclide onto
a catcher for measurements. The recluster chamber was schematically shown in
Fig. 1.7. There have been problems with the efficiency of reclustering — it de-
creases with higher column temperature and so brings additional uncertainty in
measurement of the retention time as a function of column temperature. The origin
of this phenomenon seems understandable. In a target chamber swept by the opti-
mized aerosol stream, each thermalized recoil atom stops not further than ≈0.01 cm
away from the nearest particulates. Meanwhile, the gas flow exiting the column con-
tains free molecules and mixes with aerosol stream of about equal flow rate. Then
the minimal required concentration of the particulates becomes higher. In addition,
ideal mixing of the two streams takes some time. Forced mixing can hardly help
because it enhances deposition of the particulates on walls.

3.4.2 Peculiarities in Aerosol Transportation of Short-lived
Activities

Taking into account the flow rates, tube diameters and other parameters of real
experiments, provided that the surface is smooth, the channel is straight and tem-
perature gradients are absent, the diffusion of the aerosol particulates of optimal or
larger size can be neglected. Then the stream can be seen as independent thin annu-
lar layers, which move with different velocities according to the parabolic law; so
they pass the channel in different times. As a result, there can be envisaged some
nontrivial peculiarities [46]. Some of them are discussed below.

3.4.2.1 Internal “Chromatogram” and “Elution Curve” of Aerosol Spike

When a nonadsorbable gaseous activity is introduced into laminar flow at t = 0 as a
momentary spike of an infinitely thin disk, there develops a nearly Gaussian profile
along the flow, with the center at wt and the dispersion tw2d2

c /94D (cf. Sect 4.2.3.1
and references herein). Its profile weakly depends on the initial radial density dis-
tribution of the tracer in the spike. Similar spike of an aerosol yields a prolonged
longitudinal distribution of the particulates in the interval 0 ≤ z ≤ 2wt ; it is uni-
form in the case of the homogeneous disk spike. The top of Fig. 3.8 schematically
displays the expected distributions for the reduced coordinate z/wt . The elution
curves from a column of the length lc ≡ wtg are shown in the bottom of Fig. 3.8 for
the reduced time t/tg.

The situation strongly changes when the particulates are injected right along the
tube axis or, on the other hand, just released from the wall. In the first case they are
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Fig. 3.8 Top: Distribution of a nonadsorbable gaseous tracer and that of the tracer carried by
aerosol stream in a straight open cylindrical tube some time after injection of an infinitely thin plug.
Hydrodynamically developed, diffusionally developing flow. Bottom: Character of the resulting
elution curves.

carried twice as fast as the gaseous tracer molecules; in the second case they would
not reach the exit in a reasonable time.

3.4.2.2 Transportation Efficiency of Rapidly Decaying Nuclides by Aerosol

Because of the dissimilar elution curves shown in the previous figure, the nuclei
which have tλ about equal to tg or less also survive at the tube exit to a different de-
gree. The transportation time of the nonadsorbable molecules is not much dispersed
around tg, and the surviving fraction is exp(−tg/tλ). It can be shown that the nuclei
carried by aerosol survive to a greater extent, given by:

(1 − tg/2tλ)exp(−tg/2tλ) − (tg/2tλ)2Ei∗(−tg/2tλ) (3.17)

The graph of the two efficiencies and of their ratio (enhancement) is presented in
Fig. 3.9. For nuclides with tg/tλ equal 4, 3, 2, 1 and 0, the ratio is 3.31, 2.28, 1.62,
1.20 and 1, respectively. The enhancement is larger with shorter tλ, with longer lc
or with slower w. It does not compensate for decay losses, which increase the same
way; still, generally; the aerosol jet transportation is preferable.
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Fig. 3.9 Comparison of the transportation efficiencies (including the survival yields), measured
at the exit of a straight open cylindrical tube, for relatively short-lived tracers, which are carried
either as gaseous molecules or as aerosols. The values are plotted versus the hold-up time of the
gas divided by the mean lifetime of the particular nuclide.

Strictly speaking, the optimal size from Eq. 3.12 holds only for straight horizontal
tubes. Curvatures enhance deposition of the particulates owing to inertia, but the
effect is small for rp values less than some 0.5 µm. In the meantime, to the best of our
knowledge, the peculiarities in behavior of the “horizontally” optimized aerosols in
non-horizontal channels have not yet been discussed. In a straight, strictly vertical
tube, even the particulates much larger than those earlier optimized will still be
efficiently transported. It follows that the steady settling velocity is proportional to
r2 (see Eq. 3.10) and so even at rp ≈ 30 µm reaches only 3 cm s−1, which is much
less than common values of the velocity of the carrier gas. Other phenomena like
the gradient of gas velocity across the capillary section can pose a limit on the size.
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Chapter 4
Gas–Solid Isothermal
and Thermochromatography

Abstract A molecular-kinetic picture of the processes underlying adsorption chro-
matography in open columns allows deducing formulae for the characteristics of
internal chromatograms; the emphasis is on thermochromatography. The retention
time or the mean migrated distance is expressed as a function of the involved vari-
ables, like desorption energy, for the ideal case of homogeneous surface and fast ad-
sorption equilibrium. The attempts to derive formulae for the dispersion or profile of
zones have not yet been very successful, but the employed approaches are prospec-
tive. Meanwhile, mathematical simulations of the individual histories of migrating
molecules have been quite successful. The corresponding Monte Carlo technique is
versatile not only in accounting for different experimental conditions — it can also
simulate special features of the experiments with short-lived nuclides, for example
registration of the coordinates of the decay events which happen in the course of
chromatographic processing. The simulated (as well as experimental) profiles can
be well-fitted by the “exponentially modified Gaussian.” It seems to offer rational
parameterization of the shapes. Thermochromatography-like separations (but not
isothermal chromatography) prove possible also in evacuated columns, in spite of
the unique origin and essence of the Knudsen flow. This molecular flow drastically
slows with decreasing temperature and the mathematical problem is the diffusion in
the particular temperature field. It can be also treated as a random flight problem.
Monte Carlo simulations of the diffusion are easy and can give zone profiles.

4.1 Characteristics of Methods

In the isothermal chromatography (IC) experiments, one usually measures elution
curves – the time-dependent relative concentration of each of the analytes in carrier
gas at the column exit. In principle, one could also fix the internal chromatogram
(e.g., by rapid cooling of the column well below the working temperature); actu-
ally, it is impractical except for the compounds of similar volatility. In the ther-
mochromatographic (TC) separations of mixtures of differently volatile tracers,
given a proper stationary temperature profile, each of the components finally comes
to practical rest somewhere within the column. The temperature gradient g may

87
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be constant or vary along the column; this possibility contributes to the versatility
of TC technique. Even one or more isothermal sections (usually, near the column
inlet) are eventually included. Zero gradient over the whole column brings one back
to isothermal chromatography. Examples of the real temperature profiles of TC
columns were presented in Sect. 1.2. A kind of hybrid between IC and TC is the
temperature-programmed gas chromatography [1]. In this method, an isothermal
column is operated in the elution regime, while its temperature is steadily raised, so
that less and less volatile species become mobile. It facilitates obtaining a compact
(in time) elution chromatogram of compounds with very different volatility. Ob-
viously, the technique is inherently batchwise. Its gas–solid variety was tested for
some compounds of present interest in Ref. [2].

The TC techniques are less widely known and used than the IC ones. They have
some peculiar features, while sharing others with IC. In typical batch TC separa-
tions, the elements or compounds are volatilized at the inlet of the column by a
thermal spike. It allows approaching δ-function-like input profile, longitudinal as
well as temporal. Unlike this, in long lasting on-line experiments at accelerators, we
meet a sort of frontal regime. In both cases, after the end of bombardment (EOB),
the thermochromatogram is measured by detecting the distribution of radioactivity
along the column.

We will discuss the quantitative characteristics of IC and TC, which are of
importance when the techniques are used in studies of radiochemistry of the heav-
iest elements. Most interesting are the fast TC separations in open columns, which
would yield reasonable resolution of mixtures and information on the adsorption–
desorption energetics of the species involved. It is reasonable to start with what has
been learned about isothermal chromatography and can be applied to thermochro-
matography. In the latter field, empirical works aimed at “useful” separations have
prevailed. Here, we will pay interest primarily to the scarcer fundamental studies
and theoretical developments which dealt with the characteristics of the resulting
adsorption zones. Special conditions of the studies of TAE chemistry require atten-
tion to both the elution and frontal regimes of TC processing.

The simplest mechanism of migration of an unaltered molecule down the column
is a repeated sequence of the adsorption on the surface for some sojourn time, des-
orption, and convective plus diffusional displacement in gaseous phase. In principle,
surface diffusion can take place during the adsorption residence time, resulting in
minor displacements. The major microscopic factor governing the effective migra-
tion rate is the positive desorption energy, which makes the elementary adsorption
sojourn time grow strongly with inverse temperature.

When considering the “ideal” IC or TC, one implies that the adsorption equilib-
rium distribution of the tracer is immediately established at any point of the column,
while longitudinal diffusion is absent. In the elution regime, with its input profile
δ(z) × δ(t), both IC and TC would yield δ(zA)-like internal chromatograms. The
coordinate of an ideal TC zone is shown in Fig. 4.1 by T id

A , which corresponds to
the ideal zA. In the frontal regime of ideal IC, the elution curve has the form of con-
tinuous uniform distribution in time, and the internal chromatogram is an analogous
longitudinal distribution. In the meantime, frontal TC results in a peak along z or
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Fig. 4.1 Ideal (dashed curve) and real thermochromatograms in frontal regime [3]. The T id
A marks

the position of the ideal, δ(z)-like elution thermochromatogram.

Reproduced from Physics Atomic Nuclei, 66(6), Zvara I, Accuracy of the chemical data evalu-
ated from one-atom-at-a-time experiments, 1161–1166, c© 2003, with permission from Pleiades
Publishing.

the derived temperature coordinate, like that shown by the broken line in Fig. 4.1.
Its left wing must be the adsorption isobar, while from the low temperature side it
abruptly terminates at the temperature corresponding to T id

A for the given process-
ing time. Deviations from adsorption equilibrium due to the high velocity of the
gas, exponentially distributed lifetimes of the nuclei and other factors broaden IC
and TC peaks, compared with the ideal case. A specific characteristic of the real TC
peak is the exponential (with distance) tail towards low temperatures; it stems from
the diffusional, (practically irreversible) deposition of the non-equilibrated portion
of molecules on the column walls, which takes place beyond T id

A . The characteristic
length of the exponential is proportional to Q/D (see Sect. 4.3.1).

4.2 Theory

4.2.1 Ideal Isothermal Chromatography

The first approach to understanding the regularities of gas–solid IC and TC was
based on the laws of molecular kinetics. Within this framework, the time which a
molecule spends in the adsorbed state when migrating down the column is seen as
a sum of the random elementary adsorption sojourn times which accompany each
adsorption event. The number of adsorption events is individual; of major interest is,
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of course, the mean value of the sum – the “net retention time” tR. It is believed that
the molecular entities get adsorbed upon every collision with the surface, though it
is easy to account for a “sticking coefficient” less than unity. The desorption energy
εd is assumed to be constant at any point on the surface; in other words, the wall is
thought as being smooth in every respect. The next assumption is that the adsorbed
entity experiences oscillations perpendicular to the surface. These are driven by the
vibrations of the adsorbent lattice with a characteristic frequency ν0, so that the
period of the adsorbate oscillations τ0 is the reciprocal of ν0; see Sect. 2.1.5. It
means that any structure of the surface is disregarded. From the point of view of ther-
modynamics, the above assumptions are equivalent to postulating two-dimensional
gas as the state of the adsorbed molecules. We will consider the thermodynamic
approach in Sect. 5.1.3. In this chapter, we shall adhere to molecular kinetics.

Let t IC
R be the mean time necessary to travel the distance zA down an IC column

with the temperature Tc. It is the mean desorption time τd from Eq. 2.23 multiplied
by the number of adsorption–desorption events on the way; the latter is Zz calculated
from Eq. 2.9. Then:

t IC
R = zAaz

Q
um

4
τ0e

εd
kBTc (4.1)

If zA is substituted by the IC column length lc, the equation yields the net retention
time in the column. We again stress that we discuss the internal chromatograms
rather than the elution curves, unless stated otherwise. It means that now the total
retention time equals the duration of the experiment. The latter is preset by the
experimenter, thus characterizing experimental conditions rather than the results.
Therefore, we need to know how zA depends on t IC

R rather than vice versa, and a
more logical form of Eq. 4.1 would be:

zA = t IC
R Q
az

4
um

1
τ0

e− εd
kBTc (4.2)

On the other hand, relationships of the form of Eq. 4.1 have been used for a long
time in publications on gas-phase radiochemistry, while the corresponding formulae
for zA might look uncommon. It especially concerns the most important equations
for TC, which are discussed in the present and next chapters; these, unlike Eq. 4.2,
usually do not explicitly involve zA. Therefore, it seems reasonable to adhere to the
traditional presentation of the equations.

Here and below, we assume no pressure drop along the column and a total pres-
sure of one bar. It means that we account only for the temperature dependence of
the appropriate quantities. Expanding Eq. 4.1 we obtain

t IC
R = zA

azT0

Q0

√
kB

2πmTc
τ0e

εd
kBTc (4.3)

and for an open smooth circular column:

t IC,©
R = zA

πdcT0

Q0

√
kB

2πmTc
τ0e

εd
kBTc = zA

4T0

dcw0

√
kB

2πmTc
τ0e

εd
kBTc (4.4)
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where w0 is the velocity of the carrier gas at an arbitrary chosen standard T0. The
net retention time t IC

R is the duration of the experiment less tg – the gas hold-up time;
the latter equals the free volume of the column section of length zA divided by the
flow rate. For an open circular tube:

t IC,©
g = zAT0

w0Tc
= zA

πd2
c T0

4Q0Tc
(4.5)

4.2.2 Ideal Thermochromatography

The formulae of the above section give the retention time as a function of desorption
energy or, vice versa, they allow evaluating the energy from the measured time, pro-
vided that τ0 is known. We emphasize that it holds for an imaginary ideal situation,
when the input spike and the resulting chromatographic zone are infinitely narrow.

In the TC processing the average molecular speed and the flow rate vary with
z because of changing temperature. The retention time and the coordinate for any
temperature profile of the column are related by the equations:

tTC
R = azτ0

4

zA∫
zS

um(Tz)

Q(Tz)
e

εd
kBTz dz (4.6)

and

tTC
g =

zS∫
z A

dz
w(Tz)

(4.7)

Here zS is the coordinate of the starting point with the temperature TS and zA is the
position of the zone with the temperature TA. In the ideal conditions, the latter is
identical to T id

A in Fig. 4.1.
Equation 4.6 gives:

tTC
R = azT0

Q0

√
kB

2πm
τ0

zA∫
zS

e
εd

kBTz√
Tz

dz (4.8)

Suppose that the TC column temperature profile is linear, that is:

Tz = TS − gz and dz = −dTz/g (4.9)

Then the net retention time equals:

tTC
R = azT0

gQ0

√
kB

2πm
τ0

TS∫

TA

1

T 1/2
z

e
εd

kBTz dTz Tz = TS − gz (4.10)
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In the case of an exponential temperature profile with

Tz = TSe−γ z and dz = −dT/γ T (4.11)

by analogy with Eq. 4.10, we come to:

tTC
R = azT0

γ Q0

√
kB

2πm
τ0

TS∫

TA

1

T 3/2
z

e
εd

kBT dTz Tz = TSe−γ z (4.12)

The pertinent indefinite integrals and approximating series were listed in
Sect. 2.1.6. In practice, the value of the definite integral for TS is usually much
smaller than that for TA and can be neglected. Taking only two terms in the asymp-
totic series, we obtain for the case of a constant temperature gradient that:

tTC
R = azT0

gQ0

√
kBTA

2πm
τ0

kBTA

εd
e

εd
kBTA

(
1 + 3

2
kBTA

εd

)
TA = TS − gzA (4.13)

In literature, the temperature dependence has been occasionally simplified. For
example, the mean molecular speed was taken constant equal to that at TA over the
entire range (TS, TA). Then:

tTC
R = azT0

gQ0

√
kBTA

2πm
τ0

kBTA

εd
e

εd
kBTA

(
1 + kBTA

εd

)
TA = TS − gzA (4.14)

The gas hold-up time in a cylindrical column is

tTC,©
g = πd2

c T0

4gQ0

TA∫

TS

dTz

Tz
=πd2

c T0

4gQ0
ln

TS

TA
; TA = TS − gzA (4.15)

For the exponential temperature profile we have

tTC
R = azT0

γ Q0

√
kBTA

2πm
τ0

kB

εd
e

εd
kBTA

(
1 + 1

2
kBTA

εd

)
TA = TSe−γ zA (4.16)

and in the simplified case:

tTC
R = azT0

γ Q0

√
kBTA

2πm
τ0

kB

εd
e

εd
kBTA TA = TSe−γ zA (4.17)

The hold-up time is now:

tTC,©
g = πd2

c T0

4γ Q0
· TS − TA

TSTA
TA = TSe−γ zA (4.18)
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4.2.3 Shapes of Chromatographic Peaks

In the experiments on accelerators the required short-lived products of nuclear reac-
tions are converted into volatile compounds and separated by gas–solid chromatog-
raphy techniques in a continuous regime. Open columns of a meter in length and
a few millimeters in diameter are used. The linear velocity of the carrier gas has
varied from centimeters to meters per second. To optimize the separation process,
it is important to understand how the experimental conditions, the properties of the
separated species and other factors affect the shape and position of the resulting
adsorption zone.

In general the term zone profile – ρIC(z) or ρTC(z) – used below means the
(normalized) distribution of the adsorbate as a function of the column longitudinal
coordinate after EOB — either found experimentally or expected from theory. With
small number of atoms and short lifetimes, the meaning of the term might need to be
refined. The experimental chromatogram is now usually a histogram of the number
of decay events observed within short sections of the column. The events may be
identified in the course of the run or after EOB.

For long-lived γ-active nuclides obtained with sufficient yield, which is the case
for lighter homologs of TAEs, the profiles can be revealed by spectrometric mea-
surements from outside the column. The profiles of short-lived α-activities can be
measured only when the column is a channel formed by surfaces of electronic par-
ticle detectors. Such measurements are done in real time; of course, they also work
well for s.f. nuclides. The latter can also be registered in open columns made of the
materials which can serve as solid-state track detectors of fission fragments (fused
silica, mica); see Sect. 1.2.2.

The shape of the zone, at least a characteristic of its width, is of major concern
in all chromatographic techniques. Jonsson [4] and Giddings [5] seem to discuss
the case and peculiarities of open columns in more details than do other general
monographs on chromatography.

Necessarily, the zone profiles within the column and the more common elution
curves do not have the same statistical parameters (see below about the statistical
moments). Indeed, even if the internal zone profile, which broadens with time, is
completely symmetrical, the elution curve must be skewed because the later frac-
tions of the elution peak spend a longer time in the column [4] than the earlier ones.
It is preferable to discuss the internal zone profiles because they provide a common
basis for considering the regularities of IC and TC.

The shapes of chromatographic peaks often resemble the Gaussian distribution,
though distorted to a variable degree. Theory seldom finds shape functions for chro-
matographic peaks in explicit form. More frequently, only the Laplace transform of
the appropriate differential equation can be solved. Then, even if the solution cannot
be inversed, it allows evaluation of the statistical moments of the distribution [4].

Some moments and normalized cumulants of distributions are:

m̃n is the n’th moment;
m̄n is the n’th central moment;
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zA ≡ m̃1 is the center of gravity of the peak (first moment);
σ 2

z ≡ m̄2 = m̃2 − z2
A is the variance of distribution — second central moment;

Σz ≡ m̄3
σ 3

z
is the skewness – third normalized cumulant; for Gaussians, Σz = 0; a

tailing peak has Sz < 0;

εz ≡ m̄4−3σ 4
z

σ 4
z

is the kurtosis excess — fourth normalized cumulant; for
Gaussians, εz = 0; a flatter peak has εz < 0.

From the point of view of mathematics, the zone profiles encountered in chro-
matography belong to the class of distributions, which can be described in terms of
their moments and cumulants [6] by the Gram–Charlier series

ρ(z) = 1

σz
√

2
e− u2

2

[
1 + �z

6

(
u3 − 3u

)
+ εz

24

(
u4 − 6u2 + 3

)
+ . . .

]
(4.19)

where u ≡ z−zA
σz

, and in round parentheses are the Hermite polynomials H3(u) and
H4(u).

The similar Edgeworth–Cramér asymptotic expansion may offer a better approx-
imation [4]; usually it is truncated like

ρ(z) = 1

σz
√

2
e− u2

2

[
1 + �z

6
H3(u) + εz

24
H4(u) + 10�2

z

144
H6(u)

]
(4.20)

where H6(u) = u6 − 15u4 + 45u2 − 15.
When treating experimental data, calculation of the moments is straightforward.

Hence, the above formulae offer a convenient way to fitting the shapes.
According to the extensive review by Marco and Bombi [7], almost 100 dedicated

empirical or semiempirical formulae have been proposed for the chromatographic
peak shapes. Some of them may reasonably well fit experimental data, even when
physicochemical rationale for them is lacking.

The “exponentially modified Gaussian” [8] is widely used

ρ(z) = 1
2ηe

exp

(
σ 2

G
2η2

e
− z − z̄G

ηe

)
× erfc

[
1√
2

(
σG

ηe
− z − z̄G

σG

)]
(4.21)

where ηe is the constant of the precursor exponential distribution, σG is the standard
deviation and z̄G is the mean coordinate of the precursor Gaussian distribution. The
moments of this ρ(z) are:

zA = z̄G + ηe , σ 2
z = σ 2

G + η2
e , �z = 2η3

e

(σ 2
G + η2

e)
3/2

, εz = 6η4
e

(σ 2
G + η2

e )
2

(4.22)

Figure 4.2 presents a computer-generated profile of this type and its best fit by
the series 4.19. [9] On this occasion the approximation is better than that provided
by 4.20. As could be expected, the Gram–Charlier series experiences problems in
fitting the exponential tail of the profile.
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-

Fig. 4.2 Computer-generated exponentially modified Gaussian function (see Eq. 4.21) with
z̄G = 3.0; σG = 0.5, and ηe = 1.5 as fitted by the series 4.19 [9].

Lan and Jorgensen [8] gave a detailed discussion of the “exponential–Gaussian
hybrid function,” which describes asymmetric peaks better than the exponentially
modified Gaussian. The proposal does not seem to have advantages when applied to
the situations considered in this book.

4.2.3.1 Isothermal Chromatography

We start with the case of δ(z) injection profile into an isothermal column under lam-
inar gas flow regime. The factors which cause broadening of the initial profile are
longitudinal diffusion and radial diffusion across streamlines. These continuously
change the concentration distribution and gradients. In the absence of any adsorp-
tion sojourn time of molecules on the wall (i.e.: negligible adsorption–desorption
energy), and only in this case, the two above diffusion processes yield:

σ 2
z

z
= 2

w

[
D + d2

c w2

192D

]
εd = 0 (4.23)

Here and below D ≡ D1,2. In terms of flow rate:

σ 2
z

z
= 2

[
πd2

c
4Q

D + d2
c Q

48πD

]
εd = 0 (4.24)

Equation 4.23 is the well-known expression for the dispersion of a solute in flow
of fluid, which was first derived by Taylor [10, 11] and Aris [12]. Its appearance
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is modified here to emphasize that, besides the true gaseous diffusion coefficient,
the laminar velocity profile gives another effective diffusion-like contribution to the
longitudinal dispersion of the spike. Notice that dcw/2D is the diffusional Peclet
number (Pe), so that the second term in parentheses in Eq. 4.23 becomes Pe2/48.

It should be emphasized that this broadening cannot help any separation. Still,
Eq. 4.23 does find an application — it is the measurement of D1,2 for two non-
adsorbable gases. In a chromatography-like experiment, the flow of a gas is spiked
with a little of the other; the elution curve is recorded, and D1,2 is evaluated from the
curve width. Equation 4.23 then serves to account for the nonzero flow velocity [13].

Chromatographic separations are possible only when the analytes are adsorbed
for an appreciable time upon the tube surface. Then they migrate down the column
more slowly than the carrier gas and the migration speed depends on εd. For the
laminar flow in open cylindrical isothermal columns [5, 13]:

σ 2
z

z
= 2

w

[
D +

(
11 − 16� + 6�2) d2

c w2

96D

]
εd > 0 (4.25)

or
σ 2

z

z
= 2

[
πd2

c
4Q

D +
(

11 − 16� + 6�2
) Q

48πD

]
εd > 0 (4.26)

where � ≤ 1 is the velocity of the center of gravity of the adsorption zone, divided
by the mean velocity of mobile phase (see Sect. 4.3.1 for evaluation). Again, the
second term in the square brackets is the effective diffusion coefficient. Now it
also depends on the thermodynamic characteristics of adsorption. The function of
� in parentheses reaches 11 with � approaching zero. Its graph is given in Fig. 4.3,
below, alongside a simpler reasonable approximation, which works well enough in
applications.

f ( )

≈

Fig. 4.3 Graph of the factor
(
11–16� + 6�2) and its approximation.
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The dispersion given by Eq. 4.25 can be considered as two terms. One is due
to the longitudinal diffusion and the other originates from the laminar flow patterns
and from the adsorption retention. In practice, one of the terms is relatively small
and may be neglected. In the conditions of present interest, it is mostly the case with
the longitudinal diffusion. This omission will be implied if not stated otherwise.

The first approximation to the peak shape is a Gaussian:

ρIC(z) = 1√
2πσz

exp
[
− (z − zA)2

2σ 2
z

]
(4.27)

Tunitskii, et al. [14] also gave the third central moment of the distribution 4.25;
it yields the skewness:

�z = wd2
c

80Dσz
(4.28)

Then a better approximation is (cf. the series 4.19 and 4.20, above):

ρIC(z) = 1√
2πσ 2�

e
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2σ2�

{
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c
480Dσz
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σz

)3

− 3
z − zA

σz

]}
(4.29)

4.2.3.2 Thermochromatography

When separating mixtures by chromatography, the major concern is the width of
zones. Novgorodov and Kolatchkowski [15, 16] seem to be the first to consider the
dispersion of TC zone profiles analytically. They assumed that the factors which
determine the dispersion of TC zones are the same as those in chromathermography.
The latter method [17, 18] is based on placing a long “cold” column into a consid-
erably shorter movable thermochromatographic furnace. At the start of processing,
the furnace heats the head segment of the column; then, simultaneously with the
spike of the analyzed mixture, it begins to move down the column – more slowly
than the carrier gas. Volatile analytes first move faster than the furnace, towards
lower temperature, until each of them reaches its own characteristic temperature, at
which the zone proceeds right with the speed of the furnace. Such equilibration takes
appreciable time and column length, but now the analytes “feel” like being isother-
mally chromatographed at the mean zone temperatures. The difference with IC is
that the zone spreading by diffusion processes is reduced by a relative deceleration
of the front and an acceleration of the tail of the zone because of the temperature
gradient. As a result, the zone dispersion achieves a steady value.

In thermochromatography the zone continuously moves to even lower tempera-
ture, though with decreasing linear speed. Then the temperature-dependent expand-
ing and compression “forces” may not be in equilibrium at each point, for example,
when the carrier gas flows very fast and the temperature profile is steep. Never-
theless, the authors of Refs. [15, 16] almost straightforwardly applied the formulae
derived for the width of the chromathermographic zone in filled columns to the
TC zones in open columns. To obtain a formula for the steady dispersion σz , they
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equated the absolute values of the time derivatives dσz/dt for the two competing
processes. The compression term was derived like in Ref. [18]:

(
dσz

dt

)
cpr

= −gσz
εd

kBT 2
A

�w (4.30)

It essentially implies using the approximation

exp
(

− εd

kB(TA + gσz)

)
− exp

(
− εd

kBTA

)
≈ gσzεd

kBT 2
A

exp
(

− εd

kBTA

)
(4.31)

which is accurate enough for the purpose, only if gσz/T is less than 0.01. Mean-
while, the real thermochromatograms are mostly much broader, and such approxi-
mation may be too rough.

To apply this approach to thermochromatography, the expansion term should
have been obtained by differentiation of Eq. 4.25, which results in:

(
dσz

dt

)
xpn

= 1
σz

[
D +

(
11 − 16� + 6�2) d2

c w2

192D

]
(4.32)

Now, equating the two competing terms would give:

σ 2
z = kBT 2
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gεd
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D
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11 − 16� + 6�2) d2

c w

192D

)
(4.33)

Thus, the dispersion does not explicitly depend on time, but we remember that TA
depends on the retention time.

The authors of Refs. [15, 16] erroneously evaluated the expanding term 4.32 by
differentiating Eq. 4.23. They also used this equation to find the optimal gas flow
rate (which gives the smallest height of the theoretical plate) for the columns with a
constant temperature gradient and came to:

Qopt
0 = πD0dc

√
6(TS + TA)

T0
or w

opt
0 = 4D0

dc

√
6(TS + TA)

T0
(4.34)

Because Eq. 4.23 does not describe chromatographic processing, its use may result
in misleading conclusions. Suffice to say that the � values at maximums of TC
zones are usually very small; see Sect. 4.3.1 for the formulae. Hence, a value of
σz calculated from Eq. 4.25 is nearly 10 times larger than that from Eq. 4.23. This
flaw limits the usefulness of this otherwise interesting pioneering attempt, which
also considered influence of the temporal injection profile (δ-function, short plug,
exponential) on the zone shapes.

The approach as such may be prospective, provided that one uses correct start-
ing formulae, which would be valid for fast separations and broad peaks. It means
starting with Eq. 4.25 and introducing a more accurate compression term than that
given by Eq. 4.30.
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The problem of the TC peak shape was first tackled by Zhuikov [19]. Attempting
to evaluate analytical formulae, he used the differential equations appropriate to the
molecular kinetic picture. Surface concentration of an adsorbate changes in time as
the difference between the rates of adsorption and desorption

∂ca

∂t
= umaz

4
cg − ν0e− εd

kBT ca (4.35)

while the equation of balance, assuming constant temperature gradient, is:

∂cg

∂T
= 1

gQ
∂ca

∂t
(4.36)

Then he made a number of assumptions and approximations. First, by differentiating
Eq. 4.35, excluding ∂cg/∂T , and omitting some small terms he came to:

∂2ca

∂t∂T
= umaz

4gQ
∂ca

∂t
− ν0e− εd

kBT
∂ca

∂T
− εd

kBT 2 ν0e− εd
kBT ca (4.37)

To obtain an analytical solution to this equation, he made the principal assumption
that cg at any given Tz is determined only by desorption of adsorbate from a short
adjacent upstream section with the length �T in K (that is �T /g in cm). Then, from
Eqs. 4.35 and 4.36, he found that, in the absence of any income of the adsorbate into
the short section, the value of ca at Tz would be reduced with time like

ca(t)
ca(0)

= exp
[
−bt exp

(
− εd

kBT

)]
(4.38)

where
b ≈ 4gQν0

umaz�T
(4.39)

He considered the case of practically momentous injection of the analyte and postu-
lated that, in the region of the thermochromatographic peak, the entire amount of the
adsorbate above Tz is effectively concentrated within the �T segment. Combining
this postulate with Eq. 4.38 gave him:

1
g

Tz∫

TS

cadTz = exp
[
−bt exp

(
− εd

kBTz

)]
(4.40)

Taking the temperature derivative of the above, neglecting the dependence of b on
T , and passing on to the linear coordinate resulted in the principal formula:

ρT C (z) = btTC
R

εd

kBT 2
z

exp
[
−btTC

R exp
(

− εd

kBTz

)]
× exp

(
− εd

kBTz

)
. (4.41)

His value of �T , consistent with the formula for the maximum of the zone, is
given by:

�T ≈ kBT 2
A

εd
≈ 0.04Tm (4.42)



100 4 Gas–Solid Isothermal and Thermochromatography

He also presented the formulae for the frontal regime of injection. This TC peak
profile, on its high temperature side, grows roughly as exp (εd/kBTz), that is pro-
portionally to the adsorption isobar; it is expected for frontal processing from first
principles; cf. Fig. 4.1. However, the low temperature side of the theoretical peak is
not described correctly. Indeed, Eq. 4.41 yields a tail which is determined mainly
by the reciprocal of the Boltzmann factor, and by the local temperature gradient.
Its extent is independent of D and slightly affected by Q. The absence of D in any
of the equations is a principal flaw of the work. The proposed formulae are evi-
dently applicable only to very small flow rates of the carrier gas. Otherwise, a non-
equilibrated fast flow carries substantial portions of the analyte beyond Tid, where
it is mostly subject to irreversible diffusional deposition (see Sect. 4.3.3). Then, un-
like in the Zhuikov’s treatment, the resulting peak tail is almost independent of the
column temperature profile and of the desorption energy.

The published graphs [20] of the Zhuikov’s theoretical profiles show nearly sym-
metric curves. The conditions were: tTC

R = 30 min, Q0 = 0.33 cm3s−1, constant
g = 40 K cm−1 and dc = 0.4 cm. For the values of εd NA equal to 200, 160, 120 and
80 kJ mol−1, the temperatures TA were 870, 700, 520 and 380 K, and the FWHMs
were 2.1, 1.7, 1.25 and 0.82 cm, respectively.

This interesting and stimulating approach deserves thorough analysis of the
involved assumptions and simplifications. It is important to find the limits of
application of the formulae in terms of experimental conditions and properties of
adsorbates. To our knowledge, the work [19] is the only attempt to evaluate formu-
lae for the profiles of TC zones.

4.3 Mathematical Modeling of Gas–Solid Chromatography

As was evidenced above, the attempts to derive the zone profiles by solution of
the appropriate differential equations meet severe difficulties. In such situations,
it seems reasonable to trace the influence of various variables, as well as of the
experimental conditions, by computer simulation of the histories of single molecular
entities migrating down the column.

A tracer molecule moves downstream as a result of numerous displacements
between consecutive encounters with the wall. Evidently, a just-desorbed molecule
erratically diffuses through the column volume by random free flights between the
collisions with the molecules of carrier gas, until it again strikes the surface and
adsorbs to it. Mostly, after only a few free flights, the molecule will be back to the
wall near the point of origin because, so close to the wall, the convective transporta-
tion is very slow. Hence, the consecutive adsorption events mostly occur in rapid
series at near coordinates. As the random flights in gas are three-dimensional and
unequal, the short displacements should happen both up and down the column —
not exactly symmetrically owing to the convection, whatever slow. Very seldom the
molecule does diffuse far enough from the wall to be carried by the flow over a
large downstream distance before the next encounter with the wall. Let ρ(η∗) be the
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Fig. 4.4 Schematic of the random migration of molecules down the column [21]. The free flights
and the column diameter are not to scale. More simulated events are shown on separate lines.

Reproduced from Journal of Radioanalytical and Nuclear Chemistry Articles, 204(1), Zvara I,
Problems in thermochromatographic separation of radioelements, 123–134, c© 1996, with permis-
sion from Springer.

probability density function (pdf) of η∗ – the projection of a random displacement
on the z-axis. Now, we can expect ρ(η∗) to have the shape shown schematically in
Fig. 4.4, with small, but nonzero, chance of long “jumps.”

4.3.1 Monte Carlo Simulation of Individual Molecular Histories

It would take too much computer time to simulate all the elementary erratic
migrations like those depicted in Fig. 4.4. It is desirable to describe the migration
by a smaller number of effective displacements. To that end, Zvara [22] proposed a
Monte Carlo approach suitable for simulation of chromatography in open columns
with moderate to large laminar flow velocities, with the longitudinal diffusion
neglected. The technique allows reducing the mean number of steps in each individ-
ual history by three orders of magnitude or so. A few sound approximations allow
simulating the microscopic migration histories by a series of random, exponentially
distributed downstream jumps, which are interspersed with a large random number
of adsorption–desorption events occurring in sequence and proceeding without
change in the coordinate. The jumps are responsible for the migration, while the
collisions with the wall followed by the adsorption sojourns make the total net
retention time. A contribution also comes from the gas hold-up time.

When looking for a reasonable approximation of ρ(η∗), one can consult the equa-
tions of Sect. 2.2. They describe diffusional deposition in channels under various
flow regimes, when the tracer is evenly distributed over the inlet area. The solutions
for both hydrodynamically and diffusionally developing flow directly apply to the
problem of the first jump down the column. It is the common experimental situation
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Fig. 4.5 Probability density distributions of elementary displacements ρ(η∗) between two encoun-
ters of a molecule with column surface. a – character of the real distribution; b – the accepted
approximation [22].

Reproduced from Radiochimica Acta, 38(2), Zvara I, Simulation of thermochromatographic
processes by the Monte Carlo method, 95–101, c© 1985, with permission from Oldenbourg Wis-
senschaftsverlag.

of the gas being fed from a large reservoir into a tube. However, the case of major
interest here is different. We consider a molecule, which starts making the jumps,
being near the surface. Mathematically, it is injection into the tube as a point or
ring at this very small distance from the wall. Even if the solution were available,
it would not accurately describe the results of the actual three-dimensional random
walks, which also result in longitudinal diffusion. Still, we can expect that the later
exponential terms in the pertinent equations of Sect. 2.2.2 have much higher relative
weight (i.e., αi values) for the ring input.

In the meantime, the above semi-quantitative microscopic picture of the migra-
tions suggests that ρ(η∗) has a shape like in Fig. 4.5a, and that a reasonable two-term
approximation to it, convenient for simulations, would be Fig. 4.5b. The first term
considers that the mean of the short displacements must be close to zero; hence, they
can be all put equal zero through δ(η∗). The other term accounts for the occasional
intermittent, rather long, downstream jumps; it does it through only one exponential
distribution. Thus:

ρ(η∗) = (1 − aη)δ(η
∗) + aη

η
e− η∗

η (4.43)

The quantity aη is evidently the reciprocal of the average number of collisions of a
molecule with a wall in a column section of the length η.

The problem is to find the effective value of the parameter η. As it follows from
Eq. 2.9, the number of collisions per unit length of smooth open cylindrical column
is πdcum/4Q, so that:

aη = 4Q
πdcumη

(4.44)

The variance of the distribution 4.43 is:

σ 2
η = aηη

2(2 − aη) ≈ 2aηη
2 (4.45)
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On the other hand, in the simulated IC, the variance of the zone profile σ 2
z , after the

zone has migrated the average distance zA, may be written as:

σ 2
z̄ = πdcum

4Q
zAσ 2

η (4.46)

Then, taking into account Eq. 4.45, we obtain:

σ 2
z

zA
= 2η (4.47)

We have already seen the solution for the variance of the zone profile in open
isothermal columns – cf. Eq. 4.26. Usually, its right-hand side term which accounts
for longitudinal molecular diffusion can be neglected. Equating of the right-hand
sides of Eqs. 4.26 and 4.27 provides the effective value of η to serve the Monte
Carlo simulations:

η = (11 − 16� + 6�2)Q
48πD

(4.48)

The value of � is the ratio of the times spent by nonadsorbable and adsorbable
species to pass an isothermal column. The net retention time is Zz (from Eq. 2.9)
multiplied by τa. In a smooth open cylindrical column of the length w×1 s, we have
Zz = πdcwum/4Q = um/dc. It leads to:

� = 1
1 + nazτa

= dc

dc + umτa
(4.49)

If � approaches zero, Eq. 4.48 reduces to:

lim�→0
η ≈ 11Q

48πD
= Q

4.36 πD
(4.50)

The limit is somewhat shorter than the longest component of the diffusional deposi-
tion profile from laminar flow given by Eq. 2.45, for which the numerical coefficient
in the denominator is 3.65; cf. the discussion in Sect. 2.2.2. From the formula 4.50
it follows that the limiting η depends on the temperature as η ∼ 1/

√
T , but does not

depend on pressure or on the column diameter.
The next step is to evaluate the adsorption residence time resulting from a series

of encounters. Evidently, the number of short displacements, and also the adsorption
events in a sequence, has the discrete geometric probability distribution

P(N∗
a ) = (Na − 1)N∗

a −1

N N∗
a

a

(4.51)

with the average value Na = 1/aη. The residence time τN , the sum of N∗
a exponen-

tially distributed values of τa has the pdf:

ρ(τ ∗
N ) =

[
(τ ∗

N )N∗
a −1

τ N∗
N (N∗

a − 1)!

]
exp
(

−τ ∗
N
τa

)
(4.52)
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Finally, the random residence time in the series of nearby adsorptions τ ∗
Ns is distrib-

uted like:

ρ(τ ∗
Ns) =

∞∑
N∗

a =1

P(N∗
a ) · ρ(τ ∗

N ) = 1
Naτa

exp
(

− τ ∗
Ns

Naτa

)
(4.53)

4.3.2 Calculational Procedure

The pdfs for displacements and retention times determined by Eqs. 4.48, 4.43
and 4.53 form the basis for Monte Carlo simulations of the individual migration
histories in both isothermal and thermochromatographic columns. In the TC case,
a long jump may cover a considerable range of temperature. Hence, each time one
would have to select a reasonable effective temperature to calculate the temperature-
dependent value of Q/D, which affects the value of η. Concrete simulations showed
[9] that substituting the temperature at the starting coordinate of the jump negligibly
affects the results, compared to other choices within the jump length.

A vision of the “actual path” is schematically shown in Fig. 4.6 with two levels
of detailing, because the number of microscopic displacements is of the order of
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Fig. 4.6 Actual migration path of a molecule in space and time compared with a Monte Carlo
simulation [21].

Reproduced from Journal of Radioanalytical and Nuclear Chemistry Articles, 204(1), Zvara I,
Problems in thermochromatographic separation of radioelements, 123–134, c© 1996, with permis-
sion from Springer.
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hundreds per centimeter. The Monte Carlo migration distance is fixed when the
total retention time becomes longer than the stochastic individual migration time.

4.3.2.1 Random Processing Times of Individual Events

When simulating the molecular histories, especially for the experiments with short-
lived nuclides, it is necessary to note that the actual processing time is a random
variable with an individual value for each molecule. It is so not only because of the
individual lifetimes of the involved nuclei, but also due to some external factors.
These are, for example, the nominal tTC

R and the temporal profile of injection. How-
ever, equally important is the temporal regime of detection of the decay events —
whether they are registered in the course of the run or after its end.

A concrete example comes from the experimental works with the radionuclides
characterized by tλ, much shorter than tTC

R . A long continuous on-line experiment
formally looks like the frontal chromatography of the products. However, when the
decay events of such nuclides are registered immediately by the material of the
column, the resulting internal chromatogram is the same as it would be in the elution
regime. The random processing time t∗f equals the random individual lifetime of the
nucleus.

More situations are considered in Ref. [22].

4.3.2.2 Flowchart of Simulations

Migration of a molecule down the column is traced by computer simulation ac-
cording to the flowchart in Fig. 4.7. After taking an individual processing time t∗f ,
starting at zi=0 = 0, a random long jump η∗

j is picked up. The latter is distributed
according Eq. 4.48, while η is calculated from Eq. 4.3.1 using the preset Tz = T (z).

The coordinate of the molecule becomes zi = zi−1 + η∗
j =

i∑
j=1

η∗
j and the tem-

perature dependent τa(zi) is calculated from Eq. 2.23. A random τ ∗
Ns is picked up

from the pdf by Eq. 4.53. Next, the adsorption residence times are summed over

all jumps and the total is compared with t∗f . If
i∑

j=1
τ ∗

sN , j ≥ t∗f , then the last coordi-

nate zi , which is the migration distance in Fig. 4.5, is stored and the next molecular
event is simulated. If the mean residence time of molecules in the mobile phase is
comparable to tλ of the nuclide, the condition

i∑
j=1

τ ∗
Ns +

i∑
j=1

η∗
j/w(Tz, j ) ≥ t∗f (4.54)

approximately accounts for the time spent in the gaseous phase.
The program can be designed to calculate and sum up the contributions of each

event to the zero-point moments m̃n of the profile and sort the events for subsequent
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Fig. 4.7 Flowchart of computer program for simulation of GC peak profiles [22].

Reproduced from Radiochimica Acta, 38(2), Zvara I, Simulation of thermochromatographic
processes by the Monte Carlo method, 95–101, c© 1985, with permission from Oldenbourg
Wissenschaftsverlag.

construction of a histogram of the zone. It allows evaluating various statistical char-
acteristics of the profile, fitting the simulated peak by appropriate pdfs and other
actions.

4.3.3 Sample Results of Simulations

Most of the results mentioned below come from Ref. [22], where 5,000 molecular
histories were followed to obtain each zone profile. The experimental conditions
and properties of the processed species were broadly varied. Listed in that paper are
various characteristics of the sampled zones: zid and Tid, zA and TA, coordinate and
temperature of the zone maximum, as well as variance, skewness and kurtosis excess
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Fig. 4.8 Simulated zone profiles at various εd NA [22]. All curves: elution regime; t IC
R = tTC

R =
2000 s; Q0 = 10 cm3 s−1

, dc = 0.3 cm, p = 1 bar, D0 = 0.1 cm2 s−1
, τ0 = 1·10−12 s, M =

220 g mol−1. Curves 1 and 2: IC at Tc = 500 K. Other curves: TC with Tz = TS − 3z (see also
graph of Tz).

Reproduced from Radiochimica Acta, 38(2), Zvara I, Simulation of thermochromatographic
processes by the Monte Carlo method, 95–101, c© 1985, with permission from Oldenbourg
Wissenschaftsverlag.

of the profiles. Figure 4.8 compares some elution IC and TC zones for several values
of εd. The mean lifetimes were much longer than tTC

R . Profile no. 3 was chosen as a
standard; as such it is also shown in Fig. 4.9.

Figure 4.9 presents zones of short-lived isotopes of certain elements with dif-
ferent half-lives in conditions similar to those in Fig. 4.8, except that the nominal
duration of the experiment tTC

R was much longer than any of the tλ values. Com-
parison of the standard profile with that for an isotope with tλ = 2,000 seconds
demonstrates the extent of broadening due to the random lifetimes of the radioac-
tive atoms. The seeming “isotopic separation” is not real — the picture shows the
points at which the nuclei ceased existence. Since the longer the lifetime, the greater
the mean migrated distance, the actual mean processing time has nothing to do with
the nominal tTC

R . Such a situation frequently occurs in TAEs studies.
It is interesting to compare the statistical parameters of the MC simulated

zones and the parameters of the best fits to them by the exponentially modi-
fied Gaussian distribution. It was done [9] for the zones resulting from three dis-
similar thermochromatographic regimes, which were related by some common
experimental conditions. These conditions, as well as the zone profiles, are shown
in Fig. 4.10; the statistical parameters are listed in Table 4.1. The first regime was
the elution thermochromatography of a nonradioactive nuclide, when all individ-
ual processing times equal the duration of the run (top of Fig. 4.10). Then the ideal
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Fig. 4.9 Thermochromatography of short-lived isotopes of an element having different mean life-
times [22]. Experimental parameters are the same as in Fig. 4.8. Peak No. 3 is identical to that in
Fig. 4.8.

Reproduced from Radiochimica Acta, 38(2), Zvara I, Simulation of thermochromatographic
processes by the Monte Carlo method, 95–101, c© 1985, with permission from Oldenbourg
Wissenschaftsverlag.

thermochromatogram is merely δ(zA), and the dispersion of the real one originates
from the statistics of the long jumps and of the adsorption sojourn time. The bottom
of Fig. 4.10 shows the corresponding frontal thermochromatogram. Now the ideal
zone has a finite width; the real zone is broader than that in the top of the figure, and
its maximum is at a higher temperature.

Experimenters are very interested in simulating long-lasting continuous experi-
ments with much shorter-lived nuclides, when the coordinates of the decay events
are recorded in real time. Then the “chromatogram” of decay events does not depend
on the time profile of injection, including simultaneous pulse injection of the mole-
cules at any time. The specific feature is the exponential probability distribution of
the individual processing times, which are identical with the individual lifetimes.
It makes the effective processing regime intermediate between elution and frontal.
In the middle of Fig. 4.10 are the distributions of decay events of a nuclide if its
average lifetime of 2,000 seconds is much shorter than tTC

R . The ideal zone profile
is determined solely by the scatter of the lifetimes. Both the ideal and the real zones
are somewhat similar in appearance to their frontal counterparts, but are broader
and shifted towards lower temperature because of the larger span of the individual
processing times.

It was found that all three simulated TC peaks in Fig. 4.10 can be well fitted with
the exponentially modified normal distribution, which was discussed in Sect. 4.2.4
and is described by Eq. 4.21. The success is shown in Fig. 4.10. Important details
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Fig. 4.10 Fits of various simulated thermochromatograms by the exponentially modified Gaussian
[9]. The values of parameters were εd NA = 110000 J mol−1, Q0=10 cm3 s−1

, dc = 0.3 cm,
p = 1 bar, D0 = 0.05 cm2 s−1

, τ0 = 1 ·10−12 s, M = 220 g mol−1. Tz = TS −3 z (see also graph
of Tz).
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Table 4.1 Statistical Parameters of the Zone Profiles Simulated by MC Technique and of the MC
Profiles Fitted by the Exponentially Modified Gaussian

Quantity Evaluation TC regime
procedure Elution Short-lived Frontal Short-lived ideal

η/cm MCa 11.6 11.6 11.4 —
ηe/cm fit 12.2 9.2 10.1 0.13
zG/cm fit 68.7 69.9 64.0 74.8
σG/cm fit 4.7 9.3 7.5 —
zav/cm MC 80.8 78.8 73.8 72.3
(zG + ηe)/cm fit 80.9 79.1 74.1 —
σz/cm MC 12.4 15.0 14.2 6.2√

σ 2
G + η2

e/cm fit 13.1 13.0 12.6 —
�z MC 1.5 0.45 0.6 1.7

2η3
e

(σ 2
G + η2

e )
3/2

fit 1.6 0.7 1.0 —

εz MC 3.9 2.2 2.5 5.6
6η4

e

(σ 2
G + η2

e )
2

fit 4.9 1.5 2.5 —

a the parameter was predetermined (see Sect. 4.3.1)

are provided in Table 4.1. Here the statistical parameters of the simulated zone are
compared to the parameters evaluated from the best fit using the relationships 4.22.

Let us consider some quantities which affect and characterize the simulated peak
profiles.

1. The effective mean jump length in MC simulations from Eq. 4.50 is close to
the limit of the mean deposition length from Eq. 2.45. Thus, it is in general ac-
cordance with the assumed physical picture of molecular migration down the
column. Even if � is not much smaller than unity, this picture holds unchanged –
now the zone “runs after” the molecules carried by flow and its variance cor-
responds effectively to shorter steps calculated from 4.48. It is evident that the
simulated profile on its low temperature tail approaches an exponential curve
with η as the characteristic length (if we neglect its temperature dependence).

2. An analysis of Eq. 4.26 shows [22] that the longitudinal diffusion contribution
to η is to be taken into account when Q/Ddc < 2. In this case, one should add
a random diffusional displacement, positive or negative, to the length of jump
each time.

3. It was emphasized above that η is chosen to correctly reproduce the variance of
the isothermal peak. Indeed, the characteristics of the two IC profiles in Fig. 4.8
satisfy Eq. 4.47 within statistical uncertainties. Such η also yields a reasonable
skewness Σk = 3

√
η/2z for the pdf by Eq. 4.43 at a � 1, while the exact

solution for a zone in laminar flow [14] yields the numerical coefficient 2.4 rather
than three.

4. The simulated profiles of isothermal chromatograms have something in com-
mon with the results of Refs. [5, 23, 24]. In these studies, the elution chro-
matography was formally characterized by the rate constants of adsorption and
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desorption, and stochastic summation of residence times in the stationary and
mobile phases yielded formulae for the elution curve (time-dependent concen-
tration at the exit). Further developments in these lines established equivalence
between the microscopic (molecular) model of chromatography and the macro-
scopic lumped kinetic model [24, 25].

5. When using the described MC simulations, we suppose that the column surface
is absolutely smooth and homogeneous with respect to τ0 and εd, and that the
sticking coefficient is unity. Meanwhile, we tacitly ignore the possibility of lat-
eral surface diffusion. All this may be rather far from being true. Yet, the above
quantities characterize a certain model of chromatography. It cannot be rigorous
because of the complex structure of real surfaces, which will be discussed in
Chapter 5.

6. The simulations, according to the proposed scheme, automatically account for
the compression action of the temperature gradient on the zone width, which
was of concern in Sect. 4.2.3.1.

7. With a slight modification, the flowchart in Fig. 4.7 can serve to simulate isother-
mal chromatography of short-lived nuclides when we detect the nuclei which
survived at the column exit; see Fig. 1.7.

8. Some gas-chromatographic mechanisms differ from the mere adsorption–
desorption events of unaltered molecules in that they involve chemical
reaction(s). The resulting chromatograms can be simulated as well if, when
formulating the individual processing time, we allow for the time of the chem-
ical reaction (in gas or on surface) and for the difference in adsorption (and
diffusion) characteristics of the initial and final species. See Sect. 5.7 for more
details.

For some 20 years the above-outlined MC simulations have been widely utilized
for evaluation and interpretation of thermodynamic characteristics of tracer com-
pounds, especially in TAE chemistry studies. Sometimes, this resulted in too far-
reaching conclusions and statements, which could be avoided if one paid attention
to the warnings already issued in the original publication [22]. It should be stressed
that the basic formulae serving for simulation were deduced after making several
rather fundamental assumptions and simplifications. One must be aware of them,
especially when trying to upgrade the approach and the corresponding calculational
programs.

Important advantages of the MC simulations are in the versatility of taking into
account numerous circumstances of real experiments. For instance, it is easy to
allow for any column temperature profile and temporal regime of injection, as well
as for the decay chains of the involved nuclides. The temperature along the column
can be described merely by a numerical table and a procedure of interpolation. The
simulations allow finding the “best” values of τ0 and εd which would correctly fit
the experimental zone profiles.

The versatility of the approach, in combination with the ever increasing available
computational power, obeys good prospects for future studies. It will be seen in later
chapters that it is necessary to introduce a more complex picture of the adsorption
processes. Presently, we simulate only what is mobile adsorption on a homogeneous
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surface at near-zero coverage. As the next step, it is desirable to account for the
heterogeneity of real surfaces and for the surface diffusion.

The proposed approach may also be useful in simulating thermochromatogra-
phy in vacuum columns, chromathermography and other separation techniques in
open columns. Moreover, repeated Monte Carlo “experiments” with small number
of molecules serve to visualize the uncertainties imposed by poor statistics. They are
very helpful in evaluating Bayesian confidence intervals for the parameters mea-
sured in the experiment performed in non-ideal conditions, when any attempt to
obtain an analytical solution fails completely. This will be discussed and illustrated
in Sect. 6.2.

4.4 Vacuum Thermochromatography

Thermochromatography in evacuated columns differs in some aspects from the gas
flow-driven chromatographic techniques. Let us consider columns similar in diame-
ter and length to those in gas chromatography and suggest that the analyte is initially
placed into the higher temperature end, which is closed. The term vacuum ther-
mochromatography (VTC) implies that the molecules do not experience collisions
when in the column volume. This is the “Knudsen regime” — the total gas pressure
is so low that the mean free path λm is much larger than dc and, strictly speaking,
even longer than the column. For the column diameters in millimeter range, it means
pressures much less than 0.001 mmHg. In prevalent conditions, the molecular enti-
ties striking the wall are “diffuse reflected” rather than elastically scattered. It means
that, even if the sojourn time is practically negligible, the molecule gets attached for
a time necessary to loose memory about its vector momentum before the strike. As
a result, it moves along the column owing to uncorrelated flights of random length
and direction between two encounters with the wall.

In an isothermal vacuum tube, with the tracer initially concentrated at its closed
end as δ(z), the random flights are reflected at z = 0 and must produce [26] a
zone with a shape of the half of a symmetrical distribution (not necessarily normal).
This distribution will ever broaden with time, and there cannot emerge any maxi-
mum away from the zero coordinate. In VTC such a peak does appear. The obvious
reason is that the flight frequency of the molecules rapidly decreases with lower
temperature, which produces a seeming flow towards the cold end of the column.

4.4.1 Retention Time

Because of the principal absence of convective flow in VTC, it is not easy to
derive the basic relations by analogy with the treatment of gas–solid chromatog-
raphy processes. Help is offered by a concept of vacuum physics related to Knudsen
regime – the conductance CVC of a tube with the length lc. The quantity has dimen-
sion of the flow rate:
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CVC = 4dc

3lc

um

4
πd2

c
4

= π
12

umd3
c

lc
cm3 s−1 (4.55)

This applies whenever a reservoir of rarified gas is connected by the tube (strictly
speaking — straight and very long) to a completely evacuated reservoir, and if both
volumes are so large that the two pressure values are not changed by the amount
flowing through the tube. Then CVC is the volume of the “pressurized” gas pene-
trating the tube per time unit. It does not depend on the inlet pressure because each
molecule moves independently from the others; of course, the mass flow of the gas
is proportional to the pressure. The tube volume divided by the conductance is the
mean time spent by molecules in the tube. Notice that the number of molecules
which cross the opening of the channel per second is constant, and that the mole-
cules already inside the column can also get back to the pressurized volume. In the
closed evacuated column with the diffusion started and reflected at z = 0, the mean
time spent in the tube by molecules of a nonadsorbing gas is two times shorter [27].

Gaggeler, et al. [28] took the z coordinate divided by the spent time as an effective
flow velocity for the given column segment

wVTC = 2z
πumd3

c
12z

4
πd2

c z
= 2

3
umdc

z
(4.56)

and assumed that tVTC
R is incremented over dz, like in the ideal linear IC. It gives:

dtVTC
R
dz

= ki (T )

wVTC
T

+ 1
wVTC

T
(4.57)

where the partition coefficient ki equals:

ki = um

dc
τ0e

εd
kBTz (4.58)

Eichler and Schädel [29] alternatively used τ0 = h/kBT . It is justified in view
of the real uncertainty of the two quantities. The ν0 values for metals have been
estimated through several physical approaches. Ref. [30] contains a useful compi-
lation and comparison of the derived values. By integrating Eq. 4.57, the authors
of Ref. [28] evaluated the adsorption characteristic as a function of tVCT� and other
experimental parameters. The resulting formula is quite cumbersome, because the

two terms in Eq. 4.47 depend on temperature as TS−T√
T

e
εd

kBT and TS−T√
T

, respectively.
After a number of approximations, a version of the relationship became:

tVTC
R = 3

2g2d2
c

kBTA

εd
e

εd
kBTA

h
kB

TS Tz = TS − gz (4.59)

The approach is also briefly outlined in [31].
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4.4.2 Description by Random Flights

The actual random flight mechanism behind VTC deserves more detailed considera-
tion. During a typical experiment a molecule must experience some 104 free flights.
It enables direct simulation of each flight and of the sojourn time by a Monte Carlo
technique. Modern computer workstations make it easy. The advantage is that both
the position and shape of the peak are obtained in a consistent straightforward way.
Besides assuming the cosine law of reflection (see below), there is another substan-
tial assumption which we will examine in Sect. 5.4.1 – the absence of any lateral
diffusion. In other words, we imply localized adsorption.

Random free flights were considered as starting from a point at the inner surface
of a cylinder [9]. The x-axis was taken perpendicular to the surface and so to the z–y
plane, while the cylinder extended along the z-axis. In the spherical coordinates, θ∗
denoted the random polar angle of the flight vector to the x-axis, and ϕ∗ was the
random angle between the projection of the vector on the z–y plane and the z-axis.
Then the random values of the flight length ς and its projection on z-axis ςz are:

ς∗

dc
= cos θ∗

1 − sin2 θ∗ sin2 ϕ∗ and
ς∗

z

dc
= cos θ∗ sin θ∗ sin ϕ∗

1 − sin2 θ∗ sin2 ϕ∗ (4.60)

The angular distribution of the desorbed molecules is not isotropic, but follows
the cosine law — the probability of emission into the elementary solid angle is
dϕdθ cos θ . Now, by integration of the above expressions, accounting for the cosine
law, the mean values are found to be:

ς =
√

6
π

dc = 1.386dc |ςz | = dc

2
ς2

z = 2
3

d2
c (4.61)

Suppose that the VTC zone results from symmetrical random flights in the pres-
ence of a reflecting barrier at z = 0, and that the flight length characteristics are those
from Eq. 4.61. If the sojourn time can be neglected, the free flights obviously happen
with the frequency um/ς . Otherwise, in the chromatographic regime, the frequency
is um/(ς + umτd). From Eq. 2.21, we obtain for the effective linear diffusion coef-
ficient DKn of nonadsorbing gases in cylindrical tubes in Knudsen regime

DKn = 1
2

um

ς
ς2

z = 1
2

√
π
6

um

dc

2
3

d2
c = dcum

4.16
(4.62)

and in the chromatographic conditions:

DKn = umdc

4.16
ς

(ς + umτd)
= umd2

c
3 (1.386dc + umτd)

(4.63)

Pollard and Present [32], on the basis of molecular kinetics and dynamics, rigorously
evaluated the effective diffusion coefficient of nonadsorbable gases in capillaries of
finite length to find that it increases with higher lc and its limiting value is:
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lim
lc/dc→∞ DKn = umdc

3
(4.64)

This limit differs from Eq. 4.62 only in the numerical coefficient. Other treatments
of the problem, including the first one by Knudsen [33], also gave slightly different
values of the coefficient.

The random flight frequency of nonadsorbable molecules is some 105 s−1. Their
diffusivity, according to Eq. 4.62, is of the order of 103–104 cm2 s−1; consequently,
the mean diffusional displacement in the first second goes up to 100 cm!

In the conditions of longitudinally decreasing temperature and much longer so-
journ time, DVC drastically lessens (see Eq. 4.63), giving rise to a peak at a distance
from zero. Thus, the random flight model and its diffusion equivalent make an alter-
native approach to evaluating tVTC

R possible, without seeking an effective convective
flow. To reach a mean square displacement of z2, the number of walks must be the
square of the distance measured in flights, (z/ςz)

2 = 4z2/d2
c ; cf. Eq. 4.61. Then, in

an evacuated isothermal tube, the necessary time tKn
R is the number of displacements

multiplied by the mean sojourn time, plus the total time spent by the molecule in
flight on its way to point z:

tKn
R = τd

4z2

d2
c

+
√

6
π

dc

um

4z2

d2
c

(4.65)

Now the proposed procedure for evaluation of tVTC
R is to differentiate the above tKn

R
by time and then integrate the derivative along the temperature profile of the column.
In shorthand:

tVTC
R =

TA∫

TS

(
d

dTz
tKn
R

)
dTz (4.66)

The second term in Eq. 4.65 is usually negligible, compared with the first one,
and we can omit it already when differentiating. In the case of the constant temper-
ature gradient we come to:

d
dTz

tKn
R = 4

d2
c

(
2z

dz
dT

τ + z2 dτ

dT

)

= 4τ0

d2
c g2

[
−2 (TS − Tz) e

εd
kBTz − (TS − Tz)

2 εd

kBT 2
z

e
εd

kBTz

] (4.67)

Then the integral is:
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R = 4τ0
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z
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⎥⎦

(4.68)
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Assuming that the values of the integral at TS can be abandoned compared with
those for TA, and taking into account only the first member of the asymptotic series,
one comes to:

tVTC
R = 4τ0e

εd
kBTA

d2
c g2

[
2

kBTA

εd
(TS − TA)TA + (TS − TA)2

]
(4.69)

and
tVTC
R ≈ 8

g2d2
c

kBTA

εd
τ0e

εd
kBTA (TS − TA)TA (4.70)

In the meantime, substitution of τ0 = h/kBTA into Eq. 4.59 gives:

tVTC
R = 3

2g2d2
c

kBTA

εd
τ0e

εd
kBTA TATS (4.71)

The two last formulae are in agreement within the uncertainties brought in by the
approximations. Actually, we are interested in εd, so the difference is negligible.

4.4.3 Monte Carlo Simulation

The procedure for Monte Carlo simulation of the cosine law is simple. It can be
derived by following the general scheme for continuous distributions [34]. This way
we come to

θ∗ = arcsin
√

ξ∗ and ϕ∗ = π

2
ξ∗ (4.72)

where ξ∗ is a random number with the standard uniform distribution and the two
ξ∗’s are picked up independently. Then the random angles are substituted into
Eq. 4.60 to calculate the migration distance increment.

Some Monte Carlo simulations of vacuum thermochromatography were pub-
lished in Refs. [29, 35]; sample data are shown in Fig. 4.11. Also simulated was
diffusion in an isothermal column [35] to find the time, after which 50 percent of a
short-lived activity emerges from the column outlet, as a function of Tc and εd. Only
later, these authors presented [31] their prescriptions for the simulation of random
flights. Their Monte Carlo procedure for the cosine law was faulty, so their proba-
bility density distribution and the mean of displacements are in error. It would be
interesting to make similar simulations on the basis of Eq. 4.60; the rigorous pdf of
the longitudinal projections of the random flights seems to have non-trivial statistical
characteristics. The same is true for isotropically directed free flights; they also have
to be examined because the cosine law may not be valid for very rough surfaces.

From the contents of Chapter 5 it follows that the original evaluation of the
VTC data in terms of the energy of desorption presented in Refs. [29, 31, 35]
should be revised. The value of εd was deduced implying the model of mobile
adsorption. Meanwhile, if the model were valid, the unhindered movement of the
adsorbed molecules across the surface would result in the column, independently of
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Fig. 4.11 Vacuum thermochromatography of gold in quartz column [35]. Black bars — distri-
bution of 192Au, solid histogram — the result of simulation. Conditions: dc = 0.3 cm, lc =
100 cm, tVTC

R = 1–2 hours, column temperature profile – see the broken line.

Reproduced from Radiochimica Acta, 92(8), Hohn A, Eichler R, Eichler B, Investigations on ad-
sorption and transport behavior of carrier free Ag, Au and Pt in quartz columns under vacuum
conditions, 513–516, c© 2004, with permission from Oldenbourg Wissenschaftsverlag.

its temperature profile, to be momentously emptied through the open end. With both
ends closed, the molecules would be practically evenly distributed over the column
length. The actual localized character of adsorption can be accounted for if one takes
effective ν0 values, which are by several orders of magnitude larger; see Sect. 5.6.4.
This will yield a higher value of εd.
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Chapter 5
Evaluation and Interpretation
of the Experimental Data

Abstract Of primary interest in gas-phase radiochemistry are the energies (en-
thalpies) of desorption of molecular entities from various surfaces. For a new
element only single chromatographic measurement of the adsorption equilibrium
constant becomes available, and the van’t Hoff equation cannot be applied. The
only way is to calculate the entropy change from the first principles. Usually,
one has assumed smooth homogeneous surface and mobile adsorption. For known
compounds their desorption energies from silica correlate with the vaporization (or
sublimation) energies; moreover, the values differ little. The finding is difficult to ra-
tionalize for smooth bare surfaces and stimulates considering real surfaces. Those of
silica and metals are inherently rough and heterogeneous. In the chromatographic
experiments with halides, they become covered (modified) by bonded fragments
of the reagent molecules. Then a molecule adsorbed at the possible sites in the
form of nanoscale wells (pockets) needs similar energies to escape as to leave its
own condensed phase. However, accounting for the mostly localized adsorption in
the entropy calculations further raises the above “experimental” desorption energy.
Meanwhile, heterogeneity makes the latter be an effective value, necessarily less
than the maximum in the spectrum. Hence, the highest desorption energy may be
considerably larger than the sublimation energy. Possibly the source of it, as well
as of the considerable scatter of the data, is incomplete and poorly reproducible
modification of the surface. Gas-solid chromatography, besides mere adsorption–
desorption of unaltered molecules, may be based on chemical mechanisms; some of
them are evidenced and characterized.

Studies of gas-phase radiochemistry of the heaviest elements have focused primar-
ily on physical adsorption of molecular compounds on various surfaces. Generally,
physisorption is characterized by relatively low adsorption energies. In the 1930s the
founders of the adsorption theories used to give a certain upper limit for this energy,
usually a few tens of kJ mol−1, implying that higher values indicate chemisorp-
tion mechanisms. It is not to be misleading — they discussed only adsorption of
nitrogen and other light gases. Actually, a fundamental characteristic of the physical
adsorption is that it stems exclusively from the van der Waals interactions between

119
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adsorbates and adsorbents, that is from the electrostatic attraction due to the perma-
nent, induced and instantaneous dipoles.

The London dispersion forces are of general importance because they are om-
nipresent. Consistently we assume that the chemical nature of the adsorbing sur-
face or of the particular adsorption site is not changed by an adsorption–desorption
event, and that perturbation of the electronic structures of the adsorbent and adsor-
bate, if any, is very small. There do not emerge chemical bonds due to the formation
of molecular orbitals or because of the analogous interactions between the electrons
of a metallic adatom and those of metallic substrate. Such considerations do not
allow for any well-substantiated upper limit on the energy of physical adsorption
of molecular adsorptives. Indeed, suppose that the adsorbent is a molecular crystal
(rather than an ionic one); then, why couldn’t the desorption energy of the partic-
ular adsorbate amount up to a considerable fraction of its energy of sublimation,
however large the latter might be? Physisorption in different adsorbate–adsorbent
systems has some common features: the adsorption and subsequent desorption usu-
ally do not require activation energy, and an adsorbent is seldom very selective for
some particular compound(s).

Fewer radiochemical works have exploited chemical adsorption, which is char-
acterized by forming true chemical or metallic bonds. In the latter case the valence
electrons of the adatom are delocalized and shared with the electron cloud of the for-
eign metal lattice. Changes in the electronic state may yield chemisorption energies
as high as several hundreds of kJ mol−1. Strong chemisorption can be very selec-
tive. It may also require some activation energy for forming and then disrupting the
bonds, and may even irreversibly alter the adsorption site.

An example of exploiting chemisorption in radiochemistry of heavy elements
was given by the adsorption studies of the atoms of heaviest actinoids on refractory
metals to judge the metallic valence of trace elements; see Sect. 1.5.2. Another case
of interest was the high adsorption energy of some molecular halides on the surface
of alkali halides. It takes place owing to the formation of complexes like K2ZrCl6,
which are well known as bulk phases; see Sect. 5.1.2 below.

In principle situations intermediate between physisorption and chemisorption can
also occur; they can be discussed only on an individual basis.

5.1 Adsorption Enthalpy on Homogeneous Surface

Adsorption (desorption) energies or enthalpies of molecules and atoms on var-
ious surfaces are of primary and major interest in the experimental gas-phase
radiochemical studies of the heaviest elements. In practice, pertinent data can be
obtained almost exclusively in the experiments based on chromatographic princi-
ples. In the pioneering works [1–3] the required values were derived using the sim-
plest description of the processes in columns in terms of molecular kinetics (see
Sect. 4.2). Later [4] the task of finding the adsorption enthalpies was examined
using a thermodynamic approach. It revealed that the molecular-kinetic treatment
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essentially implies a particular model of the state of the adsorbate, and that calling
the statistical mechanics enables more comprehensive analysis of the problem. For
this reason, when discussing evaluation of the experimental data, we will start with
the thermodynamic considerations.

5.1.1 Thermodynamic Approach

This approach is based on classical thermodynamics and statistical mechanics; the
latter makes the link to the microscopic picture of the adsorption processes. From the
point of view of thermodynamics, adsorption can be treated like a chemical reaction.
It will be shown that adsorption can proceed with or without a change of the number
of gaseous molecules, so that the thermodynamic equilibrium constant expressed in
partial pressures may or may not equal the constant expressed in concentrations.
Notice that the standard values of some quantities accepted here when deriving for-
mulae for the adsorption characteristics are not the standard states commonly used
in chemical thermodynamics. In particular, it concerns the concentrations.

5.1.1.1 Equilibrium Constants

Let ca in cm−2 be the equilibrium number concentration of the tracer entities in the
adsorption layer, and cg in cm−3 the concentration in the gaseous phase. Experi-
mental studies have shown that a range of small ca values (in the sense of surface
coverage much less than unity) always exists, over which the dimensional ratio of
the concentrations ka, the distribution coefficient

ka = ca

cg
(5.1)

is constant at a given temperature (a sort of Henry’s law). The primary data obtained
in the isothermal elution chromatography is the migration distance as a function of
the processing time, column temperature, column surface area and flow rate of the
carrier gas. In columns with a microscopically uniform surface, ka can be found
from the evident relationship

zA = t IC
R vzwcg

azca
= Qt IC

R
azka

(5.2)

which gives:

ka = Qt IC
R

zAaz
(5.3)

To analyze the thermodynamics of adsorption, it is necessary to know some basic
characteristics of the microscopic profile of the adsorption energy across the surface,
as well as the characteristics of the state of the adsorbate. Otherwise, we must make
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some a priori assumptions concerning these factors. Suppose that the surface is ide-
ally uniform, that is, without even minor patches or single sites with different ad-
sorption properties, and that the adsorption potential across the surface is ideally flat.
Then the adsorbate must behave like two-dimensional gas. Its surface pressure is
cakBT – similar to the pressure of three-dimensional gas (see Sect. 2.1). Thus, the
ratio of concentrations equals that of pressures and must be constant even at large
concentrations; the dimension of ka is cm. The model is called mobile adsorption.

Another idealized model is the localized adsorption, a rationale for the Langmuir
isotherm. Now the surface is supposed to consist solely of identical distinct adsorp-
tion sites with the number concentration Ca in cm−2; the latter has a definite value
for each particular adsorbent–adsorbate system. Let the fractional surface cover-
age be θ ≡ ca/Ca. In such a model, proportional to cg is ca/Ca(1 − θ), the surface
concentration divided by the concentration of free adsorption sites. Hence, strictly
speaking, the corresponding dimensional constant klc

a , now in cm3, is:

klc
a = ca

(1 − θ)Ca

1
cg

= ka

(1 − θ)Ca
(5.4)

At small degrees of coverage, the constant can be approximated by

klc
a ≈ ca

Cacg
= ka

Ca
cm3 if θ � 1 (5.5)

and the model, which deals with the number of sites, rather than with the area per
unit length of the column, yields the same migration distance:

zA = t IC
R vzw

azCa

Cacg

ca
= Qt IC

R
azka

(5.6)

Thus, the initial straight part of the adsorption isotherm does not contain any infor-
mation about the nature of the adsorbed state — the experiments allow obtaining
only ka evaluated from the primary data through Eq. 5.3.

To obtain the adsorption enthalpy, we need the dimensionless equilibrium con-
stants for partial pressures, or for concentrations K p or Kc, which would obey the
fundamental relations

ln K p = −�ads H
RT

+ �adsS
R

(5.7)

ln Kc = −�adsU
RT

+ �adsS
R

(5.8)

where �ads H, �adsU , and �adsS are enthalpy, internal energy and entropy changes
in the process of adsorption. It requires accepting some standard values of concen-
trations or pressures. In the case of the mobile adsorption, more convenient for the
purpose is to set the standard molar volume V and the standard molar area A [4];
their ratio is the reciprocal to the ratio of the standard concentrations or pressures.
The choice of the standards is arbitrary; it will be discussed in more detail later.
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There is only one natural limit for each of them: A should be taken larger than
the molar area of the closely packed monolayer of the adsorbate, and V should be
larger than the molar volume of the condensed adsorptive. Because we are going
to deal only with small degrees of coverage, it seems reasonable to also comply
with it when choosing the standard values, and take V and A much larger than their
indicated natural limits. This will be implied below, even though formally the only
eligible standard is the ratio A/V . Indeed, the thermodynamic constants for the
mobile adsorption K mb

c and K mb
p are related by:

K mb
c = K mb

p = A
V

ka (5.9)

In the case of the localized adsorption model, we must take into account Eq. 5.3
and also accept an eligible standard value for the fractional coverage θ◦. The stan-
dard coverage can obviously be interchanged with the ratio of the minimum possible
molar area, NA/Ca, to the standard molar area:

θ◦ = NA

ACa
(5.10)

Now, in principle, V and A must be specified separately rather than only by their
ratio. The corresponding constants are denoted K lc

c and K lc
p . We obtain:

K lc
c = ca

cg(1 − θ)Ca

ACa

V
(1 − θ◦) = (1 − θ◦)

(1 − θ)
K mb

c (5.11)

In the gas-phase radiochemistry experiments, the surface coverage by the tracer
is much less than unity. Then it is reasonable (though not necessary) to also take the
standard coverage that small. If so, successive approximations to Eq. 5.11 give:

K lc
c ≈ K mb

c if θ � 1 and θ◦ � 1 (5.12)

On the other hand, the concentration equilibrium constant does not equal the partial
pressure constant because now in the “reaction of adsorption” one mole of gas is
lost; it results in:

K lc
p = K lc

c

RT
≈ K mb

c

RT
(5.13)

5.1.1.2 Adsorption Enthalpy by van’t Hoff’s Equation

Notice that both the adsorption enthalpy and the entropy in the adsorbent–adsorbate
systems are negative. Because these parameters relatively weakly depend on tem-
perature and their experimental values are known with only moderate accuracy, we
shall neglect this dependence.

In principle the adsorption equilibrium data derived from the experimental data at
different column temperatures allow us to evaluate �ads H by pursuing the standard
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thermodynamic “second law” procedure. Differentiation of Eq. 5.7 gives the en-
thalpy change in the case of the mobile adsorption model:

−�ads H
R

= d ln K mb
p

d(1/Tc)
(5.14)

Thus, the required value of �ads H can be obtained from the slope of the appropri-
ate linear regression though, in principle, from but two experimental values of the
constant. The same result is also provided by simply differentiating the net retention
time or the retention volume, because Eq. 5.6 shows that ka ∼ Qt IC

R . For example,

−�ads H
R

= d ln t IC
R

d(1/Tc)
(5.15)

Assuming the localized adsorption and consulting Eq. 5.13, we find that:

−�ads H
R

=
d ln

(
K mb

p /RT
)

d(1/T )
= d ln K mb

p

d(1/T )
− d ln T

d(1/T )
= d ln K mb

p

d(1/T )
+ T (5.16)

Thus treatment of the data with this alternative adsorption model yields a more
negative enthalpy change by RT than the mobile model.

Isothermal chromatographic experiments with the detection of elution curves at
several column temperatures are feasible in the separation practice of numerous
fields of chemistry, and Eq. 5.15 has been widely exploited. In the radiochemi-
cal studies of our concern, such an approach could be realized only if long-lived
nuclides with high enough activity were available; this, unfortunately, is not the case.

In the meantime, a reasonably fast radioactive decay makes a different technique
for obtaining data on t IC

R feasible, even with rather low activities. One can measure
the fraction r IC

λ of the nuclei introduced into the IC column which survives at its
exit. This principle can be used in on-line experiments with the nuclides which
have mean lifetimes much less than the nominal duration of the run; in practice, it
means the range from seconds to hours. For a nuclide with the particular tλ, two
or more measurements at different temperatures must be done. At least one at a
temperature when t IC

R � tλ to find the production rate of the detectable activity, as
well as one when t IC

R is of the order of tλ and so the surviving fraction is in the range
0 < r IC

λ < 1. From the point of view of the statistics, most desirable is to aim at r IC
λ

near 0.5. Obviously, r = exp
(−t IC

R /tλ
)
, hence:

ln t IC
R = ln

[
ln
(

1/r IC
λ

)]
+ ln tλ (5.17)

Substitution of this into Eq. 5.15 gives:

−�ads H
R

= d ln
[
ln(1/r IC

λ )
]

d(1/T )
(5.18)

Measurements of r IC
λ were pioneered for systematic studies of short-lived transacti-

noids in Ref. [5]. Sample experimental data are illustrated by the figures in Sect. 1.3.
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The data obtained by the temperature-programmed chromatography [6] could
also provide the sought values of the thermodynamical quantities. In this method,
the temperature of a longitudinally isothermal column is steadily raised from certain
original T0 with the rate γt (in K s−1). One measures the “retention temperature” TA,
at which the compound emerges at the column exit. Sample chromatograms can be
seen in Sect. 1.5.2. The basic equation serving to evaluate the adsorption enthalpy
and entropy is:

RT0azzAγt e�ads S/R

Q0 p0 · (�ads H/R)
= e−�ads H/RT0

(1 + �ads H/RT0)
2 − e−�ads H/RTA

(1 + �ads H/RTA)2 (5.19)

It cannot be solved for the required values in closed form. Therefore, the TA values
were plotted versus γt/w0, and the graph was numerically fitted by the equation to
find the enthalpy and entropy change [6]. The technique made it possible to study
several compounds simultaneously (like by thermochromatography), and so to eval-
uate their relative behavior under identical processing conditions. The precision of
determination is much less than in IC studies because of technical reasons – larger
uncertainty in the temperature corresponding to elution of the zone center of gravity.

The thermodynamic formulae for thermochromatography will be discussed in
more detail later in this chapter. The one essential for the purpose is [4]

tTC
R = azT0

gQ0

V
A

exp
(

�adsS
R

)[
Ei
(

−�ads H
RTA

)
− Ei

(
−�ads H

RTS

)]
(5.20)

cf. Sect. 2.1.6 for the properties of the integral exponential function Ei(x). In this
case, tTC

R is the net duration of the experiment and TA is the temperature of the zone
in the internal thermochromatogram. One can measure TA as a function of tTC

R and
again apply a best-fit procedure to the above equation to obtain the thermodynamic
characteristics of adsorption. To our knowledge, this possibility has not yet been
exploited. The reason, again, is low precision of TA values because of the large
width of zones and of the poor statistics of counts.

There seems to be one more approach to the thermodynamic evaluation of TC
data which can be applied to the lighter congeners of TAEs. It is illustrated by
some once-published [7, 8] data on simultaneous thermochromatography of several
short-lived isotopes of hafnium in the form of tetrachloride and tetrabromide. The
nuclides were produced by bombarding a Sm target with 22Ne ions. Except for the
16-h 170Hf, their TC zones were measured indirectly after EOB – through the radia-
tion of their long-lived descendants, isotopes of the lanthanoid elements. The latter,
in the atmosphere of gaseous SOC12 +TiCl4 or Br2 +BBr3, were obviously present
as nonvolatile trichlorides or tribromides. Thus, the profiles of the deposition zones
of the (grand-) daughters closely followed the profiles of the mother hafnium activi-
ties. In Fig. 5.1 the zones are plotted in an “integral form,” that is the ordinate is the
total percentage of the short-lived Hf nuclei which have decayed ahead of the given
abscissa. The mean duration of the experiment equals the lifetime of the particu-
lar short-lived activity, so that the migration distance grows with longer tλ. Using
a smoothed integral representation, the coordinate and so temperature at, e.g., the
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Fig. 5.1 Integral of the TC zones of short-lived neutron-deficient isotopes of hafnium measured
by gamma radiation of long-lived members of their decay chains [7, 8].

Reproduced (adapted) from Radiokhimiya, 18(3), Zvara I, Belov VZ, Domanov VP, Shalaevski
MR, Chemical separation of nielsbohrium, 371–377, c© 1976, with permission from Academizdat
“Nauka” Publishers.

medians of the zone can be obtained with better precision. It is important for the sub-
sequent fitting Eq. 5.20 to evaluate the sought parameters. It has not yet been done.

Finally we pay attention to the ideal frontal TC (cf. Fig. 4.1). The high tempera-
ture front of the zone profile is obviously proportional to the adsorption isobar and
so, at least for the localized adsorption model, to the adsorption constant. As such,
it would obey Eq. 5.14. It holds for the activities which do not appreciably decay in
the course of run. As for the shorter-lived nuclides, both the elution and the formally
frontal TC result in non-ideal frontal chromatograms. Their shapes are close to what
would arise from ideal processing during ≈ tλ but they are smeared due to the ran-
dom lifetimes of nuclei. Still the initial part of the thermochromatogram might be
useful for evaluation of the required quantity, provided that the statistics of detected
decay events is good.

5.1.2 Experimental Values from Second Law

Unfortunately, in the continuous on-line experiments with transactinoid elements,
the application of the above Second Law and related procedures has not been pos-
sible because of the very poor statistics of detected decays. Measurements of this
type have been done only with long-lived lighter homologs of the transactinoids in
batch tests. Packed columns and low flow rates of the carrier gas were employed
to achieve narrow peaks. Major contribution came from Bächmann and co-workers.
In Refs. [6, 9–11] they measured the adsorption enthalpies and entropies on solid
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Table 5.1 Selected Data on Adsorption Enthalpies, �ads H in kJ mol−1, from IC and the Prog-
rammed Temperature Chromatography Experiments Obtained by the Second Law Approach [6]

Group Compd Adsorbent Group Compd Adsorbent
SiO2 NaCl CsCl SiO2 NaCl CsCl

4 ZrCl4 −97∗ −99 – 5 NbCl5 −65∗ −76∗ −86∗
4 HfCl4 – −99 −104 5 TaCl5 −66 −96 –
7 TcCl4 −85∗ – −75∗ (5) PaCl5 – −126 −126
8 OsCl4 – −101 – 6 MoCl5 −57∗ −72∗ −76∗
14 SnCl4 −54 −29 −31 7 ReCl5 – −64 –
16 TeCl4 −57∗ −70 −42 15 SbCl5 −34 −36 −39
16 PoCl4 −69 −88 –
7 HTcO4 −52∗

−47
7 HReO4 −69∗

−42
8 RuO4 −10.2∗ ± 1.7
8 OsO4 −9.8∗ ± 2.0
∗ obtained by IC, others by programmed temperature chromatography

non-porous adsorbents (quartz, alkali and alkaline earth chlorides, graphite) at high
temperatures (650 to 1,100 K) for a number of inorganic chlorides. They utilized
the “classical” IC technique [10], as well as temperature-programmed gas chro-
matography [6]; sample data are shown in Table 5.1. To evaluate the thermodynamic
quantities, they assumed the mobile adsorption and accepted the standard states sug-
gested by de Boer [12]: the molar volume at STP for V while A = 6.7 × 1010 cm2,
which is the area with the same average separation between molecules like in the
bulk gas (3.34 × 10−7 cm). Thus, the data in Refs. [6, 9–11] were evaluated using
A/V = 3.26×106 cm and ln(A/V/cm) = 15.0. The average error of �ads H values
from IC experiments was stated as ≈ 5 kJ mol−1, that in temperature-programmed
chromatography – about 10 to 20 kJ mol−1. In the latter case, the errors came mostly
from the uncertainty in the retention temperature.

Bächmann and co-workers interpreted their data for molecules halides in
columns loaded with alkaline halides as evidence for the formation of complexes
between the adsorbate and the crystalline halide. Such complexes were consid-
ered for application in radiochemical separations earlier by Zvara and co-workers
in [3,13,14], who estimated the adsorption enthalpies from the rough adsorption iso-
bar obtained in thermochromatographic experiments using Eq. 5.14. The adsorption
enthalpy for NbCl5 on KCl [14] is intermediate between the data of Table 5.1 for
the adsorbents NaCl and CsCl, so that the results of the two groups are consistent.

The numerous values obtained in [6,9–11] would deserve more analysis, discus-
sion and comparison with later data. There are some unexpected trends and devia-
tions in the �ads H values; possibly, they originate from ambiguous chemical states
of the particular elements. The experimental data on �adsS are also of fundamen-
tal interest. As will be seen later in this chapter, evaluation of the experiments with
TAEs is based on calculation of the adsorption entropy from the first principles. The
studies [6, 9–11] reported observation of a correlation between the experimental
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values of �ads H and �adsS, which is not predicted by such calculations. It is well-
known that empirical correlations of the two quantities have been reported many
times in the studies of the equilibria and kinetics of a variety of chemical processes.
On the other hand, it proved difficult to find a rationale for such correlations. It
became a standing problem because of its general importance. A number of dedi-
cated works [15–19] concluded that the correlations are phantom phenomena, which
emerge because the conventional statistical treatment does not evaluate the enthalpy
and entropy changes independently.

Steffen and Bächmann [20, 21] also measured the adsorption characteristics on
quartz for the volatile oxides of Tc, Re, Ru, Os and Ir, as well as for the hydroxides
of Tc and Re. The techniques were isothermal chromatography and thermochro-
matography; the prescriptions were outlined in Sect. 5.1.1. Some of their data are
also included in Table 5.1.

Measurement of the adsorption energies and entropies on the basis of the Second
Law of thermodynamics is not feasible in the radiochemistry of TAEs. In general,
the difficulties in the production of the attainable nuclides and their radioactive
properties impose strong limitations on the allowable experimental conditions. It
is unfortunate because the method guarantees much better accuracy (veracity) of
the numerical values than that expected with the calculated entropies.

5.1.3 Quasi Third Law Approach – Entropy from Statistical
Mechanics

Typically the experiment with a transactinoid element lasts days or even weeks, and
results in a single experimental value of the adsorption constant. The only possibility
to obtain an estimate of the adsorption enthalpy based on such a result is to calcu-
late the entropy change from the first principles [4] and substitute it into Eq. 5.7.
The values of �adsS are calculated from the formulae of statistical mechanics for
the particular model of the adsorbed state. The evaluation starts with the partition
function of single molecule qm and with the molar partition function Z to calculate
the absolute molar entropy from the general equation:

S
R

= ln Z + T
∂ ln Z
∂T

(5.21)

The available literature on the entropy of adsorption of gases on solid surfaces
is almost exclusively devoted to the experimental measurement of �adsS in real
systems to obtain information about the adsorbed state and about the structure of the
surface. Only scarce attempts have been made to calculate or simulate (by Monte
Carlo techniques) the entropy change for more or less real situations, which differ
so much from the two idealized models of adsorption described in Sect. 5.1.1.1.

To illustrate the real values or their orders of magnitude obtained from the formu-
lae, we will substitute them into typical values of the quantities which characterize
the tracers and experimental conditions. These values are listed in Table 5.2.



5.1 Adsorption Enthalpy on Homogeneous Surface 129

Table 5.2 Common Values of Some Molecular Quantities at T = 500 K for M1 = 300 g mol−1

m1 um/4 =√
kBT/2πm1

�m =
h/
√

2πm1kBT
kBT a h/kBT Ca ν0

5 × 10−22 g 4500 cm s−1 3 × 10−10 cm 6.9 × 10−14 erg 9.6 × 10−14 s 1014 cm−2 1012–1013 s−1

a kBT = 0.043 eV; NAkBT = 4.16 × 1010 erg mol−1 = 4.16 kJ mol−1

5.1.3.1 Partition Functions of Gaseous and Adsorbed Molecules

Evaluation of the entropy change in adsorption by the statistical mechanics approach
can be found in numerous sources. Making use of Refs. [22, 23], we will outline
what is required for the present purpose. The partition function for a gaseous mole-
cule qm is the product of the translational component qtr and the internal compo-
nents: rotational qrot; vibrational qvib and electronic qel.

For a molecular entity freely moving in the potential box of the size am the trans-
lational partition function is:

qtr3 =
[

am
√

2πmkBT
h

]3

=
(

am

�m

)3

(5.22)

Here �m is the “thermal de Broglie wavelength”

�m ≡ h√
2πmkBT

= um

4
h

kBT
(5.23)

which is roughly the average de Broglie wavelength of a particle in the ideal gas at
the specified temperature. The typical �m equals 3×10−10 cm or so (cf. Table 5.2).
It is about 1,000 times shorter than the distance between gaseous molecules at STP
and about 100 times shorter than the distance between surface atoms of the adsor-
bents. The translational partition functions for two dimensional and linear boxes are
the appropriate roots of qtr3. In particular:

qtr2 =
(

am

�m

)2

(5.24)

For the molar partition function Z tr we obtain

Z tr = q NA
tr

NA! (5.25)

which, using the Stirling approximation, yields:

Ztr =
(

qtre
NA

)NA

(5.26)
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Then the molar translational entropy of a three-dimensional gas is (Sackur–Tetrode
equation):

Str3

R
= ln

[
V
NA

e5/2

�3
m

]
= ln

[
V
NA

64e5/2

u3
m

(
kBT

h

)3
]

(5.27)

It, for example, gives 20.1R for the entropy of xenon gas at STP.
The translational entropy of two-dimensional gas is:

Str2

R
= ln

(
A

NA

e3

�2
m

)
(5.28)

If we accept the de Boer’s standard area A = 6.7 × 1010 cm2 mentioned in
Sect. 5.1.2, which reasonably corresponds to the (by STP born) V = 22, 414 cm3,
the above equation yields an entropy of about 13R for two-dimensional gaseous
xenon.

At moderate temperatures the internal degrees of freedom make different contri-
bution to the entropy of free molecules. That due to the excited electronic states is
mostly zero. For one vibrational degree of freedom

qvib = ehν0/2kBT

ehν0/kBT − 1
so that

Svib

R
= ln

(
kBT
hνb

)
(5.29)

where νb is the vibrational frequency of the bond. The vibrational energy microstates
are usually well separated. Thus, they make negligible contribution to the entropy of
light small molecules, but non-negligible in the case of large and heavy molecules.
The rotational partition function for a molecule is

qrot = 1
πσrot

(
8π3 I kBT

h2

)nrot/2

(5.30)

so that
Srot

R
= ln

[
e3/2

πσrot

(
8π3 I kBT

h2

)nrot/2]
(5.31)

where σ is the rotation number, nrot is the number of rotational degrees and I is
the geometrical mean of the appropriate moments of inertia. With the exception of
atoms, this contribution to entropy is very significant because molecules possess
numerous low-lying, tightly spaced rotational levels.

5.1.3.2 Mobile Adsorption Model

When evaluating the entropy change in the mobile adsorption it is assumed that
the rotational, vibrational and electronic degrees of freedom of the molecules are
preserved. It allows considering only the translational entropy of the surface gas
and the entropy of vibrations of its molecules perpendicular to the surface. These
oscillations are induced by the characteristic vibration frequency of the adsorbent
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lattice ν0, which was discussed in Sect. 2.1.5. The entropy of such oscillations is
also calculated from Eq. 5.29.

The two-dimensional gas model assumes no mutual interaction of the adsorbed
molecules. It is believed that the adsorbent creates a constant (across the sur-
face) adsorption potential. Thus, in the framework of statistical thermodynamics,
the model describes adsorption as the transition of a gas with three translational
degrees of freedom into an adsorbed state with one vibrational and two translational
degrees. Assuming ideal behavior and using molar quantities, one obtains the stan-
dard entropy in the adsorbed phase as the sum of the translational and vibrational
entropies from Eqs. 5.28 and 5.29:

Smb
a
R

= ln
(

A
NA

e32πmkBT
h2

)
+ ln

(
kBT
hν0

)
(5.32)

Because kBT/hν0 is of the order of unity, the contribution of the second term
is small.

It gives for the standard adsorption entropy:

�adsSmb

R
= Smb

a − Str3

R
= Str2 + Svib − Str3

R

�adsSmb

R
= ln

⎡
⎢⎣ A

V
e1/2

ν0

(
kBT
2πm

)1
2

⎤
⎥⎦ = ln

[
A
V

e1/2

4
um

ν0

] (5.33)

Because the choice of the standard states is arbitrary, it seems convenient to define
them only by their ratio, namely by A/V = 1 cm. Of course A cannot be taken less
than the molar area of the closely packed monolayer of the adsorbate molecules.
The latter is NAd2

m
√

3/2, usually of the order of 109 cm2, which gives the maxi-
mum monolayer capacity of the order of 1014 cm−2. Because a one-centimeter-high
stack contains as many as some 107 monolayers, taking equal numerical values for
A and V means that the accepted standard volume always exceeds its physically
possible minimal value by many orders of magnitude. In addition, when choosing
the standard values to derive formulae for application to tracers, it seems reason-
able to accept an A much larger than the possible minimum to keep with the real
very low coverage. Ref. [4] also discusses other reasonable standard states. These
have nothing in common with the “STP” state, as is the case with the state defined
just above.

If one observes the above limitations for the standard values, a working for-
mula which explicitly shows some dependencies of the entropy change in adsorption
looks like

�adsSmb

R
= ln

(
A
V

um

ν0

)
− 0.9 (5.34)

and with A/V = 1 cm, the standard entropy change �adsS◦,mb is:

�adsS◦,mb

R
= ln

[
1
ν0

(
T
M

)1/2
]

+ 8.7 (5.35)
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Remember that the two formulae above do not take into account possible changes
in the internal entropy.

5.1.3.3 Localized Adsorption Model

According to this model the adsorbed molecules are randomly distributed over the
available adsorption sites. They possess three vibrational degrees of freedom, the
frequency of which is close to the characteristic frequency of the adsorbent v0.
Then the molar standard entropy of the adsorbate is the sum of the molar vibra-
tional entropy and the configurational entropy Scf. The latter arises from the fact
that the molecules can be distributed over the adsorption sites in different ways. The
molecules are indistinguishable, but the sites are always distinguishable because of
each one’s unique coordinates. Let NA particles be randomly distributed over NA/θ
sites, where θ is the fractional coverage. The partition function equals the number of
possible configurations, and the formulae of combinatorics give the molar value as:

Zcf = (NA/θ)!
NA!(NA/θ − NA)! (5.36)

Substitution of this into Eq. 5.21 and application of the Stirling’s approximation
yield the integral molar configurational entropy as:

Scf

R
= −

[
ln θ + 1 − θ

θ
ln(1 − θ)

]
(5.37)

The partial (differential) molar configurational entropy S̄cf is [24]:

S̄cf

R
= − ln

θ

1 − θ
≈ ln

1
θ

(5.38)

The two above equations show that, at small values of θ , the molar configura-
tional entropies (both the integral and the partial) increase as ln(1/θ). It is illustrated
by Fig. 5.2. Meanwhile, Scf is larger by a term, which decreases with lower θ ap-
proaching unity, and thus becomes less important. It can be seen from Eq. 5.37 that
the integral entropy goes to zero at the complete coverage. It is because indistin-
guishable molecules can completely fill a monolayer only in one way. Notice that
the configurational entropy is principally independent of temperature.

A peculiar property of the configurational entropy (not of the molar one) shows
up when we consider the entropy-versus-coverage curve for a fixed number of the
adsorption sites. The curve is completely symmetrical; it goes to zero both at θ →
0 and θ → 1, reaches one maximum (which is a function of the number of sites),
and, at a given θ < 0.5, the entropy is proportional to the number of sites. When
calculating the standard �adsS equations of the statistical mechanics, we face the
necessity to introduce standard configuration entropy. This can be done through the
standard value of the coverage θ◦, which we first met in Sect. 5.1.1.1. The number
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-

Fig. 5.2 Molar configurational entropies, differential and integral, as the function of the fractional
coverage. Also shown are the 1/θ approximation of the two entropies and the accurate difference
between them.

of adsorption sites per unit area in localized adsorption is not necessarily the same
as in the array of closely packed molecules, which we referred to when considering
mobile adsorption. Equally close packing on a surface consisting of deep, regularly
arranged, distinct potential wells may be impossible simply for geometrical rea-
sons. As a result, the smallest allowable standard molar area NA/Ca is most likely
somewhat larger (not more than several times) than such an area on a structureless
surface. Later, we shall have to consider adsorption states intermediate between the
ideal models. Therefore, it is desirable that the values of A and V chosen for mobile
adsorption be compatible with θ◦ for the localized model. It is a conceptual prob-
lem. It can be solved if we assume that the complete coverage value is the same
in both models, so that Ca does equal the capacity of the close-packed monolayer.
The factual difference cannot bring larger uncertainties to the final results than those
contributed by other inevitable assumptions, simplifications and approximations. If
we take the standard fractional surface coverage θ◦ much less than unity, it merely
means that the chosen A must be much larger than NA/Ca. Below, when numeri-
cally evaluating the formulae and examples, we will accept the following standards:

V/cm3 = A/cm2 = NA so that θ◦ = 1/Ca (5.39)

We shall not discuss other possible alternatives, because the one above makes the
formulae much simpler.

The entropy change in localized adsorption is interpreted as the loss of three
translational degrees of freedom and the gain of three vibrational degrees of free-
dom. Strictly speaking, the vibration frequencies νx , νy, ν0 are not exactly equal to
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each other, but for the purpose we put ν ≡ (
νxνyν0

)1/3. From Eq. 5.29 we obtain
for the vibrational entropy of the localized state

Slc
vb
R

= ln
(

kBT
h ν

)3

(5.40)

which, when combined with the configurational entropy from Eq. (5.38), yields:

Slc

R
= ln

1
θ

+ ln
(

kBT
h ν

)3

(5.41)

Therefore,

�adsSlc

R
= Slc − Str3

R
= ln

(
kBT
hν
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− ln
NA

ACa
− ln
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V
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64e5/2

u3
m

(
kBT

h

)3
]

= ln
[

ACa

V
u3

m

64e5/2ν3

]
(5.42)

For the standard states given by Eq. 5.39 we have:

�adsSo,lc

R
= ln

[
Ca

ν3

(
T
M

)3/2
]

+ 22.1 (5.43)

It is interesting to compare the entropy change for the two models of adsorption.
Their difference evaluated from Eqs. 5.34 and 5.42 is:

�adsSlc − �adsSmb

R
= ln

[
ACa

V
u3

m

64e5/2ν3

]
− ln

[
A
V

e1/2

4
um

ν0

]
= ln

(
Ca

16e3
u2

m

ν2
xy

)

(5.44)

The character of the dependence on variables is better seen from the formula:

�adsSo,lc − �adsSo,mb

R
= ln

(
Ca

ν2
xy

T
M

)
+ 13.4 (5.45)

For homogeneous surfaces, the difference of the entropies is around −10R. It is
getting more negative with lower monolayer capacity. If we substitute typical values
of M and T then:

�adsSo,lc − �adsSo,mb

R
≈ ln

(
106Ca

ν2
xy

)
(5.46)

Commonly, ν0 is in the range 1012 to 1013 s−1 (cf. Sect. 2.17), but νx and
νy are somewhat less than 1012 s−1 [22]; the value of Ca cannot be larger than
1014–1015 cm−2. Hence, the value in parentheses in the above formula is probably
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always less than unity and the entropy change in localized adsorption at low cover-
age is even more negative than in the case of mobile adsorption. More entropy may
be lost also because of hindrance to the internal degrees of freedom of the molecules
upon adsorption; it seems to concern mostly the rotational entropy.

Now we can use the formulae for entropy to estimate the adsorption enthalpy on
the basis of the experimental constant and the Third Law-like procedure.

In the case of IC experiments, assuming mobile adsorption, from Eqs. 5.2, 5.9
and 5.33 we obtain

−�ads Hmb

RTc
= −�adsU mb

RTc
= ln K mb

p + −�adsSmb

R
= ln

(
A
V

t IC
R Q
azzA

)
+ ln

(
V
A

4ν0√
eum

)

(5.47)
or explicitly:

−�ads Hmb

RTc
= ln

(
4

e1/2

t IC
R Qν0

azzAum

)
= ln

(
ν0

t IC
R Q0

azzA

√
Tc M

)
− 14.3 (5.48)

Thus, the result does not depend on the accepted ratio V/A.
Analogous expressions for the localized adsorption, which follow from Eqs. 5.42

and 5.12, are:

−�ads H lc − RT
RT

= −�adsU lc

RT
= ln K lc

c + −�adsSlc

R

= ln
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A
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azzA

)
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64e5/2ν3

u3
m

]
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(
64e5/2t IC

R Q
CaazzA

ν3

u3
m

) (5.49)

Again, the form showing various dependencies is:

−�ads H lc − RT
RT
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)
− 27.7 (5.50)

It can be checked that the difference in the values provided by Eqs. 5.48 and 5.49 is
the same as between the reduced entropy values, except for the sign.

5.2 Adsorption Enthalpy from Thermochromatographic
Experiments

In Chapter 4 we considered a naı̈ve model of IC chromatography based on a
molecular-kinetic description of the competing process of adsorption and desorp-
tion. The rate of adsorption was the number of molecules hitting the unit surface
per unit time, and that of desorption was governed by the Boltzmann factor with the
desorption energy in the exponent. It resulted in Eq. 4.1, which can be rewritten like:

εd

kBTc
= ln

4t IC
R Qν0

azum zA
(5.51)



136 5 Evaluation and Interpretation of the Experimental Data

Comparing the latter with Eq. 5.48 we see that the values −�ads Hmb and NAεd
coincide, except for the small term RTc/2. The latter is the difference between the
mean kinetic energy of the molecules in three-dimensional and two-dimensional
gas. Thus, the molecular kinetic approach is equivalent to the model of mobile
adsorption.

5.2.1 Basic Equations

Making use of Eqs. 5.5, 5.7, 5.9 and 5.33, we may write:

t IC
R = zAaz

Q
e− −�ads S

R e
−�ads H

RTc (5.52)

Evaluation of the thermodynamic equations for thermochromatographic reten-
tion times can be done by analogy with the procedures outlined in Sect. 4.2.2.
Namely, we start with the derivative dtTC

R /dT and proceed with integration from
the starting high temperature TS down to the final zone deposition temperature TA.
If we assume that the enthalpy and entropy changes are independent of temperature,
in the case of the constant temperature gradient, the integration yields:
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RTA

)
− Ei
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RTS
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A
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R Q0g
azT0

exp
(−�adsS

R

)
(5.53)

In practice, the second term on the left side of this and similar equations is almost
always much smaller than the first one and can be neglected. Then, we obtain for
the here accepted standard state that:
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)
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)
Tz = TS − gz (5.54)

If the column temperature profile is exponential, then:
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(5.55)
The analogous expression for IC from 5.52 is:
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)
Tz ≡ Tc (5.56)

Notice that in the three above equations the values of g, γ and Tc/zA, respectively,
have the dimension K cm−1 and play an analogous role.

The above equations, especially Eq. 5.54 (and so the mobile adsorption model)
obtained wide use in radiochemistry of TAEs. The adsorption entropy was calcu-
lated from Eq. 5.33 accepting A/V = 1. Several authors proposed approximate
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formulae to facilitate rapid estimates of the adsorption enthalpy. They used the
asymptotic series, Eq. 2.23, for Ei(x) because the common enthalpy values obey
the condition −�ads H◦,mb/RTA � 1. Possible contribution of TS was already
neglected in Eq. 5.54. Refs. [25, 26] used a simple, but rather crude estimate:

−�ads H◦

RTA
≈ ln

(
tTC
R Q0g

12.55az

)
+ −�adsS◦

R
(5.57)

Jin and Zvara [27] solved Eq. 5.54 numerically for the values of its right side in the
range 104–1014. They found that the formula
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+ −�adsS◦

R

)
(5.58)

is accurate enough for any practical purpose. They checked the results against the
solution of the “rigorous” Eq. 5.53. It turned out that if −�ads H◦/RTA ≈ 20 and
TS > 1.1TA, neglecting the term Ei(−�ads H◦/RTS) produces less than 1 percent
error in the enthalpy change. In addition, when the temperature decreases down the
column monotonously, though not strictly linearly, a sufficiently accurate result is
obtained by substituting the local value of g at zA into Eq. 5.58. This is obviously
equivalent to replacing the temperature profile by the tangent to the temperature
profile at the abscissa zA. The authors also traced the slight changes of the results
with various functional dependence of the entropy change on temperature. They
noted that a factor of 10 in the value of the right side of Eq. 5.54 changes the cal-
culated �ads H◦/RTA by about 12 percent. The possible uncertainties in az and
exp(�adsS◦/R) will be discussed in detail later in this chapter.

Qualitative observations made in the pioneering experiments in heavy metal
halide radiochemistry evidenced some correlation between the vaporization and
the adsorption energies of the compounds. This is important when judging bulk
properties of new elements and compounds from their adsorption parameters. So
every attempt was directed toward quantitative evaluation of the characteristics like
adsorption energy or enthalpy.

5.2.2 Third Law-based Results for Halides

From the very beginning of the studies of gas-phase radiochemistry, the experi-
mental adsorption enthalpies were examined for a possible relationship with the
macroscopic characteristics of volatility. Shortly after it was reported [2] that a few
investigated chlorides showed heats of adsorption (evaluated somewhat differently
than today) equal to about two-thirds of their heats of vaporization. This roughly lin-
ear correlation took place for both molecular and ionic compounds in the range of
the vaporization heat from 40 to 200 kJ mol−1. Since then, the adsorption enthalpies
have been reported in the literature for many more chlorides and oxychlorides. The
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values which were deduced from the experimental data in a consistent way — in
particular, using the mobile adsorption model — could be correlated with the boil-
ing points of the compounds [28] by:

−�ads H/kJ mol−1 = (0.087 ± 0.005)Tb + 32.9 ± 6.4 (5.59)

In the meantime, according to Trouton’s rule, there is a simple relationship
between the enthalpy of vaporization and the normal boiling temperature,
Tb ≈ �vap H/10.5R. If we substitute it into the above correlation, then:

−�ads H/kJ mol−1 ≈ �vap H/kJ mol−1 + 33 (5.60)

The error bars are omitted because of the approximate character of the rule. Notice
that it looks like there is a fundamental contribution from the vaporization enthalpy.
Figure 5.3 shows a plot of the �ads H data versus the vaporization enthalpy.

Correlating �ads H with �sub H might seem preferable because the accurate data
on sublimation are more abundant than those on �vap H . Meanwhile, �sub H is the
sum of �vap H , and the enthalpy of melting �fus H (strictly speaking, only at the
triple point). The corresponding correlation [30] is:

−�ads H = (0.600 ± 0.025)�sub H + (21.6 ± 5.2) (5.61)

-
-

-

’

Fig. 5.3 The enthalpy change of adsorption of chlorides on fused silica (in the presence of chlori-
nating agents) versus enthalpy change of vaporization of the compounds.

The author is grateful to B. Eichler for the numerical data on adsorption enthalpies (circles).
Rhombs are some data by Bächmann, et al. from Table 5.1; these were not included in calcula-
tion of the regression parameters in Eq. 5.59.



5.3 Real Structure of Column Surfaces 139

Thus, the adsorption enthalpies evaluated by the procedures which have been in use
to date do roughly correlate with the vaporization or sublimation parameters of bulk
compounds.

5.3 Real Structure of Column Surfaces

The mere observation of the above correlations has been widely used to judge the
parameters of macro volatility of the (oxy)halides of TAEs. Not enough attention has
been paid to the fact that the evaluated −�ads H values fall between the correspond-
ing �vap H and �sub H . It is not at all obvious that it must be so be if we imagine a
molecule interacting with bare flat surface of fused silica and compare the situation
with that of a molecule in the condensed phase, where it is tightly surrounded by a
number of its own replicas; see Fig. 5.4.

Fig. 5.4 Comparison between the imaginary situations of a ZrCl4 molecule near the bare silica
surface, and the molecules in their own molecular crystal. Relative sizes of the 3-D presentation
of Zr, Si, Cl and O are in accordance with the model of touching hard spheres. Most of the Cl and
O atoms in solids are diminished to make visible the geometry of the lattices.
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Table 5.3 Sizes of Ions (Atoms) in the Compounds of Interest in this Book for Particular Oxidation
and Coordination Numbers. {Numbers in italics are estimates (intra– or extrapolated) [29]}

Element ON CN Radius/Å Element ON CN Radius/Å
F −1 1 1.14 B +3 3 0.15
Cl −1 1 1.62 Si +4 4 0.4
Br −1 1 1.74 Ti +4 4 0.56
I −1 1 1.97 Zr, Hf +4 4 0.72
O −2 1, 2 1.2 Nb, Ta +5 5 0.69
S −2 1 1.62 W +6 4 0.55

W +6 5 0.64
Re +7 4 0.52
Os +8 4 0.53

Knowledge of the relative sizes of atomic particles, which are shown in the fig-
ure, helps us to obtain a better feeling about the microscopic pictures of surface
phenomena. The sizes are essentially Shannon’s [31] additive “crystal” radii, which,
in his opinion, better correspond to the real sizes of the ions than do the traditional
“ionic” radii. The crystal radii depend on the oxidation number (ON) as well as
on the coordination number (CN); their summation yields quite accurate values of
the interatomic distances in crystals. Moreover, they also do it for the molecules of
volatile halides [29]. The only difference is that CN of the central ion is usually
smaller than in crystals, and the radius is lacking in Shannon’s table. However, the
missing values can be easily obtained by extrapolation or interpolation of the tabu-
lated data; no arbitrary judgment is necessary, and the uncertainty of the estimates is
about ± 0.02 Å. The values for the ions of present interest are listed in Table 5.3. The
radii of homologous transactinoids Rf, Db, Sg, Bh and Hs should not significantly
differ from the values for Hf, Ta, W, Re and Os, respectively.

Looking at Fig. 5.4, we see that one can hardly expect equal energetics of des-
orption and sublimation. There were also some indications [32] that the adsorption
behavior of some halides on such dissimilar column material like silica, glass or
nickel is the same! Figure 5.5 depicts a concrete situation.

These are the most important findings. The linearity of the correlations is not of
major concern — it becomes questionable when taking the narrower region of the
�ads H values of truly molecular liquids.

This uneasy situation, with such important quantities, calls for a search of
the physicochemical rationale of the regularities. The poor understanding of the
absolute values of adsorption enthalpy gives little ground to any far-going conclu-
sions from the experimental data. It concerns, for example, the manifestation of
relativistic effects in chemical properties of the new elements, which is believed to
be evidenced if a TAE compound is more volatile (less adsorbable) then that of a
lighter homolog.

The clue to the similarity of micro and bulk volatility parameters seems to be
in the true structure of the column surface. There is overwhelming evidence that
real surfaces of solids are, almost in all respects, heterogeneous rather than homo-
geneous. The starting point is the common roughness, which increases the real sur-
face area, compared with the smooth case. Most in-depth studies evidence a broad
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Fig. 5.5 Imaginary picture of a ZrCl4 molecule near the surface of nickel metal. Relative sizes of
Zr, Cl and Ni are in accordance with the model of touching hard spheres.

continuous spectrum of the adsorption enthalpies. The adsorption potential min-
ima – various in origin, size, and depth – are necessarily separated, but are linked
with relatively low potential barriers. These are the conditions for the existence of
activated surface diffusion of the adsorbate molecules.

The mobile adsorption state seems to seldom occur in reality. De Boer [12] and
other authors present the adsorption of krypton on the surface of liquid mercury as
the only good example; they do not mention any case of adsorption on solids. The
conditions for mobile adsorption can hardly take place in the adsorption of heavy
element halides on silica or metallic columns. Doubts can also be cast on the sim-
plest picture of the ideal “localized” adsorption. An ideal crystal face does show
ordered, equally deep potential wells on a map of the adsorption energy; moreover,
cutting of the crystal by certain planes (perpendicular to the surface) produces sec-
tions, which show one-dimensional adsorption wells separated by barriers reaching
up to the zero adsorption potential. However, most of the possible sections show bar-
riers, which do not reach the zero potential energy. As a consequence, a molecule
can visit many neighboring sites before it is desorbed from the surface.

5.3.1 Geometrical and Chemical Structure of Fused Silica Surface

Roughness of surfaces can be defined as the geometric morphology at suprananome-
ter scale. It can be quantitatively characterized by setting a mean surface level with
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subsequent evaluation of the root-mean-square (rms) of the surface height devia-
tions from it. For certain purposes, the peak-to-valley rms roughness may character-
ize the surface better. It can be evaluated in an analogous way, now with respect to a
“ground” level; the numerical values are necessarily larger than those for the height
variations around the mean.

Modern instrumental techniques like scanning electron microscopy (SEM),
atomic force microscopy (AFM) and scanning tunneling microscopy (STM) allow
one to see details of surfaces down to the atomic level. Unfortunately, at least at
present, scanning of a few percents of the column surface to obtain significant
statistics of the defects or become sure that they are absent is hardly possible. The
findings about the morphology of imperfections presented below should warn the
researchers against overrating the observations made only on a few small spots.

A great general interest in the sorption technologies with silica adsorbents, as
well as their widespread use, have motivated numerous experimental and theoreti-
cal studies of the structure and chemistry of these materials. In particular, it is true
for the investigations of surfaces of amorphous silica, both its bulk and high spe-
cific area varieties. Several books and monographs are fully or partially concerned
with this topic [33–36]. Below, we shall selectively cite some more recent journal
publications; they contain references to more sources.

5.3.1.1 Roughness

Surfaces of real commercial fused-silica chromatographic columns and wafers have
recently been repeatedly visualized by SEM, AFM, and STM techniques. The imag-
ing showed that the surfaces commonly feature scratches, digs, pits, nodules, for-
eign inclusions, eventual marks from polishing and machining, as well as attached
particles of dust.

The inner surface of the fused silica tubes (typically of 3 mm i.d.) which were
used in the TC experiments with TAEs was inspected [37] by SEM. The tubes came
from different manufacturers and batches. Sample results are presented in Fig. 5.6.
Some of the observed morphology on the micrometer scale was unexpected and
even exotic (shots numbers 1 to 3). The statistics of such peculiarities were not
quantitatively measured, but most parts of the surfaces seemed to be smoother (shots
numbers 4 to 6), with roughness of a few tens of nanometers; the flatness on this
scale could be significantly improved by chemical etching and subsequent annealing
of the tubes at high temperatures.

Bonvent, et al. [38] obtained AFM pictures of the bare surfaces of real fused-
silica capillaries, which they used for electrophoretic separations; the capillaries are
considerably more narrow than the columns used in the gas-phase radiochemistry.
Their results for certain specimen presented in Fig. 5.7 clearly show nanometer
roughness.

Knaupp, et al. [39] reported systematic examination of the surfaces of 75 µm i.d.
capillaries for electrophoresis by SEM. They found that etching with 10 percent
hydrofluoric acid reduced the roughness. Gupta, et al. [40] studied the surfaces of
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Fig. 5.6 Scanning electron microscopy [37] of the surface of the thermochromatographic columns,
which were used in the thermochromatographic experiments at FLNR Dubna and PSI Villigen. The
black bars in the left corners indicate 1 µm in shots one to three, and 100 nm in shots four to six.

fused silica (as well as of a multicomponent glass) with the goal to discover similar-
ities or differences between the surfaces which were produced and investigated in
very different conditions. These were, for example, the fracture surfaces produced at
room temperature immediately before the measurements and the melt-formed sur-
faces produced relatively slowly, at high temperatures, and so difficult to be studied
in the pristine state. All the measured surfaces exhibited nanoscale roughness, like
that in Fig. 5.8. In general, the melt-formed surfaces were smoother than the frac-
ture surfaces, and the fused silica surfaces were smoother than the corresponding
glass surfaces. Peak to valley roughness was 1.5 nm for melt-formed silica, 3.1 nm
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Fig. 5.7 Atomic tunneling microscopy of the surface of a 100 µm i.d. fused-silica capillary [38].

Reprinted from Journal of Chromatography, A756 (1–2), Bonvent JJ, Barberi R, Bartolino R,
Capelli L, Righetti PG, Adsorption of proteins to fused-silica capillaries, 233–234, c© 1996 with
permission from Elsevier.
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Fig. 5.8 A SEM picture of the surface of a freshly fractured synthetic silica rod [40].

Reprinted from Journal of non-crystalline solids, 262(1–3), Gupta PK, Inniss D, Kurkijan CR,
Zhong Qian, Nanoscale roughness of oxide glass surfaces, 200–206, c© 2001 with permission
from Elsevier.
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for fractured synthetic silica and 4.5 nm for annealed fractured silica. The figures
for the rms roughness were 0.18 nm, 0.40 nm and 0.62 nm, respectively.

Henke, et al. [41] investigated how chemical cleaning affects the roughness of
fused silica wafers to be used for biosensor preparation; such application needs pre-
cise values of the surface density of the immobilized molecules. After the wafers
were chemically cleaned by washing with basic peroxide and then by acidic per-
oxide, they still observed numerous nodules, scratches and pits on the surface. The
average nodule size was typically 5 to 10 nm (largest reached 50 nm), scratches were
2 to 4 nm in depth and pits – about 6 nm; see Fig. 5.9. The rms roughness was eval-
uated based on the measurement of the total integrated light scattering or directly
from the surface profile measurements by AFM or STM. The chemical treatment
reportedly decreased the original rms roughness from 3 nm to 0.7 nm and, consis-
tently, reduced the original 30 percent excess of the true specific area over the geo-
metric one to a mere 10 percent. This resulted mostly from the smaller number and
size of the surface nodules, which dominated in roughness, despite that the pits and
scratches became somewhat deeper.
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Fig. 5.9 Deflection AFM images of fused-silica wafers. Nodules are clearly evident.

Reprinted from Biosensors and bioelectronics, 17(6–7), Henke L, Nagy N, Krull UJ, An AFM
determination of the effects on surface roughness caused by cleaning of fused silica and glass
substrates in the process of optical biosensor preparation, 547–551, c© 2002, with permission from
Elsevier.
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Thus, the scale of the non-inherent imperfections in the structure of amorphous
silica surfaces is from fractions of a micrometer down to nanometers.

5.3.1.2 Structure on the Atomic Level

The building blocks of bulk silica, both crystalline and amorphous, are SiO4 tetrahe-
dra, which are linked by sharing corners, while each O is bonded to two Si. However,
in the amorphous variety, the three-dimensional network of the tetrahedra lacks the
symmetry and periodicity characteristic of the crystalline forms. The Si-O distances
are similar to other varieties, about 0.16 nm, but the Si-O-Si angles deviate by as
much as 20◦ from the mean 153◦ [42]. Naturally, the structures on the surface are
even more complex and variable.

Poggemann, et al. [43] managed to obtain high spatial resolution AMF pictures
of a fresh fracture surface of the amorphous silica, like that shown in Fig. 5.10. Seen
are O–O and Si–O atomic distances, the SiO4 tetrahedra, rings of such tetrahedra, as

2,0

1,0

0,0

0,0 1,0
nm

2,0

0,0 nm

0,6 nm

Fig. 5.10 Non-contact AFM image of a silica glass fracture prepared 1 × 10−11 mbar and imaged
at 1 × 10−8 mbar [43].

Reprinted from Journal of non-crystalline solids, 281(1–3), Poggemann JF, Goss A, Heide G,
Radlein E, Frischat GH, Direct view of the structure of a silica glass fracture surface, 221–226,
c© 2001, with permission from Elsevier.
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Fig. 5.11 Three-dimensional view on the calculated energy surface of a box with the same size as
in the previous (experimental) figure. [43].

Reprinted from Journal of non-crystalline solids, 281(1–3), Poggemann JF, Goss A, Heide G,
Radlein E, Frischat GH, Direct view of the structure of a silica glass fracture surface, 221–226,
c© 2001, with permission from Elsevier.

well as holes and grooves between these structural elements. The structure and re-
laxation of the surfaces at the atomic scale, as well as some reactions on the surface,
have been treated in a growing number of theoretical papers. The approach con-
sists in molecular dynamics simulations based on density functional theory; various
two-body and three-body interaction potentials between atoms were used.

The numerical simulations of such a surface, made by the same authors, are illus-
trated by Fig. 5.11. They yielded pictures similar to the experimental data because
of an intrinsic randomness in the structure of bulk amorphous silica and its surface.

Stallons and Inglesia [44] simulated for comparison the ordered surface of a crys-
tal obtained by cutting the bulk material, the unrelaxed cut-off amorphous surface,
as well as the latter relaxed. The last case was the random structure created by the
Monte Carlo sphere packing method. They calculated the adsorption potential sur-
face for some weakly bound adsorbates (N2, Ar, CH4) with the aim of judging the
fidelity of the surface models by comparison with the available experimental data
on the heats of adsorption and surface diffusivity. The adsorption energy profile in
Fig. 5.12 gives an interesting look of the surface from the point of view of the prob-
lems discussed in this book; the concrete data will be called for an analysis in later
sections.
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Fig. 5.12 Potential energy surface for N2 on the simulated relaxed silica surface [44].

Reprinted from Chemical Engineering Science, 56(14), Stallons JM, Inglesia E, Simulations of the
structure and properties of amorphous silica surface, 4205–4216, c© 2001, with permission from
Elsevier.

5.3.2 Silanols and Siloxanes on Silica Surface

The above pictures discussed ideal surfaces consisting only of the silicon and
oxygen atoms. Meanwhile, an extremely important and characteristic property of
the bare surfaces of real silicas is their readiness to react with water molecules
when exposed to ambient atmosphere. The interactions result in the formation of
numerous ≡Si-OH groups (silanols) on the surface; Kiselev [45] discovered it some
70 years ago.

To date there has been found only one contrasting exception. Namely, Bakaev
and Steele [46] predicted an extreme “hydrophobicity” for surfaces dominated by
bridging O atoms in Si–O–Si moieties. Such a surface, strikingly unreactive to-
ward water, could indeed be obtained [47, 48]. It required controlled oxidation of
a monoatomic Si film deposited on a Mo (112) template under ultra high vacuum.
The obtained ultrathin SiO2 film was relatively free of defects. No evidence for dis-
sociation of water at the surface was found; even at low coverage, water molecules
made three-dimensional clusters. Thus, the water–silica interaction was weaker than
water–water hydrogen bonding.

5.3.2.1 Hydroxylation

Numerous experimental studies, made mostly with silica gels and other high specific
area silicas exposed to water vapor, reported abundances of the silanol groups as
high as 6 per 100 Å2 [33,49]. Zhuravlev [50] believes that the number of OH groups
per unit area, when the surface is hydroxylated to the maximal degree, is a physico-
chemical constant, equal to (4.6 to 4.9) hydroxyls per 100 Å2. He obtained this value
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Fig. 5.13 Various types of silanol groups on the surface of silicas.

from the measurements of different varieties of amorphous silica like aerosils, silica
gels and porous glasses, with specific areas ranging from 1 to 1, 000 m2g−1. His
value is somewhat smaller than the largest figures reported in literature; possibly,
the latter were based on inaccurate estimates of the true surface area. At 5 radicals
per 100 Å2, the silanol groups are on average only some 5 Å apart, and the area per
a group is about 20 Å2. The Zhuravlev’s value is in agreement with the 4.6 Si atoms
per 100 Å2 on the octahedral face of β-cristobalite.

According to present knowledge, the silanol groups differ in their attachment to
the surface and in their mutual position on it [51]. It is illustrated by Fig. 5.13. Iso-
lated (free) silanol groups occur with the hydroxyl attached to a surface Si atom,
which has three other bonds dipped into the bulk structure. Next is a pair of dif-
ferent “vicinal” silanols at a distance which makes bridging the hydroxyls by a hy-
drogen bond possible. Third are “geminal” silanols — two OH groups attached to
one surface Si atom. Leonardelli, et al. [52] found a constant fraction of the geminal
hydroxyl silanol sites in all investigations of different samples of amorphous silica.
The varieties of silanols are schematically depicted in Fig. 5.13.

Hydroxylation, dehydroxylation, as well as modification of the surface of
amorphous silica crucially define the structure and properties of real surfaces of
the chromatographic columns which are used in the experiments with metal halides
and oxides. We need deeper information about the processes involving the surface
hydroxyls. The experimental approaches to the problem have mostly leaned upon
methods like infrared spectroscopy, Raman spectroscopy and nuclear magnetic
resonance spectroscopy. The techniques make use of the spectral lines, the finger-
prints of the particular bonds, to measure abundances of the structural groups and,
eventually, to judge the peculiarities in the chemical and structural environment
from the shifts in the stretching frequencies. Theoretical developments usually
proceed from the hydroxylated main faces of β-cristobalite – (100) and (111). This
crystalline phase of silica has the density and refractive index close to those of amor-
phous silica [35]. Moreover, it proved possible to rationalize the spectroscopic data
for the amorphous hydroxylated surface by modeling the structure as alternation of
the patches existing on the hydroxylated cristobalite surfaces [53].

Hydroxylation involves dissociation of the molecules of water. It is no surprise
that the fresh fracture surfaces, with their chemically active bond defects, vigorously
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Fig. 5.14 Side view of a slab model of the surface of amorphous silica [55]. The top surface
consists only of Si and O atoms; the bottom one is fully hydroxylated. Black, light grey and white
spheres are silicon, oxygen and hydrogen atoms, respectively. The large spherical oxygen and all
the silicon atoms are to scale with the interatomic distances.

Reproduced from Journal of Physics: Condensed Matter, 14(16): 4133–4144, Masini P, Bernasconi
M, Ab initio simulations of hydroxylation and dehydroxylation reactions at surfaces: amorphous
silica and brucite, c© 2002, with permission from IOP Publishing Ltd.

react when exposed to ambient air. For this reason, Poggemann, et al. [43] had to
perform their high resolution AFM measurements (vide ante) under ultra-high vac-
uum conditions. Otherwise, the fracture surfaces immediately took up water from
the air and produced a several-nanometers-thick gel layer, which interfered with
scanning. Dissociation of water molecules when they react with unsaturated bonds
on a fresh fracture is rather straightforward. Souza and Pantano [54] reported an
extended study of the hydroxylation and dehydroxylation of fracture surfaces under
high vacuum.

Masini and Bernasconi [55] undertook ab initio simulations of the amorphous
silica surface consisting only of Si and O atoms, as well as that hydroxylated. Some
of their results are presented in Fig. 5.14.

5.3.2.2 Dehydroxylation

It has not yet been mentioned that, at moderate temperatures, the silica surface con-
tains physically adsorbed molecules of water, which are attached to the surface hy-
droxyls; see Refs. [56, 57] for the theory of the problem. The water is relatively
weakly bound, and with increasing temperature, dehydratation of the surface pre-
cedes the dehydroxylation. The last monolayer of the physically adsorbed water can
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be removed by heating to 180 to 200 ◦C under vacuum; the hydroxyl cover is still
completely retained [58, 59].

The vast amount of available information about thermal dehydroxylation is not
completely consistent. Various authors reported that the vicinal hydroxyls are being
removed due to splitting out H2O, starting from 150 to 200 ◦C, and the process is
completed at 450 to 600 ◦C. The isolated and geminal hydroxyls, which typically
make 25 to 30 percent of the initial total, are left behind. They are much harder to
remove, requiring temperatures in the range of 600 to 900 ◦C. Zhuravlev [58] found
that 5 percent of the OH groups are still left at 1,000 ◦C, but less than 2 percent
at 1, 100 ◦C. Sneh and George [60] studied the thermal dehydroxylation on a well
defined silica surface, a 5-µm thick SiO2 layer grown on Si(100), using sophisticated
techniques for quantitative measurements. The surface was cleaned and analyzed
under high vacuum conditions. Their results on the thermal stability were consistent
with earlier measurements of high specific area silica powders. They concluded that,
“. . .the data that may be the least affected by sample preparation do display a fairly
consistent picture.”

Possible mechanisms of dehydroxylation and the structural features left behind
were simulated in some theoretical works. The mechanisms depend on the initial
position and attachment of the pairs of hydroxyls. Some of them are obvious, like
that upon heating the two vicinal hydroxyls, a “siloxane” group ≡Si–O–Si≡ is left
behind. However, the geminal pairs of OH, which would seem to yield >Si=O
groups, were found to persist after drying the specimens at 600 ◦C [61] because
silicon does not readily form >Si=O. Final dehydroxylation probably involves deep
local restructuring of the surfaces and also produces the siloxane links.

The surface siloxane groups are worthy of more detailed investigations, like that
by Hamann [62]. Models of amorphous silica predominantly contain five-, six-, and
seven-membered rings, which should allow easy atomic relaxation of the network.
Smaller rings constrain the relaxation; they can be considered like defect centers
in amorphous silica and on its surface. These strained rings become sites of ex-
tremely high chemical reactivity. Their strain energies were calculated to be 1.23
and 0.25 eV for the two- and three-membered rings, respectively (i.e., ≈120 and
24 kJ per mole of the rings); other authors obtained even larger values. The detailed
structures of various rings were calculated by Lopez, et al. [63]. Some of them are
shown in Fig. 5.15.

Simulations of the surface by Rarivomanantsoa, et al. [64] showed that the most
energetically unfavorable small rings are enhanced at the surface, while the large
rings show a tendency to disappear.

Hambleton and Hockey [65] first noticed that the inherent roughness of the sur-
face at the nanometer and atomic scale, which was discussed in Sect. 5.3.1, makes
novel mutual positions of the hydroxyl radicals possible. For example, two silanol
groups found at a small distance may belong to different layers in the structure,
and the groups covering the walls of a deep hole can find themselves in an unusual
mutual configuration. These situations are illustrated in Fig. 5.16.
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Fig. 5.15 Geometry of two-membered and three-membered rings [63]. Si atoms are shown in
white, O atoms – in black. The sizes of Si and O shown by the large spheres (inserted by the
present author) correspond to the interatomic distances within the touching hard sphere model.

Reprinted from Journal of non-crystalline solids 271 (1–2), Lopez N, Vitiello M, Illas F,
Pacchioni G, Interaction of H2 with strained rings at the silica surface from ab initio calculations,
56–63, c© 2000, with permission from Elsevier.
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Fig. 5.16 Configurations of silanols on nanometer scale irregularities of the surface structure. (not
to scale) [65].

Reproduced from Transactions of Faraday Society, 62, Hambleton FH, Hockey JA, Infra-red spec-
troscopic investigation of the interaction of BCl3 with aerosol silicas, 1694–1701, c© 1966, with
permission from the Royal Society of Chemistry.
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5.3.2.3 Rehydroxylation

Lygin [66, 67] considered, step by step, the processes of removal of the silanol
groups from the surface, and the subsequent rehydroxylation, to be able to propose
reasonable mechanisms. He found that rehydroxylation does not restore the original
structure in every detail. It can be seen from his schematics presented in Fig. 5.17
by watching the Si atom in the middle, at steps a through e. His model predicts the
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Fig. 5.17 Changes in structure of the hydroxylated surface of silica: a – the original structure;
b, c – the structures after dehydroxylation in vacuum at 200 to 400 ◦C; d, e – the structure after
subsequent rehydroxylation by chemisorption of water [66]. The vibration frequencies of bonds
are given in cm−1.

Reproduced (adapted) from Zhurnal Rossiiskogo Khimicheskogo Obshchestva, 46(3), Lygin VI,
Models of soft and hard surface of silicas, 12–18, c© 2002, with permission from the journal
Editors.



154 5 Evaluation and Interpretation of the Experimental Data

OO

O

O

O

OO

O

OHOH OHOH

HH

HH

SiSi SiSi

SiSi SiSi

SiSi SiSi

A

B

Fig. 5.18 Sketch of the two conceivable reaction paths for the rehydroxylation reaction of the two-
membered silicon ring [55].

Reproduced from Journal of Physics: Condensed Matter, 14(16), Masini P, Bernasconi M, Ab ini-
tio simulations of hydroxylation and dehydroxylation reactions at surfaces: amorphous silica and
brucite, 4133–4144, c© 2002, with permission from IOP Publishing Ltd.

concentration and distribution of different types of silanol and siloxane groups, and
characterizes the energetic heterogeneity of the silica surface as a function of the
pre-treatment temperature. Very important are his experimental findings that the ad-
sorption and other surface parameters per unit surface area of silica are identical for
the numerous varieties of the amorphous silica.

The strained two-member silicon rings, which are the most peculiar topological
defects on the surface of amorphous silica, proved the most reactive [55]. Thus,
hydratation occurs preferentially with these rings – they are cleaved through the
processes shown schematically in Fig. 5.18. This is in agreement with the most
abundant spectroscopic evidence collected in real hydratation and dehydratation ex-
periments and reported in literature.

The data reviewed above showed, both experimentally and theoretically, that fun-
damental conditions for relatively easy rehydroxylation of the surface of silica exist,
even after it was dehydroxylated at a high temperature. Hence, we may expect that
it is also true for the fused-silica tubes and (coiled) capillaries used in the gas-phase
radiochemistry studies. The capillaries (several tenths of a millimeter in diameter),
which are also used for chromatographic separations in many fields of chemistry,
are produced by drawing prepared larger tubes heated to 2,000 ◦C with the speeds
up to 10 centimeters per second. It was found that the concentration of silanols on
the inner surface of the ready capillary is much higher then the concentration of OH
groups in the bulk material. To avoid it, the surface must be prevented from contact
with ambient air during manufacturing [68].

When the nascent capillaries or tubes cool down to moderate temperatures,
they evidently pass a temperature range favorable for rehydroxylation. Fast cooling
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may prevent complete rehydroxylation at that moment. However, it leaves behind
unrelaxed active structures, which then may react on a longer time scale. These
considerations are very important in view of the modification of silica surface by
chemicals other than water.

5.3.3 Modification of Silica Surface by Haloginating Reagents

Chapter 1 described many experiments on gas-solid (thermo) chromatography
in silica columns, when the carrier gas contained halogenating constituents like
CCl4, SOCl2, TiCl4, HBr, BBr3 and HCl. Meanwhile, the literature contains
rather extensive information about modification of the surface of high specific
area silicas by some of the above-mentioned and many other inorganic molecular
halides. The works aimed at obtaining information about the reactivity, structure
and other properties of the silica surface, first of all because halogenation is an
intermediate step in the final modification of the surface by organic and metalor-
ganic agents. It is well-known that the adsorbents produced this way find numerous
applications in adsorption, separation, catalysis and other technologies. Several
books [34, 69–71] survey the accumulated data on halogenation. In recent years,
such studies appeared less frequently. Some concrete studies from this last period,
which are mentioned below, provide additional useful references. Because, as we
saw earlier, the chemical properties of the silica surface do not critically depend on
the specific area of the material, most of the data on halogenation are of interest for
researchers in gas-phase radiochemistry.

The experiments were performed at temperatures, partial pressures of the modi-
fying agent and other parameters varying in broad ranges. The effect of chemical and
thermal pre-treatment of silica was also investigated. Generally, the halides MXn of
both metals and nonmetals reacted with isolated silanol groups and with vicinal
silanols. The concrete case of TiCl4 showed in Fig. 5.19 may serve to visualize the
interactions.

Reactions (A) and (B) seem to be of general importance. Reaction (B) is char-
acteristic of two hydroxyls joined by the hydrogen bond. There are indications of
possible interactions with three hydroxyls [70]. Even at room temperature, the rate
of interaction of TiCl4 with the surface hydroxyls is too rapid to be measured. The
consecutive steps (A) and (C) are conceivable, but difficult to be evidenced for
TiCl4; analogous mechanism was proved in the case of the modification by HSiCl3.
Reaction (D), cleaving the strained siloxane bridge, was postulated in older works.
Recently Shrijnemakers, et al. [72] tried to reinvestigate the problem, which was
discussed also in earlier Refs. [73, 74]. They explored the effect of pre-treatment
temperature, which was mostly ≤500 ◦C, on the relative role of different reactions.
Below the indicated limit, the contribution of reaction (D) was negligible; for higher
temperatures, the conclusions were uncertain. Several chlorinating agents, other
than metal chlorides, are able to “directly chlorinate” the surface, which results
in chlorine atoms bonded to the surface atoms of silicon. Thionyl chloride is very
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Reproduced from Physical Chemistry, Chemical Physics, 1, Schrijnemakers, P. Van Der Voort, E.
F. Vansant, Characterization of a TiCl4-modifed silica surface by means of quantitative surface
analysis, 2569–2572, c© 1999, with permission of the Royal Society of Chemistry.

effective; moreover, its interaction has interesting peculiarities. When the silica is
exposed to SOCl2 vapor at elevated temperatures, the result can be described by the
reaction:

≡SiOH + SOCl2 → ≡SiCl + SO2 + HCl,

that is, effectively, like substitution of the OH in silanol by an atom of Cl. The reac-
tion (realized in boiling benzene solution to achieve higher working temperatures)
is even used to activate completely hydroxylized silica before its modification by
organic reagents or metalorganics. Gorlov, et al. [75] firmly established that SOCl2
reacts at moderate temperatures with the silanols by analogy with the chlorides of
metals:

≡SiOH + SOCl2 → ≡Si-O-SO-Cl + HCl

However, upon heating above some 200 ◦C, the molecule of SO2 splits off and Cl
bonds to the surface Si.

Direct chlorination by CCl4 and Cl2 was evidenced through identification of the
infrared frequencies of the ≡SiCl, and even the =SiCl2 species on the surface [76].
Carbon tetrachloride was reported to react with silanols at 400 ◦C [77] and with both
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silanols and siloxanes at 600 to 800 ◦C to yield Cl attached to Si atoms [78]. Direct
chlorination is also possible with S2Cl2, COCl2 and CH3COCl.

Chlorine could be even used for efficient dehydroxylation of silica gels [79] at
800 ◦C due to the reaction:

≡SiOH + Cl2 → ≡SiCl + HCl + 1/2O2

Haukka, et al. [74] confirmed it. They did not find evidence for HCl cleaving the
siloxane bridges.

While hydrogen fluoride readily reacts according to

≡SiOH + HF → ≡SiF + H2O

the analogous chlorination with HCl seems to be poorly studied. A conceivable
mechanism would be the formation of a free Cl atom on a site with energetic oxy-
gen and subsequent replacement of the hydroxyl by the atom [70]. Bromination data
are extremely scarce. According to McDaniel [80], gaseous SOBr2 shows less re-
activity compared with the earlier studied SOCl2 [78]. It brominates silanols, but
not siloxanes. In the presence of CO, both silanol and siloxane groups reacted with
bromine above 500 ◦C; the maximum coverage reached 3.5 Br per 100 Å2.

5.3.4 Morphology of Metal Surfaces

The real surfaces of metals are relatively clean and better understandable compared
with the surfaces of oxide materials, which are most frequently used in gas-solid
chromatography of molecular inorganic compounds.

At the atomic level, the smoothest observed surfaces of metal crystals still contain
structures like those shown in Fig. 5.20.

Terrace Step Kink

Fig. 5.20 Typical structures of the surface of crystalline metals. It is difficult to obtain terraces
extending over macroscopic dimensions.
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Such well-ordered surfaces can be obtained almost exclusively in ultra-high vac-
uum conditions. Isted, et al. [81] prepared ultra-flat Au(110) and Cu(110) surfaces
from mechanically polished crystals by repeated cycles of Ar ion bombardment and
subsequent annealing to 580 K for Au (110), and 860 K for Cu (110). Such pro-
cedures yielded surfaces clean and ordered on the atomic scale, but their morpho-
logy observed by STM varied over micrometer scale areas. To prepare surfaces with
well-defined terraces terminated by monoatomic height steps, these authors used
“thermal roughening annealing” at 900 K and 1,100 K, respectively. Subsequent ex-
posure of Cu to ambient air resulted in granular surface structure with the steps no
longer observed; the rms roughness was 0.4 nm.

Yet some metallic surfaces with very small roughness could be reportedly pro-
duced outside of vacuum chambers [82]. A layer of metal was consecutively pol-
ished with the colloidal slurries of silica and alumina. This procedure was followed
by a multi-step cleaning from the slurry and residual metal particles by solutions of
some chemicals. The roughness of a freshly deposited Pt surface characterized by
grain sizes of 3 nm could be reduced to a rms of 0.1 nm.

Wadsak, et al. [83] studied various preparation methods for copper sheets, like
chemical etching and subsequent polishing. Mechanical polishing with a monocrys-
talline diamond paste, followed by electrochemical polishing of the sheet, proved
most suitable: rms-roughness of a scanned area of 5 × 5 µm2 and 1 × 1 µm2 was
2.6 nm and 1.7 nm, respectively; scratches that were 30 nm in width and 5 nm in
depth were evident afterwards. After electrochemical polishing the figures for rms
were 2.4 and 1.0 nm; the surface was smooth but with visible grain boundaries.

An adsorbed molecule would experience different adsorption potential when
attached to a terrace, step or kink. On the other hand, on some metals (platinum as an
example) the heats of adsorption of simple gases (ethylene, CO, H2) vary little with
surface structure. Lee, et al. [84] examined the effect of surface reconstruction and
relaxation on the electronic coordination numbers of the surface atoms. They found
that highly stepped surfaces relax into a configuration where the surface atoms have
about the same electronic coordination number as Pt(111) surface atoms. It means
that they lack the coordinative unsaturation of the atoms, which would take place on
unaltered stepped surfaces.

5.3.5 Modification of Metal Surfaces

There are few works on the modification of the surface of metals by haloginating
reagents, which are as detailed as the studies of silica. In the meantime, a sole work
compares thermochromatographic behavior of molecular bromides in the columns
made of nickel and of silica; the observed deposition temperatures happened to be
equal [32]. This finding is very difficult to rationalize if the microscopic picture of
adsorption is such as shown in Figs. 5.4 and 5.5.

Fishlock, et al. [85] studied the interaction of bromine with Ni(110) by STM.
To obtain a defined surface, they polished the surface with diamond paste (down
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to 0.25 µm size) and then cleaned it in ultra-high vacuum by repeated cycles of Ar
ion sputtering and subsequent annealing at 700 ◦C. Images of sizes of 30 × 32Å2

in their work show an ideal terrace on the surface of Ni(110). The initial adsorption
of molecular bromine happened to be dissociative. The coverage with bromine was
investigated up to saturation, which took place at 6×1014 Br atoms per cm2 and was
accompanied by roughening of the surface with formation of etch pits. Annealing
to 200 ◦C at the densest coverage did not cause any pronounced desorption, but pro-
gressively (with time) changed the topography (reconstructed the surface) without
more desorption. Earlier [86] the same laboratory published similar, less extensive
data on the interaction of chlorine with the Ni(110) surface.

5.4 Lateral Migration of Adsorbate

5.4.1 Surface Diffusion

The model of localized adsorption essentially implies that each adsorption center is
isolated; that is, completely surrounded by a potential barrier with the height equal
to the desorption energy. Then the adsorbed entity can visit some other sites only
through repeated desorption-adsorption steps. In Sect. 4.3 it was shown that even
the shortest displacements between the two events are of the mean molecular free
flight. At STP, it means mostly hundreds of distances between adjacent adsorption
sites, not just a few as it is highly schematically shown in Fig. 5.21.

Actually as early as in the 1930s, direct evidence was obtained showing that
the molecules migrate across the surface without being released into gas; cf. [87]
and a brief history in [88]. It was concluded that owing to the thermal motion
and because the energetic barriers between the sites are relatively low, an adsorbed
molecule is hopping between neighboring sites, while staying in the monolayer.
These concepts laid the foundation for the later extensive studies of surface mobil-
ity. The multi-author book [89] is devoted to various aspects of the process, which
can be mathematically described as two-dimensional diffusion, though dissimilar
from the diffusion of the two-dimensional gas.

Detailed studies of the microscopic picture of surface diffusion have mostly dealt
with the adsorption on metals. Barth [88] extensively reviewed the diffusion of non-
metallic adsorbates at metal surfaces. He outlines a more sophisticated microscopic
picture of the processes involved. Gaseous molecules (atoms) strike the surface of
the metal and thermalize with the phonon heat bath of the crystal. The sites are
separated by energy barriers εb, which are significantly smaller than the energy of
desorption. The magnitude of the thermal energies, with respect to the migration
energy barrier, is decisive for the possibility of real diffusive motion. At relatively
low temperatures, when kBT � εb, the atoms are confined to the adsorption sites;
in this particular sense, they practically rest immobile. However, they vibrate (1012

to 1013 s−1) about the potential energy minima, the vibrational amplitude of the
surface atoms at room temperature is ≈0.1 Å. (Notice that it is small compared
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Fig. 5.21 A schematic of various conditions for the surface diffusion on homogeneous surfaces
with periodic adsorption potential. T0 is the ambient temperature, (dotted line), TA and TS relate to
the TC experiments, Tc in IC experiments can be identified with TA and TS in the figure.

with the interatomic distances, and so with the size of the well and the molecule).
With higher temperature of the surface, the probability increases that the adsorbed
molecule will receive sufficient energy to pass over the migration barrier. Thus, the
energy fluctuations result in stochastic jumps from one energy minimum to another,
and the adsorbate moves laterally across the surface. Due to the Boltzmann factor
such jumps are rare. Hence, subsequent displacements are uncorrelated and proceed
with a definite average frequency. If the mean jump lengths are also known, the
process can be described in terms of diffusion (see below).

On the other hand, if the thermal energies are close to or exceed the desorp-
tion energy, like in the bottom of Fig. 5.21, its undulation has smaller influence on
the lateral motion of the adsorbate. The migration becomes less restricted and the
adatoms move rather freely, being unconfined to specific sites. The situation can be
better described as two-dimensional Brownian motion [88], in which a coefficient
of viscous friction simulates dumping by the substrate [90]. The surface diffusion
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in the transition regime has not yet been well studied. The regime does not seem to
occur in gas-solid chromatography of the heavy element compounds.

The potential energy schematic shown in the middle of Fig. 5.21 seems to outline
the most common relations between the thermal energies and the characteristics of
desorption and lateral diffusion which take place in IC and TC experiments. The
schematic does not illustrate the geometry of the lateral movement. Indeed, even
if an adsorbed entity approaches the level of the desorption energy, it continues to
stay within the monolayer thickness. This follows from the fact that the attractive
Lennard-Jones potential is inversely proportional to a high power of the distance.
The one-dimensional graphs in Fig. 5.21 are also oversimplified in the sense that
the adsorption potential is a function of both lateral dimensions. Nevertheless, such
sketches allow useful qualitative conclusions.

Modern scanning techniques enable direct watching of the migration of atoms or
molecules. For physisorbed molecules, data of this kind are scarce. The highest res-
olution studies were reported for chemisorbed light molecules of non-metals, like
nitrogen or oxygen, and especially for the adsorption of metallic atoms on metals.
In the latter case, usually, kBT was much smaller than εb. The conclusions from the-
oretical studies of the hopping mechanism are reportedly valid up to kBT < 0.2εb.
As to the diffusion, the frequency of attempts is obviously the lattice vibration
frequency times the Boltzmann factor so that the effective diffusion coefficient Da is

Da = 1
2
ν0e− εb

RT λ2
b (5.62)

where λb is the mean jump length. It seems that the hops to the nearest neighbor sites
prevail so that λb is close to the surface lattice constant, typically ≈ 3 Å. Longer
jumps, two to three lattice spacing in length, are not negligible. They must con-
tribute to diffusion of adatoms with masses smaller than the mass of adsorbent
atoms, and only if the Debye frequency of the adsorbent is either very small or
very high [90, 91]. In such situations, the damping interaction is ineffective and
allows longer hops. For Pd atoms on the surface of tungsten, minor occurrence of
the jumps over two and more intersite separations was experimentally observed by
FIM technique at room temperature in [92].

Recent experimental works [93] showed that the values of the Arrhenius prefac-
tor in the surface diffusion coefficient are invariably of the order of 0.001 or so. It
is in agreement with Eq. 5.62, if we substitute into it the typical values of frequency
and jump length. An empirical rule for the diffusion of different adatoms on the sur-
face of Re, Mo, W, Ir, and Rh is that the barriers amount to about one-tenth of the
sublimation energy of the adsorbate and are higher on rougher crystal planes [94].
The barriers for self-diffusion on the fcc(100) surfaces of Rh, Ir, Ni, Pd, Pt, Cu, Ag
and Au are one-sixth of the corresponding bulk cohesive energy. The factor is con-
sidered as a standard to judge whether a measured diffusion barrier is uncommon.
Thus, the lateral diffusion of foreign metals seems to be reasonably well predictable.

The specific regularities in adsorption of metallic adatoms on metal surfaces,
like the small diffusion barriers compared with the sublimation energies, are due
to the peculiar nature of metallic bonds. They cannot be extended to the case of
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physisorption of molecular compounds on both metallic and non-metallic surfaces.
The available data for such situations are scarce. It seems that in physisorption, the
height of diffusion barriers makes a considerable part of the desorption energy.

5.4.2 Surface Diffusion and Entropy of Adsorbate

The periodic adsorption potential of surfaces and the potential barriers between ad-
jacent sites lower than the desorption energy must result such that the state of ad-
sorbates is intermediate between the ideal mobile and localized models. The lateral
migration across the surface must make a positive contribution to the entropy of the
adsorbate.

An illustrative schematic of ingredients of the adsorbate entropy in different
states of the system is shown in Fig. 5.22. We wish to accept a reference state
that would unite the two extreme models of adsorption. Let us start, on one side,
with the closely packed monolayer of non-interacting entities at 0 K on a smooth
surface as a possible reference state for the mobile adsorption. On the other side,
there is the layer of completely filled adsorption sites at 0 K as the reference state
for the localized adsorption. Both states can be realized only by one way, so that
their entropies are zero. Now, for the purpose, let us abandon the possible differ-
ence between the capacities of the two filled layers (probably, they do not differ
more than 10 times). Upon heating, the molecules released from the smooth surface
would make two-dimensional gas with the appropriate translational entropy, plus
entropy of the induced vibrations; they also acquire internal entropy of rotation and
vibration. In the case of the distinct adsorption potential wells, heating activates the
three-dimensional vibrations of the adsorbate in the potential wells and internal de-
grees of freedom, while incomplete coverage gives origin to positive configurational
entropy of the adsorbed layer.

The internal degrees of freedom may be “less free” in the molecule captured in
a potential well than in the gaseous molecule, so that the internal entropy is eventu-
ally different in the two phases. This possibility is indicated by the “<” notions in
Fig. 5.22. In practice, the difference cannot be estimated; commonly, it is assumed
that the internal entropy remains unchanged upon adsorption. The left side of the
diagram shows how the entropy change �desSmb, which has been assumed in the
Third Law evaluation of the desorption enthalpy, relates to Slc

a , Smb
a , and Sg —

the true entropies of the localized, mobile-adsorbed and gaseous states of the mole-
cules, respectively. Shown is also �desSlc, an analog of �desSmb, which has not yet
been employed in such evaluations.

As it can be seen from Fig. 5.22, when moving from the localized adsorption
towards the mobile model, we can expect smooth decrease in the entropy of desorp-
tion. The entropy of the adsorbate which experiences lateral diffusion was discussed,
in particular, by Patrikiejew, et al. [95]. They approached the problem by assuming
that a fraction of the molecules is in completely mobile state, while the others are
completely localized. Then they suggested that the canonical partition function Qml
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Fig. 5.22 Diagram of the entropies related to the evaluation of the desorption enthalpy from the
experimental desorption constant. The dashed levels have not yet been taken into account in eval-
uation of the experimental data.

for the given number of molecules N ml adsorbed on certain surface area may be
written as the product of the corresponding functions for the mobile and localized
molecules:

Qml(N ml, T ) = Qmb
[
(N ml − N lc), T

]
× Qlc

(
N lc, T

)
(5.63)

It means that the resulting entropy is the sum of two contributions. They derived
this and other thermodynamic functions for the whole range of fractional cover-
age value, as well as the Langmuir isotherm, by using the procedures of statistical
thermodynamics.

Let us look for a simple way to approximate the entropy of the adsorbed state
as a function of εb. We will assume that εd is larger enough than εb to neglect the
frequency of desorptions.
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The formula 5.32 for the standard entropy of the adsorbate in the mobile adsorp-
tion model can be rewritten as:

Smb
tr2 + Smb

vib
R

= ln
(

e3 A
NA

1
�2

m

kBT
hν0

)
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(5.64)

It changes with a larger activated diffusion barrier to finally become:
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)3
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(5.65)

The last factor under the logarithm to the right (in parentheses) in the two above
equations is the same, making it necessary to follow only the changes of the other
factors. We know that the molecules diffuse across the surface by making hops,
mostly between the adjacent adsorption sites, with the frequency νb, which is:

νb = νxye− εb
kBT (5.66)

About the same is the fraction of molecules that are “in flight” – in the state of
two-dimensional gas – in any given moment of time. It is because, by chance, the
time to pass the distance between adjacent sites, which is about

√
1/Ca ≈ 0.5 nm,

with the typical thermal speed 104 cm s−1 is some 10−13 s ≈ 1/ν. Therefore, we
can expect that the entropy of the adsorbate in the state intermediate between the
mobile and localized adsorption is:
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Explicitly,
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which can be rearranged to:
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For the accepted standard states given by 5.39 we obtain:
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(5.70)

Hence, in the first approximation, the extra entropy of the mobile adsorbate com-
pared with that of the localized adsorbate exponentially decreases with the higher
barrier of diffusion. The formula is probably not very accurate for the barriers
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smaller than some 3RT , when the true mobility contributes significantly. It should
also be so because, at lower barriers, the mean displacement must increasingly ex-
ceed the above postulated

√
1/Ca. On the other hand, in the TC experiments yet

discussed, typical desorption energies were about 20 times larger than the thermal
energies at the temperature of the TC zone. Therefore, what happens if the diffusion
barrier is lower than 3RT is not important for the present purpose. It seems that the
lateral diffusion only slightly contributes to the entropy calculated for the localized
adsorption model.

There is an obvious benefit from the phenomenon of lateral diffusion — a just
adsorbed molecule usually visits a number of other sites before it gets desorbed.
As will be discussed in Sect. 6.1, in general, the distribution between various phases
can be evaluated from the behavior of single atoms if the concentrations are replaced
by the corresponding probabilities. The laterally diffusing molecule samples much
more adsorption sites than it would through mere adsorption–desorption events.
This is extremely important in the case of adsorption on strongly heterogeneous
surfaces, which will be discussed soon. In a practical sense, the diffusion acceler-
ates reaching the adsorption equilibrium.

5.5 Evaluation of Adsorption Enthalpies on Real Surfaces

We have seen above that the microscopic picture of real column surfaces is so com-
plex that it has little in common with the earlier assumed ideal homogeneous sur-
face. The present knowledge, especially as the silica surface is concerned, can be
summarized as follows:

• Most real surfaces are geometrically rough, from the micrometer down to the
nanometer scale. The true surface area of a macroscopic object is usually larger
than its apparent geometric area.

• The adsorption potential is never flat, which would be the rationale for the model
of ideal mobile adsorption; there invariably occur distinct potential wells.

• The above wells are never completely separated, which would be the rationale for
the localized adsorption model. Actually, the potential barriers between adjacent
minima are smaller than the local desorption energies, and this results in lateral
diffusion of the adsorbate.

• Most real surfaces are heterogeneous in adsorption properties. Even the regular
structure of a particular crystal face never extends over a macroscopic area. There
are numerous factors, primarily the roughness, which give rise to imperfections.
For the surface of amorphous silica, heterogeneity is an inherent fundamental
property.

• The bonds between the surface atoms of adsorbents (in particular, of silica) are
often strained and some multivalent atoms are unsaturated. Because of this, a
fresh surface may react with the atmosphere and with the chemically active com-
ponents of the carrier gas.
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These findings necessarily pose the question of how to account for the real
heterogeneity when deducing the values of the adsorption parameters from the
experimental data. The formulae of widespread use were originally derived exclu-
sively for the ideal models of adsorption. Too straightforward application of these
relations might have resulted in errors.

We will attempt an analysis of the possible misconceptions. To begin with, let
us consider only the heterogeneity, independent of whether the surface is “bare” or
chemically modified. The topography of the adsorption centers is usually described
as “patch-wise,” “random” and intermediate. It seems that the surfaces employed in
the radiochemical studies have been almost solely of the random type. In the strict
sense of the term, such a surface consists of sites with uncorrelated values of the
adsorption energy. However, it seems that the potential barrier between two adja-
cent adsorption sites cannot be of completely random height; it must be somewhat
correlated with the depths of the partner wells. As to the adsorbate, we suppose that
each molecular entity takes only one site and that the particles occupying adjacent
sites do not interact with each other.

Thus, because we lack knowledge of many details of each particular structure,
there again necessarily emerges a model, though more sophisticated than the earlier
ones. Lateral diffusion on a heterogeneous surface clearly results in that a molecule,
which got adsorbed on the particular site, usually desorbs from a site with different
coordinates and adsorption energy. For this reason it seems logical to characterize
the adsorption sites and the adsorption–desorption equilibria by the parameters of
desorption. Next, when discussing a more realistic but more complex picture of ad-
sorption, we will again have to make some assumptions and approximations. In the
first place, it seems reasonable to abandon the difference between the enthalpy H
and the internal energy U and accept the notations Ed ≡ �desU ≈ �des H and
Ea ≡ �adsU ≈ �ads H for the changes in enthalpy and internal energy. For con-
sistency, we will also prefer the entropy change in desorption �desS. Unlike the
parameters of adsorption, the values Ed and �desS are positive. This will also make
the equations more readable and help the reader to differentiate between the more
rigorous but unrealistic formulae suitable only for the ideal models and the less
rigorous but more helpful relationships.

The heterogeneity in the model of one-center localized adsorption is character-
ized by the normalized distribution of the occurrence of the sites as a function of
the desorption energy. Generally, the spectrum of the desorption energies E∗

d may
look like a set of discrete lines, a histogram, a continuous function or a combination
of these varieties. Measurement of the spectra is a specific and difficult problem.
It is discussed in a number of books and reviews; unfortunately, most of them deal
with porous adsorbents and seldom contain information matching our present inter-
est. An exception is the recent application of the inverse gas chromatography for
characterization of heterogeneous surfaces [96], which might help in solving our
specific problems. The method consists of careful measurements of the profiles of
the elution curves under a variety of conditions. The data are decoded in terms of
equilibrium and kinetics of adsorption. Bakaev, et al. [97] managed to also use the
approach for nonporous adsorbents.
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A principally different method is based on “thermal desorption.” In it the temper-
ature of an adsorbent–adsorbate sample is steadily raised and the desorption rate of
the adsorbate is measured. The resulting graph is interpreted in the parameters of the
adsorption heterogeneity of the surface. The method seems promising for problems
of our interest, though to the best of our knowledge, it has not yet been used to study
systems like ours.

5.5.1 Thermodynamic Parameters of Adsorption
on Heterogeneous Surface

A spectrum of desorption energies from a heterogeneous surface may consist of
a few narrow lines. In reality, it is seldom so, except maybe for an almost ideal
metallic crystal with patchwise heterogeneity, which is illustrated in Fig. 5.20. In
the Henry’s region, the isotherm on a heterogeneous surface with the line spectrum
of E∗

d values is the weighted sum of the corresponding partial isotherms. Most real
spectra of E∗

d seem to be much more complicated, approaching continuous (as a
rule, single-humped) probability density distribution. We denote them by ρ(E∗

d ),
implying that this function is determined in an interval [Emin

d , Emax
d ]. The only nat-

ural limitation is that real distributions do not extend to infinity (like e.g., the Gaus-
sians). Generalization of the approach to the line spectra allows us to calculate an
effective desorption energy Ehet

d for the heterogeneous surface with a continuous
spectrum of E∗

d . The appropriate equation is:

e
Ehet

d
RT =

Emax
d∫

Emin
d

e
E∗

d
RT ρ(E∗

d )d E∗
d (5.71)

Figure 5.23 shows the results of numerical evaluation of the function under the
above integral at certain temperature for several different ρ(E∗

d ). As could be ex-
pected, the difference between Emax

d and the E∗
d value at the peak of the curve

critically depends on the behavior of ρ(E∗
d ) in the vicinity of Emax

d . The charac-
teristics of the curves are listed in Table 5.4. Distributions are peaking at E∗

d values
smaller than the appropriate Ehet

d because of the asymmetry of the curves. Notice
that FWHM of Gaussian distribution is 2.355σ ; thus, in the case of the two normal
pdfs, the dispersion of the central part of ρ(Ed)×exp(Ed/RT ) equals that of ρ(E∗

d ).
An important result is that the effective desorption energy for the heterogeneous

surfaces depends on temperature! Nevertheless, let us for a while abandon it and
suppose that Ehet

d does not depend on temperature. Another assumption will be that
the entropy change is the same for all partial isotherms, independent of E∗

d . Then
we take into account Eq. 5.3 for the experimental constant of adsorption and move
to the characteristics of desorption from heterogeneous surfaces. It follows that the
measurements yield an equilibrium constant, which is to be interpreted as the en-
tropy factor multiplied by the expectation value of the desorption energy factor:
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Fig. 5.23 Bottom: various ρ(E∗
d ), which were substituted into the integral in Eq. 5.71. Top: the

functions exp(E∗
d/RT ) × ρ(E∗

d ) under the integral at T = 500 K.

Table 5.4 Characteristics of the Distribution Functions of exp(E∗
d/RT ) × ρ(E∗

d ) and the Values
of Ehet

d Calculated from Eq. 5.71 (all values are in kJ mol−1).

Distribution 400 K 500 K 600 K 2nd lawa

(cf. Fig. 5.23) Ehet
d FWHM Ed at Ehet

d FWHM Ed at Ehet
d FWHM Ed at Ehet

d
peak peak peak

uniform 88.7 - - 86.7 - - 85.0 - - 96.5
linearly
decreasing

79.6 8.1 96.5 76.4 10.2 96.0 73.5 12.2 95.0 92.1

normal,
σ = 11b

67.8 25.9 86.4 64.4 25.9 78.9 62.0 25.9 74.4 79.6

normal, σ = 6 55.4 14.13 60.8 54.3 14.13 58.8 53.6 14.13 57.3 59.2
a In the range 400 to 600 K
b The distribution was truncated at Ed = 100 kJ mol−1
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K het
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RT e
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(5.72)
An illustrative example is the uniform density distribution of the desorption energy
ρ(E∗

d ) = E∗
d/Emax

d for 0 ≤ E∗
d ≤ Emax

d ; cf. Fig. 5.23. For it, then the expectation
value of the desorption energy factor is:

eEhet
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eE∗
d /RT
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d /RT − 1
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≈ RT
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d
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d /RT (5.73)

It leads to
Ehet

d = Emax
d − RT ln(Emax

d /RT ) (5.74)

which, of course, agrees with the very first line of the data in Table 5.4.
Let us apply the simplest form of van’t Hoff’s equation to the data from various

distributions of E∗
d given in Table 5.4. Notice that if Eq. 5.72 is valid, then the ratio

of the equilibrium constants equals that of the desorption energy factors calculated
from 5.71. Then the Second Law value of the effective Ehet

d would come from:

ln
Ehet

d (400 K)

Ehet
d (600 K)

= Ehet,2nd
d

R

(
1

400
− 1

600

)
(5.75)

The results are in the last column of Table 5.4. They show that employing the Sec-
ond Law procedure gives higher values of Ehet

d than the calculations based on the
knowledge of ρ(E∗

d ). It is an interesting observation which deserves more attention.
Another possible approach to the evaluation of the required effective quantities

is to start with the effective entropy change. Hill [98, 99] considered the statistical
mechanics of the localized unimolecular adsorption on heterogeneous surfaces to
propose formulae for the configurational entropy.

5.5.2 Adsorption Entropy on Heterogeneous Surfaces
with Surface Diffusion

The next question is how to account for the entropy of surface diffusion on het-
erogeneous surfaces. While, in principle, ρ(E∗

d ) can be found from certain kind of
experimental data, no measurements have yet been reported for the pdfs of diffusion
barriers ρ(E∗

b ). Stallons and Inglesia [44] performed remarkable calculations of the
potential energy surface for N2 adsorbed on the bare (in particular, relaxed) surface
of silica, which were illustrated by Fig. 5.12, and is also an illuminating picture of
connectivity between the adsorption sites. Their calculations also described the dif-
fusion barriers, and made it possible to follow surface migration of nitrogen using
molecular-dynamic methods. This way the authors [44] found the effective activa-
tion energy to be 7.8 kJ mol−1, that is about two-thirds of the average desorption
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energy of nitrogen. They concluded that the surface diffusivities are more sensitive
to the chemical and geometric details of the surface than are the binding energies of
the adsorbate. Their work well demonstrated that each adsorption site is connected
to several adjacent potential wells over barriers of dissimilar height. In accordance
with expectation, the migrating molecules mostly chose the paths over the lowest
available barriers.

Let us try to estimate how the surface diffusion might affect the effective des-
orption constant and then desorption energy. The complicated situation with hetero-
geneous surfaces again necessitates making some assumptions and simplifications
which do not completely agree with the conclusions of the previous paragraph. It
seems reasonable to assume that the barrier height to be overcome is a function
of the local (at the site) desorption energy. A suitable relationship may be a con-
stant difference between the two quantities. For simplicity, not loosing much of
generality, let ρ(E∗

d ) be truncated right at the value of the deduction; it means that
we assume E∗

b = E∗
d − Emin

d . Then ρ(E∗
b ) extends from 0 to Emax

d − Emin
d and

ρ(E∗
b + Emin

d ) = ρ(E∗
d ).

Pursuing more realistic formulae for calculation of the adsorption enthalpy, we
will incorporate the mixed adsorption entropy Sml

a /R. From Eqs. 5.42 and 5.70 it
follows that the entropy change for the each partial adsorption isotherm is:
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Let the combined quantities under the logarithms in the above formula be Blc and
Bmb, respectively. Then the equilibrium constant, cf. Eq. 5.72, can be evaluated
from:

K het,ml
a = Blc(

Emax
d − Emin

d
)

Emax
d∫

Emin
d

e
E∗

d
RT exp

[
ln Bmb · e− E∗

d −Emin
d

RT

]
d E∗

d (5.77)

It requires numerical integration. Another possibility is to suppose that the barrier
is a constant fraction bb of the desorption energy, E∗

b = bb E∗
d ; then no condition is

imposed on Emin
d . The resulting formula, analogous to 5.77, is equally cumbersome.

A simpler, though non-rigorous way to account for the combined effect of het-
erogeneity and surface diffusion is to ignore the functional relationship between Ed

∗
and Eb

∗ and replace the integral in Eq. 5.77 with the product of the expectation val-
ues of Ed and Eb. The formulae derived this way will be valid for a homogeneous
surface consisting of sites with equal desorption energy and equal barriers between
them. The only step forward is that the characteristics of the actual heterogeneous
surface take part in the evaluation. It would require more analysis to reveal whether
doing so would create a larger error in the final results than the uncertainties result-
ing from other assumptions and simplifications.
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In the case of the constant deduction and the uniform ρ(E∗
d ) we come this way to:
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RT (5.78)

When the barrier height is proportional to the desorption energy and ρ(E∗
d ) is again

uniform, then:

e
Ehet

b
RT =

Emax
d∫

Emin
d

ρ(E∗
d )e

bb E∗
d

RT d E∗
d

= RT(
Emax

d −Emin
d
)
bb

(
e

bb Emax
d

RT − e
bb Emin

d
RT

)
≈ RT(

Emax
d −Emin

d
)
bb

e
bb Emax

d
RT

(5.79)

Now, the effective equilibrium constants for the two variants of the dependence of
Eb

∗ on Ed
∗ are:
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and
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5.6 Revised Approach to Interpretation of the Data
on Transactinoid Halides

5.6.1 Microscopic Picture of the Modified Silica Surface

The actual picture of the surface of fused silica described in the preceding sections
differs much from that explicitly or implicitly assumed earlier. We will try to ap-
ply this knowledge for analysis of the experiments on gas-solid chromatography of
halides and oxyhalides of the first transactinoid elements in fused silica columns. By
way of example, we shall frequently use ZrCl4 or ZrBr4 as the adsorbate and TiCl4
or BBr3, respectively, as the halogenating and modifying agent. For typical values
of the involved quantities we shall take: Ca = 3×1014 cm−2; ν0=1013 s−1; νxy =
1.5×1012 s−1; and ν = 2.5×1012 s−1. Let the energy of desorption be Ed ≈
80 kJ mol−1, so that Ed/RT ≈ 20 at 500 K.
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A most important conclusion is that the vapors of all halides and halogenating
agents, which are commonly used for stabilizing certain chemical forms of the trac-
ers, seem to modify the surface of the column to a great extent. They react with the
silanol and siloxane groups to produce a variety of results: a halogen atom becomes
directly attached to a silicon atom on the surface; a grafted molecule of the poly-
atomic agent (like BBr3 or TiCl4) replaces hydrogen in a silanol, and hydrogen
atoms of two close silanols are replaced by a grafted molecule. All this is schemati-
cally shown in the right side of Fig. 5.19. Notice that the –OTiCl3 group has a much
larger volume and cross section than the original hydroxyl. It means that, on av-
erage, only 2.8 such groups per 100 Å2 suffice to cover the surface and prevent
further chemisorption merely for geometrical reasons [72], even if not all the avail-
able silanol groups have reacted. The molecules of heavy element chlorides are still
larger than –OTiCl3; hence, they would be all the more prevented from chemisorp-
tion. The cross section of a chlorine atom attached to the surface silicon is probably
also significantly larger than that of –OH.

Therefore, when interpreting the gas-solid chromatography experiments with the
transactinoid halides, we should allow for the modification of the column surface.
Let us imagine a truly smooth, flat homogeneous silica surface fully covered by
the directly attached halogen atoms and fragments of a halogenating reagent. The
energy required to desorb a dissimilar molecular halide from such a surface might be
expected to equal a fraction, half or so, of the vaporization energy. It is so because
only a few halogens bonded to the surface atoms are involved in the interaction
with the adsorbate molecule. However, as was suggested in [65] and illustrated by
Fig. 5.16, the rough real surfaces should also contain, besides other structures, geo-
metric wells or nanopores, a few molecular diameters in width and depth. Now, if
the surface is deeply modified, a molecule adsorbed in such a well will be in a sit-
uation which closely resembles that in the bulk liquid or solid. Hence, a geometric
well appears to also become a potential pocket. At some sites the analogy may be
so close that the energy of desorption can be similar to the energy of vaporization
or even sublimation. However, it seems that it cannot be higher! The geometry is
visualized in Fig. 5.24, which shows the real relative sizes of the ions involved in
the discussed picture.

5.6.2 Rationale for the Correlation of Adsorption
and Sublimation Energies

The above considerations concerning the special potential wells might appear to be
the required rationale for the similar values of energies, which characterize macro
and microvolatility. In reality, the deepest adsorption pockets should not be very
abundant. Let us estimate whether there is enough time to establish equilibrium for
a nuclide living a second or so. In the experiments, the characteristic temperature
(at the TC peak or the 50 percent yield in IC) is such that Ed/RT ≈ 20; then the
mean adsorption sojourn is 10−12×exp(εd/kBT ) ≈ 10−4 s. Assume that the surface
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Fig. 5.24 Realization of the maximum possible adsorption energy of ZrBr4 on silica surface, fully
modified by BBr3.

oscillations perpendicular and parallel to the surface have the same frequency and
that εb = 0.5εd. Then each molecule of the adsorbate visits some 104 adsorption
sites before it desorbs from the surface. As we saw earlier, the effective desorption
energy on a heterogeneous surface is close to the maximum in the spectrum. We
have expected the latter to equal the sublimation energy. Thus, we may believe that
we found the sought-for rationale. However, thus far, we have taken into account
only superficially outlined selected features of the novel picture of the column sur-
faces. The problem seems to call for more careful examination.

Remember, in the first place, that the adsorption enthalpies in the discussed cor-
relations were evaluated upon postulating strict and exclusive validity of the mobile
adsorption model. Now we must analyze for each particular system whether one
of the two simplest models of adsorption prevails or the situation is intermediate.
On a truly smooth, flat and fully modified homogeneous silica surface, which was
mentioned above, the surface diffusion barrier might be low. At least it seems to
be so when imagining a large, nearly spherical molecule resting on a flat array of
almost closely packed smaller spherical halogen atoms. However, the inherent het-
erogeneity of vitreous silica and its surface makes such an ideal picture improbable.
If ever, it probably takes place only on small patches and does not prevail. Notice
that the surface diffusion of the completely mobile tracer (two-dimensional gas)
in long lasting IC or TC experiments would considerably broaden the profile of
the peak because D1,2 must be about the same as in three-dimensional gas, some
0.3 cm2 s−1. The diffusion coefficient is much less affected by the surface temper-
ature than the adsorption sojourn time. Hence, in one-hour experiments, the mean
diffusion displacement could reach several centimeters. There have not been any
reported experimental data that would suggest such rapid diffusion. Our conclusion
is that, to evaluate the effective value of the entropy change, the localized model
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is preferable to the mobile one, though a contribution from the latter cannot be
excluded. Then the actual entropy change in desorption is larger than that calculated
for the mobile adsorption model, and the desorption energies reported to date are
underestimated. According to Eq. 5.45, we have:
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d

RT
− Emb

d
RT

= ln
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16e3

Ca

ν2
xy

u2
m

)
(5.82)

This holds for the isothermal chromatography. Turning to thermochromatography,
we can make use of Eq. 5.58. By analogy with it, while recalling the equations for
heterogeneous surfaces, we obtain
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d
RTA

− bhet ≈ 1.047

[
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7.85tTC
R Q0g

acT0
+ �desS◦

R

]
(5.83)

where the positive bhet depends on the concrete ρ(E∗
d ). Its value, as was exempli-

fied by Eq. 5.74, probably does not exceed a few units. Equation 5.83 shows that the
experimental effective desorption energy similarly depends on the accepted adsorp-
tion model, as in the case of IC data.

It seems that ≈10RT is the upper limit for the difference E lc
d − Emb

d , which
follows from Eq. 5.82. In typical conditions, for Ed = 80 kJ mol−1, the difference
makes 40 kJ mol−1. This and related figures indicate, at least at the first sight, that
the actual adsorption energies of the molecular halides may be considerably larger
than those plotted in Fig. 5.3. If so, our superficial basis for the sought-for rationale
can be highly questioned.

Another factor which might make the desorption entropy larger than its simple
�desSmb value, is our ignoring of the inner degrees of freedom when evaluating the
entropy change in adsorption. It is generally recognized that rotation especially may
be hindered in the localized adsorption state. There are large reserves of this sort
of entropy in the gaseous state; for example, the molar internal entropies (they are
absolute) Sint/R of the gaseous ZrCl4, and ZrBr4 are 22.7 and 28.1, respectively,
at 298.15 K. Each unaccounted-for unity subtracted from Sint/R by the adsorption
makes the calculated energy of desorption underestimated by additional 1.047RT;
cf. Eq. 5.83. This possibility is commonly ignored because it is not clear how to
estimate the losses of the internal entropy in the adsorption processes of our concern.

Finally, we possibly overestimate Ca. Then according to Eq. 5.82, we again
obtain Ed smaller than its accurate value. Though we deal with a continuous ρ(E∗

d ),
we must see it as a sum of partial isotherms. The latter have been supposed to dif-
fer from each other only by the energy of desorption and by the abundance; the Ca
values have been taken equally. However, it may not be true in the case of the poten-
tial pockets shown in Fig. 5.24. Such sites must have larger size than others and, if
tightly arranged, their number per unit area would be much less than a typical value
of 3 × 1014 cm−2 accepted earlier. However small the percentage of the pockets in
the Ed

∗ spectrum might be, the contribution of the particular isotherm to the overall
configurational entropy is similar to its weight in determining Eeff

d . A factor of 10
in Ca changes Eeff

d by 2.3RT.
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In the meantime, leaving the typical vibration frequencies of the localized adsor-
bate in Eq. 5.82 unchanged when considering the special pocket sites might result
in over-estimating Eeff

d . The calculated values of ν0 cannot be directly used for νxy
because the latter is generally somewhat less than ν0. Moreover, now the adsorbate
contacts with a layer of grafted modifier rather than with silica. The values straight-
forwardly calculated from Eq. 2.22 are ν0 = 1.05×1013 s−1 for silica, 2.0×1012 s−1

for solid TiCl4 and 1.4×1012 s−1 for BBr3. The silica frequency is markedly higher
than that of the halides –modifiers, and if it does not dominate in desorption, the
calculated Ed will be correspondingly overvalued.

An uncertain value in the experimental equilibrium constant is az . It is usually
underestimated by taking it equal to the apparent (geometrical) surface of the col-
umn of unit length. Actually az can only be larger and so it makes the true Eeff

d
smaller.

5.6.2.1 Why can Eeff
d be Larger than �sub H?

The above-discussed factors are clearly dominated by those which add to the prob-
ability that Emax

d does considerably exceed Esub of the compound. Thus, we must
discuss the fundamental phenomena which might be responsible for it.

For a fully modified surface, we should consider reactions like:

≡Si-O-TiCl3 + ZrCl4 = TiCl4 + ≡Si-O-ZrCl3 or
≡Si-O-BBr2 + ZrBr4 = BBr3 + ≡Si-O-ZrBr3.

This way, the tracer would locally take the place of the modifier through a sort of
exchange reaction. The energetic effects of such reactions can be estimated from
the regularities in energies of the appropriate chemical bonds. The required ther-
mochemical data for zirconium tetrahalides can be found in Ref. [100], for other
halides in Refs. [101, 102]. The following relations between the bond energies can
be noted:

• The M-Cl bond dissociation energy is by some 50 to 70 kJ mol−1 larger than that
of M-Br.

• The energy of a single M-O bond is close to that of M-Cl and higher than the
energy of M-Br.

• The enthalpy change of the gaseous reactions MX4 = MX3 + X at 500 K is
364, 447 and 479 kJ mol−1 for Ti, Si and Zr tetrachlorides, respectively, as well
as 299, 370 and 412 kJ mol−1 for the corresponding tetrabromides; for BBr3 =
BBr2 + Br, it is 404 kJ mol−1.

From this side, the processes seem possible because the absolute value of the energy
of replacing the modifier must be rather small. However, the bonds to be broken and
then restored are several times stronger than the desorption energies of the involved
molecules. Because of this, such reactions may experience severe steric hindrance
and require large activation energy; combination of these factors makes the process
hardly probable.
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Reactions like
≡SiCl + ZrCl4 → ≡Si-ZrCl3 + Cl2

seem impossible because, to date, any molecules with Si–Zr bonds have not been
reported.

5.6.2.2 Incomplete Modification of the Surface

The studies performed so far did not explicitly care about the modification as such;
the papers did not describe preconditioning of the columns. Meanwhile, the most
probable origin of the huge desorption energies seems to be incomplete modification
of the surface. We rule out the possibility of chemical interaction of the tracer with
the surface OHs — one cannot expect that the silanols, if sterically available, would
be left intact by the modifier. In the meantime, we recall the work of Stallons and
Inglesia [44] who calculated the spectra of the energy of desorption of CH4, N2 and
Ar from the bare surface of fused silica. Their results are shown in Fig. 5.25. Both
the span of the spectra and the most abundant energies, when compared with Esub
of the adsorptives, are remarkable. Notice that the ρ

(
E∗

d
)

for CH4, N2 and Ar are
peaking at about 9, 11 and 12 kJ mol−1, while the corresponding values of Esub are
9.6, 6.9 and 7.7 kJ mol−1, respectively. Thus, even the most probable values of E∗

d
are equal or larger than Esub, and the spectra extend to some twice-as-large energies.

Fig. 5.25 Adsorption energy distributions for CH4, N2, and Ar on a relaxed simulated silica sur-
face [44].

Reprinted from Chemical Engineering Science, 56(14), Stallons JM, Inglesia E, Simulations of the
structure and properties of amorphous silica surface, 4205–4216, c© 2001, with permission from
Elsevier.
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The simulations were done using the Lennard–Jones potential of molecular inter-
actions. Interaction with the silicon atoms could be neglected; most binding energy
came from the oxygen atoms of silanols and siloxanes. The data for the average
desorption energies in Henry’s law region reasonably agreed with the available
experimental values for CH4, N2 and Ar.

We cannot just multiply the above data by the ratio of sublimation energies to
obtain estimates for the adsorbates like ZrCl4 on bare surface. However, we can
expect that, on an incompletely modified silica surface, a closer contact of the tracer
molecules with oxygen atoms will result in stronger attractive forces than those
of physisorption on the fully modified surface. It might be the most fundamen-
tal rationale for the excess of Emax

d over the sublimation energy, provided that the
modification of the surface is incomplete.

5.6.3 Required New Experimental Data

The above considerations may seem too speculative. However, it is necessary to
emphasize the uniqueness of the goal. Adsorption on heterogeneous surfaces, as
such, remains an extremely complex, still poorly investigated problem. Meanwhile,
we attempt to obtain the adsorption energy on a real surface having only single
experimental value of the effective equilibrium constant. Such a task has never been
undertaken before. We essentially try to solve it by calculating the entropy change
from the first principles and subtracting it from the Gibbs free energy.

In the meantime, the whole field of transactinoid studies, with its peculiar and
nontrivial features, is still young — if not by years since birth, then by the number
of experiments performed to date. The major motivation — the quest for still new
elements and demands for their chemical identification — greatly stimulated the
development of the experimental instruments and techniques. In the first place, these
were high efficiency spectroscopic low-level measurements of the particle radioac-
tivity of short-lived nuclides in the specific conditions of chemical experiments.
Necessarily, the fundamental chemical and physicochemical problems behind the
employed methods, as well as evaluation of uncertainties of the results, have not
been paid adequate attention. Much more could be learned (but was not) in off-line
studies of long-lived radioisotopes of common elements with good statistics. As a
result, some conclusions in the literature are not well founded, and important details
of the experimental conditions are not given.

The present situation with the observed trends and with the precision of the data
is better illustrated by Fig. 5.26 than by the simple linear correlations. It can be seen
that the desorption energies (obtained by conventional approach) of very volatile
molecular liquids tend to approach the sublimation energies (calculated for mobile
adsorption), while those of more ionic liquids make only about two-thirds of �sub H .
The scatter of the experimental �des H values is very large. Evidently, if the data for
less volatile and ionic liquids were not known, one would not insist on any linear
correlation. The scatter of values obtained for a particular compound by different
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-

Fig. 5.26 Ratio of the desorption to sublimation enthalpy of various chlorides, versus the subli-
mation enthalpy. Solid curve is the linear correlation given by Eq. 5.61 in the novel coordinates.
Black squares are the data used to evaluate the correlation. Rhombs are some data by Bächmann,
et al. from Table 5.1.

researchers (some are included in Fig. 5.26) is similar to the scatter in parameters
for different compounds of similar volatility. Particular cases cannot be analyzed
here in detail.

A correlation between the parameters of adsorption and sublimation (vaporiza-
tion) must not necessarily be a straight line. However, what it must show is nearly
zero adsorption energy of the compounds with very low sublimation energy. It is
not the case with our present day linear correlations; it is their fundamental flaw
because there is no good reason for a constant contribution to the adsorption energy.
These observations issue a strong warning that it is a dangerous misconception to
take the correlations for functional relationships and make some far-going conclu-
sions about the quantitative measures of the properties of new elements. What can
be properly done is, for example, a comparative TC study of behavior of the new
element and its actual homolog, if the elements can be produced simultaneously and
have similar half-lives.

Pershina [103] believes that a better way to compare the volatility of analogous
compounds is to take the ratio of the experimental adsorption equilibrium constants,
rather than to evaluate the adsorption enthalpies. The ratio should be corrected for
the involved half-lives, and the contribution from the difference in internal entropy
of the compared molecules (owing to unequal masses of the metal atoms and differ-
ent bond lengths) can estimated by calculations from first principles. The approach
was used for analysis of the experimental data on hassium and osmium tetroxides,
which were reported in [104].
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5.6.3.1 How to Improve our Understanding of the Methods and Results?

On the experimental side, we have learned that the original surface of silica has vari-
able morphology and inherent heterogeneity. Meanwhile, it is important to know
the true surface area of our columns and avoid too specific a morphology. The tubes
produced by different manufacturers show a broad variety of surface patterns. Quan-
titative characterization of the surface properties to compare different batches of
capillaries is, at present, unrealistic. Even the measurement of the true surface area
per unit lengths of the column is not easy because of the relatively small values.
Moreover, there is not yet any agreed-upon technique or procedure to quantitatively
characterize the roughness and heterogeneity of the surfaces.

Next, the qualitative and quantitative compositions of the carrier gas, especially
as to the most chemically active components, have not been the same in different
laboratories. As a result it is not known whether the surfaces were modified to a
comparable degree in different studies. An even more important question is, how
complete was the coverage of the surface by the grafted molecular fragments? These
factors critically affect the resulting surface heterogeneity and the spectrum of the
desorption energies.

While it is difficult to avoid all possible uncertainties, an obvious step forward
would be a purposeful, careful conditioning of the columns before use. The data
reviewed in Sects. 5.3.2 and 5.3.3 allow us to propose a tentative scheme of process-
ing the tubes; it might include the following steps:

• Preliminary thorough cleaning by solvents, acids, etc.
• Chlorination of the surface by SOCl2 – the most efficient reagent serving to cover

the surface with chlorine atoms
• Hydrolysis by water to obtain the highest possible concentration of silanols
• Heating to remove physically adsorbed water
• Modification by reagents whose radicals have strong enough bonds with oxygen

atoms, and
• Chlorination by SOCl2 to remove OH groups remaining under possible “umbrel-

las” formed by the radicals attached as above

In the experiments with bromides, conditioning would require using SOBr2 or
CO + Br2 to fulfil the last two steps. The conditioning of the metallic surfaces
(nickel, copper?) will, after common cleaning, probably require reduction of the
surface oxides by hydrogen gas, followed by treatment with gaseous halogen. Such
surfaces will be covered only by halogen atoms, thus being in every respect simpler
than the modified surface of silica; though being also heterogeneous, they promise
better reproducibility and less variety in the appearance of the adsorption sites.

The pre-treatment of the columns might be followed by some standard IC or TC
(off-line) experiments with easily available radionuclides in well-established chem-
ical state to test whether the columns perform in a reproducible way. Implementa-
tion of such procedures in the various laboratories in the field would help to make
the measurements more precise and to find the origin of eventual disagreements in
the data.
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With the columns “improved” as recommended above, it is desirable to repeat
many off-line experiments performed earlier. To avoid necessity of extra corrections,
it is preferable to simultaneously chromatograph as many elements as possible, and
to run experiments with this mixture under various experimental conditions. In par-
ticular, because our major concern is the column surface, of great interest would
be experiments in the columns made of metals or temperature-resistant fluorinated
polymers. The polymeric columns remain unemployed in gas-phase radiochemistry.
Their surface will probably not be modified, which can lead to unexpected phenom-
ena or regularities.

Additional on-line experiments with simultaneously produced isotopes of an
element with different half-lives are needed, to investigate the actual relationship
between the (mean) temperature of the TC zones and the retention time.

To complete the topic, we should mention that correlations between the parame-
ters of adsorption and sublimation were also observed for elements [105], oxides
and hydroxides [106] and sulfides [107].

5.6.4 Real Picture of Adsorption and Monte Carlo Simulations

In the Monte Carlo simulations of the chromatographic and related processes we
should also account for the new knowledge about the deep heterogeneity of surfaces,
about the role of localized adsorption and about the occurrence of surface diffusion.
Evidently, now the molecular desorption energy accepted for a concrete simulation
is to be understood as the effective value over the spectrum of possible energies in
the sense of Eq. 5.71. As such, it is related to a concrete form of the ρ(E∗

d ). The
mean adsorption sojourn time of a molecule is obviously τ0 exp

(
Eeff

d /RT
)
. The

probability distribution of the elementary sojourn time and that in a random series
of the adsorption–desorption events may become a mathematical problem. The sur-
face diffusion, even if otherwise negligible, helps faster equilibration of molecules
between phases and is a positive factor. It does not seem to affect the simulations
directly.

Provided that the localized adsorption clearly prevails, it can be accounted for in
a simple way — by introducing the effective vibration frequency νlc

MC, which would
make the mobile entropy equal to the localized one. From Eqs. 5.64 and 5.65 it
follows that:

16e
u2

m

3 1

νlc
MC

= Ca

ν3 and νlc
MC = 16e

u2
m

3 ν3

Ca
(5.84)

Thus νlc
MC is of the order of 1016–1017 s−1.

5.7 Non-trivial Mechanisms in Gas-Solid Chromatography

The problems met in evaluating the gas-solid chromatography data get more compli-
cated when the underlying mechanisms are other than the reversible physisorption.
It may be necessary to admit participation of novel compounds of known elements
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which do not exist as condensed matter. It also concerns, of course, the expected and
unexpected compounds of new elements. To rationalize the experimental findings by
some mechanisms and chemical formulae, we need estimates of the thermodynamic
state functions of the anticipated compounds in different states. Numerous recipes
are available in the literature; choosing from them is a matter of taste. Some inter-
esting ideas concerning the “nonexistent” (as solids or liquids) compounds can be
found in an older book [108]. Most of the concrete estimates are based on empirical
correlations, which are then interpolated or extrapolated. Choices of the appropri-
ate “variable” in correlation are numerous, starting with the atomic number or the
number of the period in the Periodic Table. Eichler and co-workers estimated a
number of thermodynamic values for oxides and hydroxides [109] as well as for
(oxy)halides [30, 110] on the basis of correlations with the sublimation energy of
the metal. They have also published estimates of the adsorption energy of the atoms
of known metals, as well as of superheavy nuclides (elements) [111] on a variety of
metallic surfaces.

In the case of the simplest mechanism of repeated adsorption–desorption events
of the unaltered molecules, the retention time and the peak shape are insensitive to
the composition of the carrier gas — now we would add: “provided that it constantly
modifies the column surface.” Some of the more complex mechanisms of migration
are indistinguishable “from the outside” because they are analogously insensitive.
It is, for instance, simple chemisorption, when the initial electronic structure of the
adsorptive substantially changes upon adsorption, but is restored at the desorption
stage. Such is also the microscopic history of metallic adatoms in metal columns.
Another case is the chromatography of molecular halides in columns loaded with
alkali halides; the adsorbed state is a surface complex between the two halides; see
Sect. 1.5.1. In both examples the structure of the original adsorption sites is not
necessarily restored. It is, of course, unimportant in the experiments with tracers.

There are more possibilities. Some experimental results obtained in IC and TC
studies of (oxy)halides of common elements looked irregular. Eichler [112] inter-
preted these observations as the result of reversible chemical reactions superim-
posed on the adsorption – desorption mechanism of the compounds. “Reaction gas
chromatography” [113] seems to be an appropriate general term, close in definition
to the corresponding IUPAC recommendation on terminology [114]. According to
Ref. [112], there are different varieties of such processes, which are characterized
below. Needless to say, the equations below are only for homogeneous surfaces; the
accepted standard state for the adsorbed species is again V/A = 1 cm, standard
concentration for bulk gaseous reagents is that at p = 1 bar.

5.7.1 Dissociative Adsorption – Associative Desorption

This mechanism exists when, for example, a gaseous halide (or oxide) upon
adsorption releases a halogen (oxygen) atom and desorbs when regenerated. It
successfully describes the TC behavior of the chlorides of Pu, Cr, Ru and Ce, and
recently also Bk [115] in gases of various compositions. The first observation of
volatilization of plutonium chloride tracer in the atmosphere of chlorine in tracer
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studies [116] was quite unexpected. Generally, in the absence of strong chlorinating
agents, the TC deposition temperature of Pu was rather high — in the range typical
for known trichlorides of related elements. Meanwhile, with stronger chlorinating
agents (e.g., CCl4 + Cl2) in the gas, the adsorption peaks unexpectedly shifted
to lower temperatures, which are more characteristic for tetrachlorides. The trend
was most pronounced for Pu and smallest for Ce. The proposed transportation
process was:

PuCl4(g) ↔ PuCl3(a) + 1/2 Cl2(g)

The resulting formula is presented here in the style of Eq. 5.54 to show the change
due to the chemical mechanism. So,

Ei∗
(−�r H

RTA

)
= tR Q0g

azT0
exp
(−�rS

R

)[
c(Cl2)
c◦(Cl2)

]1/2

(5.85)

where c(Cl2) is the concentration of gaseous chlorine and c◦(Cl2) is its stan-
dard value.

Mechanisms of this type seem to also occur under certain conditions in ther-
mochromatography of platinum metal oxides. In particular, the reaction

IrO3(g) ↔ IrO2(a) + 1/2 O2(g)

was discussed [109].
Rather extensive studies have been devoted to the reaction chromatography of

volatile hydroxides. They are characteristic for elements of groups six to eight
and were experimentally detected for a TAE – seaborgium. Vahle, et al. [113, 117]
developed the corresponding equations; for Mo and W they considered the process:

MoO2(OH)2(g) ↔ MoO3(a) + H2O(g)

They attempted its Monte Carlo simulation by the appropriately modified approach
described in Sect. 4.3.2. The change replaced τ0 by an effective value τ ds-ad

0 (much
longer than τ0). The latter depends on the frequency of collisions of the adsorbed
MoO3 with H2O molecules, and so on the concentration of the water vapor (see
Eq. 2.7 for na) and entropy change in the reaction. Then the “reaction sojourn”
time is:

τa = τ ds−ad
0 e− �r H

RT = 4
um(H2O)

co
a (MoO3)

cg(H2O)
e− �r S

R e− �r H
RT (5.86)

The experimental and simulated profiles of TC zones reportedly agreed well.
The dissociative adsorption – associative desorption type of reaction also takes

place when Ln or An trichlorides are chemically volatilized into the carrier gas
containing a rather large concentration of Al2Cl6 vapors. Chromatography evidently
proceeds due to the equilibria like:

La(Al2Cl7)3(g) ↔ LaCl3(a) + 3 Al2Cl6(g)
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The stoichiometry of the gaseous complex can vary for any particular element,
depending on the partial pressure of Al2Cl6 and on the temperature. The com-
plexes have been studied quite exhaustibly, though the only application in radio-
chemistry has yet been the spectacular IC interseparation of lanthanoids [118] and
actinoids [119]; see also Sect. 1.5.2.

5.7.2 Associative Adsorption – Dissociative Desorption

This mechanism seems to be behind the unexpectedly high deposition temperature
of Ag in a chlorinating gas [112]. This data, and the fact that AgCl is highly dissoci-
ated in the gaseous state, allows us to conclude that the reaction thermochromatog-
raphy proceeds through

Ag(g) + 1/2 Cl2(g) ↔ AgCl(a)

that is, by attachment of a chlorine upon adsorption. Now, the formula is:

Ei∗
(−�r H

RTA

)
= tR Q0g

azT0
exp
(−�rS

R

)(
c◦(Cl2)
c(Cl2)

)1/2

(5.87)

5.7.3 Substitutive Adsorption – Substitutive Desorption

Under certain experimental conditions this mechanism affects the thermochro-
matographic behavior of ZrCl4– the compound with its place in the history of
transactinoid chemistry. It was anticipated, and the very first data indicated, that
thermochromatography of ZrOCl2, would not be possible, at least at moderate tem-
peratures. The basis for such judgment was the expected low volatility, characteristic
of the halides of metals MX3. Moreover, the bulk solid oxychloride ZrOCl2 does not
sublime because it disproportionates into dioxide and tetrachloride. In an IC column,
with SOCl2 as the chlorinating agent in the carrier gas, radionuclides of zirconium
deposited at a low temperature, which conclusively evidenced formation of ZrCl4.
However, the progressive addition of free oxygen to the gas resulted in a gradual
rise of the deposition temperature, rather than an abrupt change [120]. Later [121]
such regularity was also observed for Hf and Rf. In Ref. [112], these findings were
explained by suggesting that ZrOCl2 molecules exist only in the adsorbed state and
are involved in the reversible reaction:

ZrCl4(g) + 1/2 O2(g) ↔ ZrOCl2(a) + Cl2(g)

The basic relationship is now:

Ei∗
(−�r H

RTA

)
= tR Q0g

azT0
exp
(−�rS

R

)
c(Cl2)

[c◦(Cl2) · c(O2)]1/2 (5.88)
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Evidently, because the gaseous reagents are involved in the adsorption mechanism,
the behavior of the elements is smoothly affected by the quantitative composition of
the gas. It would not be the case if the reagent merely irreversibly chlorinated the
tracer.

5.7.4 Physical Adsorption – Substitutive Desorption

An interesting phenomenon was observed by the Dubna group in the course of work
on thermochromatographic chemical identification of the 0.9-s 263Sg with SOCl2
as the chlorinating agent. The transactinoid yielded a distinct peak around 250 ◦C,
while the 2.5-h 176W, the only tungsten activity which could be watched simul-
taneously, was deposited as low as about 100 ◦C. Such a large difference in the
deposition temperatures could not be ascribed to the difference in mean lifetimes. It
seemed to indicate dissimilar chemical states of the congeners Better understanding
of the chemical processes was expected from separate experiments on comparative
TC behavior of short-lived 164–169,174W. These were simultaneously obtained by
the reaction 24Mg +144,147,nat Sm [122]. Their thermochromatograms were mea-
sured after a long on-line experiment. For the shortest-lived activities it was possi-
ble through detecting radiation of their Ln descendants. The latter did not migrate
because of the low volatility of trichlorides. Except for 176W, two zones of ad-
sorption were observed — at about 250 ◦C and around 160 ◦C. The distribution of
different isotopes of W between the zones correlated with their half-lives; namely,
the percentage in the low temperature zone increased with increasing t1/2. The iso-
topes with half-lives of a few seconds decayed to >50 percent in the first zone,
while the activities with t1/2 > 1 min were adsorbed mostly as the second zone; see
Fig. 5.27. This seemed to provide evidence of the formation of two compounds, the
less volatile of which reacts relatively slowly in the adsorbed state to form the more
volatile one. The characteristic time of the transformation evaluated from the data
was 45 ± 15 seconds (1σ). To assign the chemical states, the volatility of known
(oxy)halides of tungsten were taken into account, the thermodynamic equilibria
were calculated for the system and some fundamental regularities in the kinetics
of the supposed reactions.

The otherwise inert carrier gas contained a few volume percents of both SOCl2
and O2. The thermodynamic equilibrium calculations predict complete oxidation
of SOCl2 to SO3 + Cl2, and WO2Cl2 as the chemical state of W. However, the
gas exiting the column showed a very small degree of oxidation or pyrolysis of
SOCl2, evidently because the latter passed the column in mere 0.3 seconds. Thus,
thermodynamic considerations proved to be of limited use in this particular case.
The “equilibrium preference” for WO2Cl2 over the almost equally stable WOCl4
follows from the reaction

WOCl4(g) + 0.5O2(g) = WO2Cl2(g). + Cl2(g),

which is characterized by �rG/J mol−1 = −40, 000 − 80T. Because SOCl2 was
preserved in the real carrier gas, the reaction
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Fig. 5.27 Deposition of short-lived tungsten isotopes along a TC column as measured through
their lanthanoid descendants [122].

Reproduced from Czechoslovak Journal of Physics, 49 (Suppl 1/II), Lebedev VYa, Yakushev AB,
Timokhin SN, Vedeneev MB, Zvara I, 589–595, c© 1999, with permission of the Institute of
Physics, Academy of Sciences of the Czech Republik.
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WO2Cl2(g) + SOCl2(g) = WOCl4(g) + SO2(g)

with �rG/J mol−1 = −45,000 + 22T is to be considered as well.
Fig. 3.4 displayed the enthalpy data for the bimolecular reactions of Mo and

W species with the actual active components of the carrier gas (SOCl2 and O2),
which might determine the chemical state of the atoms. Remember that, in most
cases, the negative enthalpy means that the reaction is fast enough for the present
purpose; see Sect. 3.2.2. Obviously, WCl6 cannot emerge when there are many
exothermic ways to convert the intermediate W(IV) compounds into WO2Cl2 or
WOCl4 as the end products. However, the thermodynamic preference for WO2Cl2
is due to the formally trimolecular reaction 2WOCl4 + O2 = 2WO2Cl2 + 2Cl2.
As such, it cannot play any role from the point of view of kinetics, because two
tracer molecules never meet. A bimolecular mechanism in principle exists; it is
WOCl4 + O = WO2Cl2 + Cl2. However, in the particular experimental condi-
tions, the maximum degree of dissociation of O2 could be only about 10−15. It is by
some six to seven orders of magnitude less than the level which would ensure some
encounters of the tracer molecule with a free oxygen atom. Thus, the conclusions
from the thermodynamic analysis must be drawn with caution.

As to the bulk volatility of the oxychlorides, the equilibrium vapor pressure of
WOCl4 at 500 K is at least 100 times larger than that of WO2Cl2. The above consid-
erations corroborate the suggestion that the initial stage of the TC processing is the
formation of WO2Cl2. The compound has relatively high deposition temperature
and, when adsorbed, slowly reacts to yield the more volatile oxychloride. That is,

WO2Cl2(g) → WOCl2(a)

is followed by:

WO2Cl2(a) + SOCl2(g) = WOCl4(g) + SO2(g)

Thus, the process is seen as physical adsorption with subsequent substitutive des-
orption. The characteristic time of the reaction could be roughly evaluated from the
ratio of areas of the two peaks as 45 ± 15 s (1σ). It indicates an activation energy
of the reaction of 80 kJ mol−1 or so. The enthalpy of the gaseous chlorination of
WO2Cl2 is −40 kJ mol−1 and an estimate for the adsorption enthalpy of WO2Cl2
is about −100 kJ mol−1; these three values are consistent with the proposed mech-
anism. The reason why the chlorination does not proceed in gas, though, is its quite
exothermic may be the short time, not more than 0.1 seconds.

The data for short-lived tungsten nuclides were subject to Monte Carlo simu-
lations [29]. The original model was appropriately changed to describe the slow
transmutation of the “primary” compound into a more volatile one in terms of the
activation energy. Both homogeneous and heterogeneous surfaces were assumed.
The simulations described the overall experimental picture reasonably well; a better
agreement was achieved for the heterogeneous surfaces by fitting their characteris-
tics to the experimental data.
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5.7.5 Existence of Yet Unknown Compounds

The most difficult problem in the radiochemistry of TAE is possible formation of
a compound which has no analogs in chemistry of the known elements. The only
example of a satisfactory solution to a similar problem in modern radiochemistry
was the assignment of a cationic form of astatine [123]. It had required many
years of experimentation despite the fact that the utilized At isotope had conve-
nient half-life and was readily available in high enough activity to allow thorough
experimentation.

The researchers of a TAE would certainly enjoy finding that it forms a unique
compound, not observed in chemistry of congeners. However, in practice, it would
produce a stalemate situation with insuperable barriers, merely because it would be
impossible to realize the required great number of different chemical experiments.
Thus, with the TAEs, we are — and, in the near future, will be — concerned mostly
with quantitative measurements of not too large differences in common properties
of the congeners. Rare exceptions might be the experiments that simply ask, “yes or
no?” Still, we will have to be cautious about statistics.

A little easier situation emerges when a compound of the element seems to
obey the simplest gas-solid chromatography mechanism, but behaves differently
from its expected homolog(s), approaching properties of a certain compound of a
non-congener. Unfortunately, it might also result from a nontrivial mechanism of
chromatography, like those discussed in the previous section. Reported conclusions
about violation of the expected homology have been scarce and even scarcer have
been the attempts to confirm or reject such claims in independent studies; they were
mentioned in Chapter 1.
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Chapter 6
Validity and Accuracy of Single Atom Studies

Abstract Validity of the results obtained in experiments with single atoms has
been discussed in the literature from different points of view. The few dedicated
experimental works did not reveal deviations in behavior of tracers with decreas-
ing amount down to hundreds of atoms. Kinetic considerations suggest that the data
are essentially valid unless the relative statistical uncertainty is comparable with
the number of detected atoms. Thermodynamic quantities can be reasonably repre-
sented by probabilistic terms. The statistical limitations to quantitative conclusions
were visualized by repetitive Monte Carlo simulations of gas-solid thermochromato-
graphic experiments. With poor statistics of measurements, the Bayesian approach
seems conceptually preferable to obtain information about the sought parameters.
Some Bayesian confidential intervals for the difference and ratio of two Poisson-
distributed quantities from the literature are tabulated. Several difficult situations
which were met in real experiments are analyzed using Monte Carlo simulations
to obtain the likelihood function and then the Bayesian posterior function. The
presented examples concern the adsorption enthalpy from chromatographic exper-
iments, and the half-life from a background free decay curve, if the measurement
was terminated before reaching the zero counting rate.

6.1 Validity of Single Atom Chemistry

From the early studies of gas-phase chemistry of transactinoids, the experimenters
have faced the question of whether the ultimately low number of short-lived atoms
would bring new fundamental problems in obtaining reliable data and their inter-
pretation. Classical radiochemistry dealt mostly with aqueous solutions and widely
used batch realization of the partition methods, like coprecipitation or extraction.
The goal was to find known element(s) with chemical behavior like the new ra-
dionuclide, at least in some particular chemical systems; the homology was then
used for isolation, concentration and assignment of the chemical state of the activ-
ity. Researchers in the field occasionally noted some peculiar, even erratic behavior
of the tracer elements. At first, these observations might hardly be rationalized; later,
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such findings could often be attributed to adsorption of the tracers on the surface of
containers, which was of foreign nature to the solution systems. A well-known study
of the problem of few atoms in solution experiments was performed by Reichsmann,
et al. [1, 2]. They investigated coprecipitation of 210,218Po with Te and As sulfides,
while taking gradually smaller numbers of the Po atoms in the system. They did not
observe dependence of the Po behavior on the concentration of the element.

6.1.1 Monte Carlo Simulation of Single Atom Experiments

Gas-solid chromatography is essentially a dynamic partition experiment in which
the column surface plays the role of one of the phases. It was why the Dubna
researchers were concerned with making the surface properties reproducible and
free of too-active adsorption sites. To that end, they introduced chemical reagents
into the carrier gas. With the lighter homologs of the transactinoids they obtained
similar results independent of the number of atoms present in the particular chemi-
cal system; the investigated range was down to some 103 atoms. Compared with the
liquid chromatography, the microscopic picture of gas-solid chromatography seems
simpler. It enables Monte Carlo simulation of tiny details of the individual trajec-
tories of molecules in space and time; the procedure was discussed in Sect. 4.3.1.
In the late 1970s, the Dubna group realized the first thermochromatographic stud-
ies of the element 105 bromide [3, 4]. Twelve spontaneous fission decay events of
dubnium were detected within an extended adsorption zone; their mean deposition
temperature was about 450 K, and the temperature gradient over the zone range was
nearly linear. To visualize the possible effects of small numbers, these experimental
results were simulated by a Monte Carlo technique like that described in Sect. 4.3.2.
Ten separate “runs” were Monte Carlo-simulated, taking a half-life of two seconds
and assuming an appropriate value of the desorption energy. The data of separate
experiments are shown in the top of Fig. 6.1. In each of them, the number of mole-
cules was taken at random from the Poisson distribution with a parameter of 12.
These numbers are shown at the lines; the circles indicate the temperature at the
particulate coordinate of the decay event, and the short vertical bars show an aver-
age of the temperatures. All the mean values are within 30 K range. Such a scatter
is acceptable for characterization of the properties of the studied compound with
reasonable accuracy. It is also evidenced by the cumulative distributions of the total
of 115 events (solid line) from the 10 simulated runs, as well as by the distribution
of 2,500 additional individual histories (broken line). Their mean deposition tem-
perature values are again the 30 K range. It also happened for the medians, though
by chance — the particular combination of the experimental parameters yielded
symmetric zone profiles.

The Dubna group also discussed the kinetics of reactions in gases to look for
the fundamental reasons which might cause deviations in behavior of a tracer with
the decreasing number or, better, concentration of its species. Only one inherent
reason could be seen: a deviation may happen when two entities practically cannot
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Fig. 6.1 Monte Carlo simulation of the thermochromatographic experiment [3,4] with the bromide
of 2-s 260,261Db.

The simulated runs were supposed to produce on average 12 detectable nuclei. Top: Distribution
of decay events along the column in the runs. Bottom: Cumulative distributions for good statistics;
see text.

Reproduced (adapted) from Radiokhimiya, 18(3), Zvara I, Belov VZ, Domanov VP, Shalaevski
MR, Chemical separation of nielsbohrium, 371–373, c© 1976, with permission from Academiz-
datcenter Nauka Publishers.

collide during the time of the experiment or during the lifetime of the nuclide, if
the latter is shorter. Thus, the reactions like dimerization cannot proceed any more.
The dividing concentration level is not low. Indeed, a gaseous molecule collides
with an identical one only once per second when the concentration is 1010 cm−3

and once a day at 105 cm−3. In liquids, the respective values are 107 and 102 cm−3.
Hence, mutual collisions are completely irrelevant to the chemistry of single atoms
and molecules. In the meantime, the above figures are also the minimal necessary
concentrations of the reagents, which we purposely introduce into the system to
achieve or support a required chemical state of short-lived tracers. The reactions
of a tracer with macroscopic reagents are formally of the first order and the mean
time of conversion is inversely proportional to the reagent concentration. Hence, the
agents do not work if present in lesser concentrations. Consistently, these figures
indicate the highest allowable (“safe”) concentration of unwanted or unaccounted
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for contaminations in the system. Above these limits, the impurities might harmfully
change the chemical state of the tracer. Some of these points were already discussed
in Sect. 3.2.

6.1.2 Theoretical Kinetic Limits

More formal and general approaches to the problem deal not only with what happens
with a handful of the atoms, but also how to evaluate and interpret the experimental
data. They are motivated by the wish to adhere as closely as possible to statistical
thermodynamics and to the conventional kinetics. The first dedicated attempt was
done by Borg and Dienes [5], who put the question, “Are ordinary chemical reac-
tions adequate to describe and distinguish one element from another when the mean
nuclear lifetime is comparable to, say, the mean lifetime in a single chemical state?”
They noted that, when too few atoms are present, most of the available states are
unoccupied and dynamic equilibrium is not maintained at each instant. A long-lived
atom can pass through all states within an ensemble and thus conform to the ergodic
hypothesis. However, the latter also demands that the fraction of time spent by the
atom in each state be equal to the fraction of systems of an equilibrium ensemble
in that state. Thus, a short-lived atom can hardly conform to the ergodic hypothesis.
The authors analyzed the applicability of chemical kinetics in the combination with
the kinetics of radioactive decay. They illustrated it by a binary reaction with an
impurity (exchange of ligands), which would yield an unforeseen chemical state of
the tracer element. In a general form, they considered the free energy of activation
(in the sense of the transition state theory of reaction rates), rather than just the acti-
vation energy. Further on, a standard probability treatment was used to show that “a
surprisingly small number of atoms” are required to establish chemical identity un-
der the conditions of typical solution or gas-phase experiments. They did not specify
the number, but came to the conclusion that with 50 atoms “an erroneous conclusion
as to the chemical nature is most unlikely.” In addition, “an ensemble containing as
few as 10 atoms gives nearly the same result as a truly statistical ensemble.” The
latter figure is very close to the conclusions “empirically” drawn from the Monte
Carlo simulations of a thermochromatographic experiment.

6.1.3 Equivalent to Law of Mass Action

Later, Guillamont, et al. [6,7] considered some aspects of the environmental solution
chemistry of tracers (complexation, redox reactions) and of solving the specia-
tion problems using partition methods. They paid most attention to the concentra-
tions at which the mutual encounters of the tracer entities are somewhat probable.
These conditions affect stoichiometry of the reactions and the kinetic laws of the
interactions. Below this limit, if two different chemical forms of the tracer were
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introduced into the system, they would coexist as they are prevented from getting
involved in dimerization (polymerization), isotopic exchange or disproportionation.
For the problem of single atoms, they introduced a specific thermodynamic func-
tion, “single-particle free enthalpy,” and suggested an equivalent to the law of mass
action in terms of certain probabilities, rather than concentrations. Accordingly, for
a tracer element M, “the distribution coefficient of M between two phases is cor-
rectly defined in terms of the total probabilities of finding M (whatever its species)
in one phase or the other.” Hence, multiple static partition experiments are needed to
measure this coefficient. Meanwhile, dynamic partition methods can be considered
as a series of repetitive static partitions isolated in space. Thus, “the displacement
of M, in itself, is a statistical result and only one experiment is necessary.” This is
a general conclusion, obviously valid also for gas-solid chromatography. As to “the
fundamental question whether the law of mass action really holds” at single atom
level, the authors of Ref. [6] came to the conclusion that “So far, no satisfactory
answer to the question is available and this point remains open to discussion.”

6.1.4 More Considerations

A recent review of the problem is due to Trubert and Le Naour [8] who also focus
on solution chemistry. When considering the kinetic aspects of the problems, they
present a criticism of the approach of Borg and Dienes [5]. The argument is that
the concept of the energy of the activated complex is inherently statistical, and so
inapplicable. They pay attention to Ref. [9], which reports evaluation of the fluctua-
tions in energies of individual entities around the mean value to estimate the relative
mean deviation of a property of the system as a function of the number of particles.
The deflection happens to be equal to the inverse square root of the number. The
result is of general validity and importance. Thus, the characteristic fluctuation of a
property of the system (like total energy) of 10 entities is some 30 percent, which
is consistent with what was found or estimated in Refs. [4,5]. However, for a single
atom or species, the fluctuation is equal to the value of the property.

Evidently, there is a common approach in the theoretical works cited above. They
formulate the basic question like “are the concepts of thermodynamics and kinetics
used in classical chemistry relevant at tracer scale. . .and for a single atom?” [8]. Ac-
tually, from the very beginning, statistical mechanics and thermodynamics clearly
recognized their applicability only to large numbers of particles. They were not
concerned with what would happen at ultimately low numbers — the issue became
urgent relatively recently. Attention to kinetics and to the probabilistic ideas appears
quite naturally. At present, it would seem logical to start with single short-lived en-
tities and with their accompanying randomness, and then proceed to larger numbers
and longer times. The result would probably be about the same as that resulting
from the history of the question. However, such analysis of the peculiar range of the
ultimately low numbers might result in novel insights.

In the literature, there sometimes occur inaccurate statements about the “validity”
of Stirling’s approximation in connection with the validity of single atom chemistry.
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The two points do not seem to be directly interrelated. Notice that there is the Stir-
ling’s series — an asymptotic expansion of the logarithm of a factorial — written as:

ln n! = n ln n − n + ln
√

2πn + 1
12n

− 1
360n3 + . . . . . . (6.1)

The Stirling’s approximation consists in the first two terms: ln n! ≈ n ln n − n.
Its absolute error increases with larger n. Hence, the approximation never becomes
perfectly valid, though its relative error becomes negligible for numbers like NA.
In the meantime, a few more terms of Eq. 6.1 yield enough precision to meet any
practical demand. Already four terms give an error less than 1/360n3: for ln 1! = 0
it is less than 0.0023, for ln3! – less than 0.0001, etc.; the relative error obviously
decreases with n even faster.

The present author believes that many practical problems can be illuminated and
even solved with the use Monte Carlo simulations like those presented above in this
section. The simulations are inherently probabilistic and can incorporate both ther-
modynamic and kinetic factors. The simulations do not provide formulae, but their
great advantage is the possibility to take into account real experimental conditions.
Simulations do not take any significant time, even on standard PC workstations. On
the other hand, deriving analytical formulae as a rule requires assuming idealized
experimental conditions, which are often far from reality.

6.2 Analysis of Poor-Statistics Data

When studying chemical properties of TAEs on the one-atom-at-a-time (per shift,
day, week or month) level – which requires not only large intellectual and material
efforts but also a lot of patience – the experimenters are inevitably tempted to draw
more definite and numerous conclusions than the poor statistics actually permit. It
is important to be aware of this danger and pay due attention to the statistical uncer-
tainties of the obtained data, especially when counting is not free of background.

The traditional statistics are not a proper way to evaluate the accuracy or pre-
cision of the results obtained on the basis of detecting only a few decay events.
This is because the Gaussian approximation for the data distribution is not valid
and the “errors” come from the statistical uncertainty, rather than from the imper-
fect measurements. To allow more rigorous treatment of “low-level” counting data,
some authors updated the traditional approach by taking into account the inherent
Poisson distribution [10, 11].

Another approach to the data based on low-level counting uses the method of
maximum likelihood. The likelihood of a set of data is the probability of obtain-
ing the particular set, given the chosen probability distribution model. The idea is
to determine the parameters that maximize the likelihood of the sample data. The
methodology is simple, but the implementation may need intense mathematics [12].
The method has been used, for instance, to treat data on production rates [12] and
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half-lives [13–17]. Bukin [18] compares the methods of obtaining confidence inter-
vals for the half-lives by maximum likelihood, Bayesian (see below) and traditional
approaches.

The poor statistics seem to call for a different philosophy of interpretation of the
evaluated uncertainties. There is increasing attention to the Bayesian statistics [19]
and standing discussions take place on the relative merits of various approaches
and the philosophy behind them. “Modern statistical practice is dominated by two
principal schools of thought. . ..the ‘traditional’ school and the ‘Bayesian’ school.
The division between these two (is). . .the meaning given to the term probability
frequency. . .(and). . ..belief (respectively)” [20]. With the standard approach one es-
sentially asks what will the probability density function of the data (in terms of the
parameters of normal distribution) be if the experiment is repeated many times?
With mere two or three detected counts, the question is obviously difficult to an-
swer and does not sound correct. This is especially true if one has little real hope
or opportunity to repeat the experiment in the future. However, even in the case of
better statistics there is a reason for preferring the Bayesian approach. According to
Porter [21]: “A Confidence Interval (CI), in frequentist statistics, tells us about our
data; for example, a small interval indicates a more precise measurement than a wide
interval. . .(but it) tells us nothing about the true value of sought-for parameter �.
The utility of the CI is in summarizing, objectively, the quality of the measurement;
the true value of � is irrelevant.”

With the Bayesian approach, the question is about the interval inferred by the
observation of the data k, which contains the true value of � at the confidence level
α. The Bayesian interval (BI) for � is the interval, which contains the fraction α
of the area under the appropriate Bayes’ distribution. Again from Porter [21], “The
motivation for BI is that we really are interested in making some statement about
the value of �. The interpretation of the Bayes’ distribution is that it expresses a
‘rational degree of belief’ in where the parameter lies. The Bayes’ distribution is
mathematically a probability distribution, but it does not have a frequency interpre-
tation. We cannot sample from it. The utility of the Bayes’ distribution/interval is
that it gives us formalism with which to make decisions, based on available knowl-
edge.” Therefore, in the Bayesian spirit, the meaning of the common 68 percent, or
“1σ ,” confidence interval is that one can bet only 2:1 that the true value is within this
range. It is illuminating evidence that one cannot rely upon such a narrow interval
when trying to experimentally answer fundamental questions.

6.2.1 Bayesian Approach to Statistical Treatment

The Bayes’ distribution or the posterior probability density function Fpos(�|k),
which serves the evaluation of BIs, is:

Fpos(�|k) = L(k|�) · Fpri(�)∫
L(k|�) · Fpri(�)d�

(6.2)
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Here L(k|�) is the likelihood of observing the concrete data k given the parameter
value. The pdf-like Fpri(�) is a non-negative function called prior distribution, the
choice of which is discussed below. The integration is performed over the range of
the prior distribution.

When the parameter is a discrete quantity, Eq. 6.2 should be consistently rewrit-
ten for summation:

Fpos(�|k) = L(k|�) · Fpri(�)∑
L(k|�) · Fpri(�)

(6.3)

For example, if k decays or a rare short-lived nuclide were detected in the course
of a long bombardment and we need to know the Bayesian confidence interval for
the yield rate (per the duration of the bombardment) �, then L(k|�) is the Poisson
distribution:

L(k|�) = �k

k! e−� (6.4)

In another common problem, � is the number of radioactive nuclei which were
originally present in a sample and gave k counts when measured with the detec-
tion efficiency pλ until they decayed. Now the likelihood is given by the binomial
distribution:

L(k|�) = �!
k!(� − k)! pk

λ(1 − pk
λ)

�−k (6.5)

Because both the Bayesian statistics and the above-mentioned method of maximum
likelihood operate with the likelihood function, concrete applications of these ap-
proaches have some common features.

The next Bayesian step is the choice of Fpri(�). It is evidently possible to outline
a finite, physically acceptable range of the parameter values, outside of which, in the
“unphysical region,” Fpri(�) vanishes — either necessarily or practically. For exam-
ple, in the problem of the production rate, � cannot be zero; it can be both less and
more than k, though hardly many times. This suggests an interval like [0.1k, 10k] to
more than guarantee inclusion of all possible values, but with k = 0 the range is to
be like [0, 10].

In the problem of the original number of nuclei in the sample, � is a positive
integer. It cannot be less than k (if background free) and hardly can exceed k many
times; so reasonable values of � are integers in [k, 10k].

A more difficult problem is the shape of Fpri(�). Generally, it may be any func-
tion satisfying certain simple mathematical conditions. However, to justify an a
priori preference to some narrower range of � is mostly difficult. Commonly, one
suggests that nothing is known about the shape of the prior distribution and accepts
it as being uniform (flat). The approach is called “complete (or total) ignorance.”
Practice shows that the results depend little on the shape of Fpri(�). Still, one must
pay attention to the following warning: “Complete ignorance in � is not complete
ignorance in all functions of �, for example, �2. Ignorance is parameterization
dependent!. . .My (philosophical!) perspective: Go ahead and use a flat, or other
smooth, prior for whatever parameter you care about. But Be Warned: if it makes
much difference in any decisions you’re going to make!” [21].
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The flat prior need not be normalized so that:

Fpos(�|k) = L(k|�)∫
L(k|�)d�

(6.6)

It allows obtaining analytical expressions for the BIs in simple cases like the differ-
ence between two counting results or their ratio.

Solutions to relatively simple problems at various confidence levels by the Pois-
son classic, maximum likelihood and Bayes’ inference approaches are available in
literature as formulae and tables. Currie [10] re-examined the terms detection and
determination limits, which are widely used in analytical chemistry, paying special
attention to Poisson-distributed data of radioactivity measurement; the correspond-
ing formulae still do not help in ultra low-level counting. Strom and MacLellan [11]
took a contemporary look of the problem within the same approach, as well as a
criticism of the previous works. James and Roos [22] presented Tables of 68 per-
cent and 90 percent CIs for the ratios of 0 to 10 Poisson-distributed counts when the
numerator is a subset of the denominator (combined Poisson and binomial distrib-
utions). De Angelis and Iori [23] considered the same situation for up to 16 events
and, in addition, the ratio of the Poisson-distributed numerator and denominator.
Helene [19] presented tables of the BIs (68 percent and 95 percent) for the small
number of counts (up to 20), for the difference of two small numbers (the back-
ground problem; mean background exactly known) and for the ratio of two numbers.
Later on, Prosper [24] evaluated the Bayesian formulae for the difference and ratio
problems when the background mean is known with finite precision. His discussion
of the Bayesian approach is very instructive. Recently the problem of the difference
and ratio of two Poisson-distributed quantities was re-examined by Brüchle [25]. He
tabulated the confidence intervals up to 10 counts in the numerator and denominator,
each for the confidence levels 65 percent, 90 percent and 95 percent, and analyzed
the origin of the differences with the Helene’s [19] evaluations. He also discusses
the choice between the central and shortest (highest probability density) intervals.
Dressler, et al. [26] presented formulae of some (complete ignorance) Bayes distri-
butions Fpos(�|k) to help solve real tasks faced in TAE studies.

Tables 6.1 and 6.2 display sample results from [19,25]. Generally, the confidence
limits necessarily depend on the accepted approach and its details; it is not surprising
that they slightly differ.

There are more complicated cases, like measurements with non-zero background,
measurement times comparable with the activity lifetimes, variation of counting
efficiency in time and so forth. Then the likelihood L(k|�) cannot be evaluated
“analytically,” but only using Monte Carlo simulations of a model of the data; this
will be demonstrated below. It is possible to describe data dependent on more para-
meters.

An experimenter often tries to answer the very serious questions, like whether
there is a significant difference in properties of a very heavy element and its lighter
congener(s). Then the 68 percent confidence level for a measured quantity is hardly
convincing. Indeed, as will be seen below, the Bayes’ distribution may be strongly
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Table 6.1 The Difference Between the Poisson-Distributed Quantity K and the Background Bkg.
The mean value of Bkg is known. Presented are the shortest intervals for K – Bkg at the 68 percent
and 95 percent confidence levels obtained by Bayesian approach [19].

Excerpts from tables in Nuclear instruments and methods in physics research, 228(1), Helene O,
Errors in experiments with small numbers, 120–128, c© 1984, with permission from Elsevier.

K 68.3 percent confidence level 95 percent confidence level K

Bkg = 0a Bkg = 1 Bkg = 2 Bkg = 0a Bkg = 1 Bkg = 2
0a 0.0 1.15 0.0 1.15 0.0 1.15 0.0 3.00 0.0 3.00 0.0 3.00 0a

1 0.27 2.50 0.0 1.79 0.0 1.57 0.04 4.77 0.0 4.12 0.0 3.82 1
2 0.86 3.86 0.0 2.66 0.0 2.17 0.30 6.40 0.0 5.41 0.0 4.83 2
3 1.55 5.15 0.58 4.08 0.0 2.95 0.71 7.95 0.0 6.78 0.0 5.99 3
4 2.29 6.40 1.30 5.39 0.39 4.21 1.21 9.43 0.23 8.33 0.0 7.24 4
5 3.06 7.63 2.06 6.63 1.09 5.56 1.76 10.87 0.76 9.85 0.0 8.54 5
6 3.85 8.84 2.85 7.84 1.86 6.82 2.35 12.26 1.35 11.26 0.40 10.12 6
7 4.65 10.0 3.65 9.03 2.65 8.03 2.97 13.63 1.97 12.63 0.99 11.60 7
8 5.47 11.2 4.47 10.2 3.47 9.21 3.62 14.98 2.62 13.98 1.62 12.97 8
9 6.30 12.3 5.30 11.3 4.30 10.38 4.29 16.30 3.29 15.30 2.29 14.30 9
10 7.14 13.54 6.14 12.54 5.14 11.54 4.98 17.61 3.98 16.61 2.98 15.61 10

a data for K = 0 and Bkg = 0 are from Ref. [25].

Table 6.2 The ratio of the Poisson-distributed Numerator Num and Denominator Den. Presented
are most probable values of Num/Den and the shortest intervals for Num/Den at the 68 percent and
95 percent confidence levels. Data of Helene [19] and Bruchle [25].

Excerpts from tables in Nuclear instruments and methods in physics research, 228(1), Helene O,
Errors in experiments with small numbers, 120–128, c© 1984, with permission from Elsevier.
Excerpts from tables in Radiochimica Acta, 91 (2), Brüchle W, Confidence intervals for experi-
ments with background and small number of event, 71–80, c© 2003, with permission from Olden-
bourg Wissenschaftsverlag.

Num Den Most
prob-
able
[25]

95 percent
[25]

68.3 percent
[25]

68.3 percent
[19]

95 percent
[19]

Num Den

0 1 0 0 3.366 0 0.767 0 0.776 0 3.47 0 1
0 2 0 0 1.650 0 0.461 0 0.467 0 1.71 0 2
0 3 0 0 1.072 0 0.329 0 0.333 0 1.11 0 3
0 4 0 0 0.787 0 0.255 0 0.258 0 0.821 0 4
0 5 0 0 0.621 0 0.209 0 0.211 0 0.648 0 5
0 6 0 0 0.513 0 0.177 0 0.178 0 0.534 0 6
0 7 0 0 0.436 0 0.153 0 0.154 0 0.454 0 7
0 8 0 0 0.380 0 0.135 0 0.136 0 0.395 0 8
0 9 0 0 0.336 0 0.121 0 0.122 0 0.349 0 9
0 10 0 0 0.301 0 0.109 0 0.110 0 0.313 0 10
1 1 1.0 0.104 9.620 0.337 2.962 0.038 1.68 0.002 6.39 1 1
1 2 0.307 0.032 3.206 0.092 1.097 0.037 1.01 1 2
1 3 0.225 0.015 1.955 0.057 0.748 0.034 0.718 1 3
1 4 0.180 0.009 1.404 0.043 0.572 0.031 0.557 1 4
1 5 0.151 0.006 1.092 0.035 0.463 0.028 0.456 0.003 1.09 1 5
1 6 0.130 0.005 0.892 0.030 0.391 0.026 0.385 1 6
1 7 0.114 0.004 0.753 0.026 0.337 0.024 0.334 1 7

(Continued)
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Table 6.2 Continued.
Num Den Most

prob-
able
[25]

95 percent
[25]

68.3 percent
[25]

68.3 percent
[19]

95 percent
[19]

Num Den

1 8 0.102 0.003 0.651 0.024 0.297 0.022 0.294 1 8
1 9 0.093 0.003 0.574 0.022 0.266 0.020 0.263 1 9
1 10 0.085 0.003 0.513 0.020 0.240 0.019 0.238 0.002 0.513 1 10
2 2 1.0 0.171 5.840 0.422 2.370 0.137 1.56 0.032 4.30 2 2
2 3 0.540 0.103 3.034 0.236 1.305 0.122 1.11 2 3
2 4 0.397 0.070 2.058 0.166 0.942 0.109 0.860 2 4
2 5 0.320 0.053 1.562 0.131 0.746 0.097 0.703 2 5
2 6 0.272 0.042 1.259 0.109 0.620 0.088 0.594 0.024 1.23 2 6
2 7 0.237 0.035 1.052 0.094 0.532 0.080 0.515 2 7
2 8 0.211 0.030 0.905 0.083 0.466 0.074 0.454 2 8
2 9 0.189 0.027 0.795 0.075 0.414 0.068 0.406 2 9
2 10 0.173 0.024 0.706 0.068 0.374 0.063 0.368 0.02 0.702 2 10
3 3 1.0 0.225 4.439 0.478 2.090 0.224 1.49 0.08 3.46 3 3
3 4 0.674 0.164 2.837 0.334 1.394 0.198 1.16 3 4
3 5 0.521 0.126 2.081 0.256 1.061 0.177 0.945 3 5
3 6 0.432 0.102 1.648 0.211 0.866 0.160 0.798 3 6
3 7 0.371 0.086 1.363 0.180 0.734 0.145 0.691 0.057 1.31 3 7
3 8 0.326 0.074 1.165 0.157 0.638 0.133 0.610 3 8
3 9 0.292 0.065 1.015 0.141 0.566 0.123 0.545 3 9
3 10 0.264 0.059 0.901 0.128 0.509 0.114 0.493 3 10
4 4 1.0 0.268 3.724 0.520 1.923 0.294 1.45 0.126 3.01 4 4
4 5 0.749 0.213 2.658 0.401 1.421 0.262 1.18 4 5
4 6 0.609 0.174 2.066 0.326 1.134 0.236 0.999 4 6
4 7 0.516 0.147 1.690 0.277 0.949 0.215 0.865 0.098 1.58 4 7
4 8 0.449 0.128 1.433 0.240 0.819 0.197 0.762 4 8
4 9 0.399 0.113 1.242 0.214 0.721 0.181 0.681 4 9
4 10 0.359 0.101 1.097 0.192 0.645 0.168 0.616 0.08 1.06 4 10
5 5 1.0 0.304 3.284 0.552 1.811 0.350 1.42 0.169 2.72 5 5
5 6 0.802 0.254 2.516 0.451 1.425 0.315 1.20 5 6
5 7 0.671 0.216 2.037 0.381 1.179 0.286 1.04 5 7
5 8 0.577 0.188 1.707 0.330 1.007 0.262 0.913 5 8
5 9 0.512 0.166 1.475 0.292 0.882 0.242 0.816 5 9
5 10 0.459 0.150 1.298 0.263 0.786 0.224 0.737 5 10
6 6 1.0 0.335 2.982 0.578 1.728 0.395 1.40 0.207 2.52 6 6
6 7 0.834 0.288 2.396 0.490 1.421 0.359 1.21 6 7
6 8 0.715 0.252 2.001 0.425 1.206 0.329 1.06 6 8
6 9 0.628 0.223 1.713 0.375 1.049 0.304 0.950 6 9
6 10 0.562 0.201 1.502 0.336 0.930 0.282 0.858 0.155 1.41 6 10
7 7 1.0 0.362 2.762 0.600 1.666 0.433 1.38 0.24 2.38 7 7
7 8 0.858 0.318 2.295 0.521 1.409 0.465 1.21 7 8
7 9 0.751 0.283 1.962 0.461 1.223 0.366 1.08 7 9
7 10 0.670 0.255 1.713 0.413 1.080 0.340 0.978 7 10
8 8 1.0 0.384 2.599 0.619 1.615 0.534 1.36 0.271 2.26 8 8
8 9 0.875 0.344 2.213 0.548 1.398 0.429 1.21 8 9
8 10 0.778 0.310 1.926 0.491 1.233 0.398 1.10 8 10
9 9 1.0 0.405 2.465 0.635 1.575 0.493 1.35 0.298 2.17 9 9
9 10 0.890 0.366 2.141 0.570 1.388 0.458 1.22 9 10
10 10 1.0 0.423 2.361 0.648 1.544 0.517 1.33 0.323 2.10 10 10
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skewed and, at a higher confidence level, one of the BI limits may even become
uncertain!

The Bayesian approach is almost universally applicable when combined with
the Monte Carlo simulations on computers. In practice, because of many external
circumstances, almost every long-lasting chemical experiment has specific features
which can be traced only by the simulations. Some examples are given and dis-
cussed below. The outlined simulation procedures were not optimized because, on
conventional workstations, even very good statistics require little CPU time.

6.2.2 Half-life from Fraction of Decay Curve

Schmidt [16] thoroughly analyzed the problem of uncertainties in measuring the
mean lifetime with a small number of detected nuclei, including the presence of a
stochastic background. The crucial point was that the measurement was supposed to
last until complete decay of the nuclide. The treatment was based on the maximum
likelihood approach; the 90 percent confidence intervals were tabulated.

In 1964, in the first experiment of the Dubna group on chemical identification of
element 104 as ekahafnium, the SF events of the isolated element were detected in a
long, flat, flow-through chamber, the walls of which were covered with track detec-
tors of fission fragments; cf. Fig. 1.3. By that time another Dubna group had reported
synthesis and identification of an isotope of element 104 with a half-life of about 0.3
seconds by nuclear physical methods. Such a short half-life dictated high flow rate
of the carrier gas in the radiochemical experiments to secure fast transportation from
the accelerator target to the experimental setup. The gap between the detectors had
to be possibly narrow to enhance registration of both fragments from an SF event
occurring in gas. On the other hand, the area of the detectors could not be very
large. As a compromise, the chosen volume of the chamber provided the carrier gas
hold-up time of 0.7 seconds. The time distribution of 14 detected events [27], which
is shown in Fig. 6.2, did not seem to contradict the assumed half-life. However,
later, the reference half-life proved to be erroneous; actually, the concrete bombard-
ment produces 3-s 259Rf with a considerable s.f. branch. Thus, the chamber could
detect only a small part of the decay curve of this nuclide. With 14 counts, when
more decays could happen beyond the chamber, it was impossible to determine the
half-life. However, it was important to analyze whether the measured distribution
is compatible with the three-second half-life at a reasonable confidence level. Such
analysis [28] is not a trivial exercise; it has little in common with the problem men-
tioned in the beginning of this section.

To simulate the likelihood function for employing the Bayesian approach it was
necessary to choose a reasonable range for the uniform prior distribution of the mean
lifetime tλ. A minimum of 0.1 seconds was safe, taking into account the time
distribution of the 14 decay events. The maximal tλ leaned upon the total effective
production cross section of s.f. nuclei, which was measured in physical experiments.
Obviously, 14 decays in 0.7 seconds with the upper tλ should not correspond to
many more events than was the observed total.
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Fig. 6.2 Incomplete decay curve of an s.f. isotope of element 104 [27].

The crosses mark the fission events in which both fragments were registered.

Reproduced (adapted) from Radiokhimiya, 11(2), Zvara I, Chuburkov YuT, Caletka R, Shalaevskii
MR, Experiments on chemistry of element 104 II. Chemical study of the spontaneous fission iso-
tope, 163–174, c© 1969, with permission of Academizdatcenter “Nauka” Publishers.

The likelihood function was obtained by repeated Monte Carlo simulations of the
real experiment at different values of the mean lifetime. These served to find the fre-
quency of “successful” outcomes at each preset value. Because the mean time mark
of the 14 counts in Fig. 6.2 was about 0.24 seconds, a simulation was the “success”
when the average of the random lifetimes of the first 14 nuclei which decayed within
the initial 0.7 seconds was 0.24 ± 0.01 seconds.

In greater detail, the values of prior tλ were incremented from minimum to max-
imum by 0.1 seconds; then, for each value, the following was repeated 5,000 times:

• Pick up a random lifetime, exponentially distributed with parameter tλ;
• If it is shorter than 0.7 seconds, store its time mark — otherwise, return to start;
• After collecting 14 such events, calculate their average time mark;
• If the average is the “success,” increment the counter at the running tλ — other-

wise, return to start

The normalized histogram of the fractional successes was fitted by a continuous
function. It was the Bayesian distribution for tλ required to find the Bayesian confi-
dence intervals for the true value. The analysis showed that, indeed, the three-second
half-life falls within the 95 percent confidence interval. In a similar later work [29],
the measurement time was 1.5 seconds and as many as 50 counts were registered.
The results, as such, clearly indicated that more decays had taken place beyond 1.5
seconds, so that the half-life is of the order of several seconds.
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6.2.3 Adsorption Enthalpy from IC Experiment

In the isothermal chromatography the column is kept at constant temperature. At its
exit one detects the atoms which have not decayed during the retention time. Mea-
surements should be done at several decreasing column temperatures to find the
interval in which the survival yield is considerably less than the initial 100 per-
cent and so the retention time is comparable with tλ. Let YS be the normalized (per
fluence unit) yield at a “high” temperature TS and YA – such yield at a “low” tem-
perature TA. Their ratio r IC

λ is a direct measure of the retention time, tR because:

r IC
λ ≡ YA/YS = e− tICR

tλ (6.7)

In its turn, cf. Sect. 5.1.1.1:

t IC
R = azlc

Q
e

�ads S◦
R e

−�ads H◦
RTc (6.8)

Let us put:

AIC ≡ azlc
tλQ

e
�ads S◦

R (6.9)

Then
r IC
λ = exp

[
−
(

AIC/TA

)
× exp

(−�ads H◦/RTA
)]

(6.10)

and:
−�ads H◦ = RTA ln(−TA ln r IC

λ /AIC) (6.11)

We will restrict our discussion to the case of homogeneous surfaces. If the number
of theoretical plates in the IC column is not small, Eq. 6.7 must be quite accurate.

With poor statistics the problem is the accuracy of the experimental r IC
λ . It is

demonstrated by the analysis [30] of the studies of seaborgium oxochloride reported
in [31–33]. Figure 6.3 shows some relevant data from these papers. The experimen-
tal point at 350 ◦C for Sg is actually the sum of the measurements at 300, 350 and
400 ◦C placed at the average 350 ◦C (in Fig. 6.3, this temperature range is indicated
by the horizontal bar). The smooth curves (they correspond to Eq. 6.7) were ob-
tained by Monte Carlo simulations based on principles presented in Sect. 4.2. They
are supposed to be the best fits to the data.

For a thorough analysis it is necessary to start with unfolded raw data: the num-
bers of counts detected at the particular temperatures and the expected background.
They are given in Fig. 6.4 with the background in parentheses. The beam doses
were different at each of the temperatures; Figure 6.4 shows the yield rates (per unit
beam dose), which were evaluated in [30] using the counting efficiencies reported
in [31–33]. The rate at 300 ◦C, obtained with a very low beam dose, required the log-
arithmic scale to be presented. It is questionable whether the data can be described
by the shapes drawn in Fig. 6.3.
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Fig. 6.3 Isothermal chromatography experiments with Mo, W and Sg isotopes [32].

Sg decays were identified by observing correlations of mother-daughter decay events (α or s.f.).

Reproduced from Angewandte Chemie International Edition, 38(15), Türler A, Brüchle W,
Dressler R, Eichler B, Eichler R, Gäggeler HW, Gartner M, Gregorich KE, Hübener S, Jost DT,
Lebedev VY, Pershina VG, Schädel M, Taut S, Timokhin SN, Trautmann N, Vahle A, Yakushev
AB, 2212–2213, c© 1999, with permission from John Wiley & Sons Ltd.

Fig. 6.4 Numbers (per some unit beam dose) of the Sg atoms surviving at the column exit as a
function of temperature [30].

The indicated confidence intervals are weighted 68 percent and 95 percent BI.

Reproduced from Physics Atomic Nuclei (Yadernaya fizika), 66(6), Zvara I, Accuracy of the chem-
ical data evaluated from one-atom-at-a-time experiments, 1161–1166, c© 2003, with permission
from Pleiades Publishing.
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Because r IC
λ can be evaluated from only two measurements, one may sum up

the data obtained at high temperatures to calculate NS. However, with such a low
statistics, it is difficult to tell the “high” and “low” temperature points apart, and the
assignment in the intermediate region becomes arbitrary. Careful analysis is required
in considering all possible variants:

• When folding the three points to the right into one at 350 ◦C, the authors of
Ref. [32] claimed that the production rate was “about the same.” It is not correct
— even the huge 95 percent error bars of the point at 300 ◦C in Fig. 6.4 do not
overlap with those at the other two temperatures. Meanwhile, even the 68 percent
BIs at 250, 350 and 400 ◦C do overlap; thus there is no firm ground to believe
that the 250 ◦C value is significantly smaller. Despite that folding the data like
in [32] is not justified, the variant was examined.

• The strange result at 300 ◦C was omitted and the two measurements at the highest
temperatures were combined.

• To avoid any prejudice, the total of the two left points in Fig. 6.3, as well as that
of the two right points, were taken in consideration.

The bottom part of Fig. 6.5 graphically illustrates the three above variants of
folding and gives the pairs of numbers, which were examined by the simulations.
The strategy of simulations can be exemplified for the first variant [28]. In this case,
the beam dose in the 250 ◦C experiment was nearly the same as the total dose in
the three higher temperature tests. Hence, this particular simulation did not allow
for different fluences. The high temperature point in Fig. 6.3 stems from 13 events
with an expected background of three; at 250 ◦C the numbers are four and one,
respectively. The background rates were estimated by the authors of [32, 33] from
the α-particle spectra. They were contaminated by radiation of unwanted nuclides
with energies similar to Sg and its daughters, which could result in false mother–
daughter correlation events due to random coincidences.

A reasonable extent of the uniform prior distribution of the production rate comes
from the considerations which follow.

First, it is necessary to admit that all the events at high temperature originated
from background, however small the probability of that might be. As an opposite
extreme, one must account for the possibility that the yield rate of detectable atoms
was much larger than the concrete random 13. Therefore, a reasonably safe interval
for NS is like [0, 30]. The interval for r IC

λ also starts from zero — it cannot be ex-
cluded that all low temperature counts are due to background. Its should be extended
above unity, again because both measurements can contain background counts; then
the reasonable interval is [0, 5]. Thus,

Fpri(r IC
λ ) = 0.2 for 0 ≤ r ≤ 5 Fpri(r IC

λ ) = 0 for r > 5
Fpri(NS) = 0.02 for 0 ≤ NS ≤ 50 Fpri(NS) = 0 for NS > 0.02

(6.12)
The goal of Monte Carlo simulations is to obtain a histogram of the likelihood

of observing 13 and 4 counts (including the background) for different values of r IC
λ .

Because experimenters were only interested in BIs for r IC
λ , the simulation procedure
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could be simplified. Its core consisted in that for each value of r IC
λ (incremented by

0.05) from the interval [0, 5]; the procedure below was repeated 5,000 times to
guarantee good statistics:

For NS taken at random from the above interval the outcome was simulated in
terms of the number of counts detected at 250 and 350 ◦C. When they were four
and 13, it was a “success.” The flowchart of simulations involved the following
instructions:

• Pick up a random value of NS from the interval [0, 50];
• Pick up a random kS, Poisson-distributed with parameter NS;
• Pick up a random bS, Poisson-distributed with parameter three;
• Pick up a random kS,r , Poisson-distributed with parameter NSr IC

λ ;
• Pick up a random bS,r , Poisson-distributed with parameter one;
• If k∗

S + b∗
S = 13 and k∗

S,r + b∗
S,r = 4, increment the success counter by one —

otherwise, return to start.

An efficient and fast subroutine for obtaining Poisson-distributed values like kS
is [34]:

kS = min

{
nP :

nP∏
i=0

ξi < e−NS

}
(6.13)

It means calculating the product of consecutive random numbers ξi, uniformly dis-
tributed in (0, 1], until the result gets smaller than e−NS . Then the random kS is the
number of necessary multiplications; if the first ξi is already smaller, then kS = 0.

The normalized histogram of the frequency of successes was again fitted by a
smooth curve to evaluate the confidential intervals. The other two possible combi-
nations of the data points, which are shown in the bottom of Fig. 6.5, were simulated
in a similar way.

The concrete weighted [26] confidence intervals of r IC
λ for the three different

ways of folding the data are shown by the solid circles with error bars in the middle
of Fig. 6.5. The numerical confidence intervals for the enthalpy of adsorption are
listed in the top of the figure. They were obtained using Eq. 6.11. One can see
that the 95 percent BIs extend above r IC

λ = 1 even in the “most favorable” case
of four and 13 counts, so that the difference between the yield rates at higher and
lower temperatures is not statistically significant! The other two choices, which are
more reasonable, gave even less significant difference. Now, using Eq. 6.11, it was
possible to evaluate the BIs for the values of −�ads H ; they are presented in the top
lines of Fig. 6.5. It shows that, at a confidence level of 95 percent, one can set only
the upper limit for the −�ads H , but not the lower one. Molybdenum and tungsten
showed decreasing yield at the highest temperatures, cf. Fig. 6.3. It probably resulted
from lesser efficiency of re-clustering (see Sect. 3.4.1). An empirical correction for
it might consist in multiplying the number of counts observed at 400 ◦C by a factor
of 1.2 or so. However, it would negligibly affect the quantitative conclusions of the
above analysis.

There might also be “systematic errors” like, for example, erroneous assignment
of mother–daughter decay correlations or random coincidences. Such problems are
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Fig. 6.5 Evaluation [30] of the data [5] in Fig. 6.3.

Bottom: Schematic of different combinations of the data points. The expected contribution of back-
ground is indicated by the black portion of the histogram bars. Middle: Confidence intervals, 68
percent and 95 percent, for the NA/NS values (bars) for different combinations of the experimental
points. Top lines: see text.

Reproduced from Physics Atomic Nuclei (Yadernaya fizika), 66(6), Zvara I, Accuracy of the chem-
ical data evaluated from one-atom-at-a-time experiments, 1161–1166, c© 2003, with permission
from Pleiades Publishing.

demonstrated by the fact that the first publication [31], after preliminary evaluation
of the experimental data, reported firm observation of zero counts at 250 ◦C with a
68 percent CI of 0+0.3

−0 . The above statistical analysis concerns the later papers [32,
33], which gave 3+7

−2 at the same temperature.

6.2.4 Adsorption Enthalpy from TC Experiment

The theory of “ideal” thermochromatography suggests that, at any point, there exists
thermodynamical (adsorption) equilibrium between the gas-phase and surface con-
centrations of the adsorbable molecules. The ideal elution TC, like the ideal IC
of nonradioactive species, would yield a narrow band at some T id

A – a function
of �ads H and �adsS, as well as of the processing time and temperature profile.
Figure 4.1 illustrates different situations.
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In the ideal frontal thermochromatography, the high temperature branch of the
TC peak must obviously approach the adsorption isobar

ρTC(z) ∼ e
−�ads H

RTz (6.14)

and the zone must abruptly terminate at the same T id
A as above. The integral of the

isobar from TS to T id
A equals the total number of detectable atoms.

Let us put (by analogy with Eq. 6.9 for IC)

ATC ≡ azT id
A

tTC
R Qg

e
�ads S◦

R (6.15)

where g > 0 is the temperature gradient. Remember that we assume �adsS is known
and is independent of T . Then,

Ei∗(−�ads H/RT id
A ) = 1/ATC (6.16)

After approximations:

−�ads H = RT id
A · ln

[
−�ads H/RT id

A

ATC(1 − RT id
A /�ads H)

]
(6.17)

Here we mostly discuss long continuous experiments with short-lived nuclides, in
which the “adsorption zone” is seen as the longitudinal distribution of the detected
decays. As an approximation, we can consider it as a result of frontal chromatog-
raphy lasting the mean lifetime. The randomness of tλ in itself must broaden the
zone. Moreover, the short half-lives require a high linear velocity of the carrier gas,
which prevents reaching the equilibrium as the temperature drops. All this makes it
difficult to calculate the shapes of the TC adsorption zones. In the meantime, any
concrete experiment can be simulated by Monte Carlo techniques, like those de-
scribed in Sect. 4.3, which provide satisfactory fits to real TC zones. In the case of
sufficient statistics, like a total of 40 seaborgium decays in Fig. 6.6 from Ref. [35],
one can perform Monte Carlo simulations of many molecular histories under given
experimental conditions to obtain smooth profiles for various values of �ads H . The
profiles, parameterized by a (semi)empirical formula, can serve to obtain the best
�ads H value to fit the experimental data.

6.2.5 Adsorption Enthalpy from Corrupted Thermochromatogram

If the statistics are poor, the measured distribution of the rare counts over sections
of the column can be directly simulated a great many times to obtain the likelihood
function suitable for the Bayesian approach to the problem.

A more complicated case is the corrupted thermochromatogram obtained in the
recent chemical identification of hassium [36]. The tetroxide (presumably) of the
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element was detected in a TC column of narrow rectangular cross section. The work-
ing surface of the column was that of the flat spectrometric detectors of charged par-
ticles, which registered decays in real time. The raw experimental data were shown
in Fig. 1.9. Seven decay events were detected, but only three of them, – those due
to 269Hs – were used for evaluation of �ads H because the half-lives of other iso-
topes were then not known. The first pair of the detectors (“first section”) did not
operate properly, so it was not known whether some decays of Hs occurred. This
ambiguity makes interpretation of the data especially difficult. All three “useful”
counts of 269Hs occurred in the third section of the column. By using the Monte
Carlo simulations of thermochromatographic peaks, the authors of Ref. [36] arrived
at �ads H = −46 ± 3 kJ mol−1 (95 percent CI) for HsO4; no additional information
was given.

A Bayesian analysis (with uniform prior for −�ads H ) was performed by the
present author in [30]. The likelihood was obtained for 15 values of the desorption
enthalpy in the interval 40 to 70 kJ mol−1. The “success” was when a series of
consecutive individual histories resulted in any number of decays within the first
section, zero in the second, three events within the third section and zero decays
beyond. The frequencies are plotted in Fig. 6.6. A peculiar feature is the constant
“tail” toward high −�ads H . Therefore, the BIs cannot be determined as they depend
on the choice of the upper −�ads H in its prior distribution.

Some considerations suggest the necessity of additional experiments. For exam-
ple, a considerable fraction of the successes in simulation was due to the molecules
that reached the third detector pair through the sole first jump from the column inlet.
This fraction becomes constant with higher desorption energy because adsorption is
getting irreversible. Remember that the molecules were transported to the column at
ambient temperature, through a long capillary of polymeric material. Hence, highly
adsorbable molecules may have already been deposited in the duct and could not
reach the column. It would be possible to account for it by appropriately lowering
the upper −�ads H in the uniform prior. However, it would require knowledge of rel-
ative adsorbability of the tetroxides on all the dissimilar contacted surfaces, which
is not available.

Another factor is the strong perturbation of the flow at the column inlet. For two
first column sections the effective Monte Carlo jump lengths must be shorter than
those in the developed flow (cf. Fig. 3.7). The simulations in [30] did not take it into
account; as a result, the likelihood of reaching the third pair of detectors by the first
jump was overestimated.

From the above we can alternatively suppose that the deposition of tetroxides
during transportation is negligible, and that in the beginning of the channel the TC
regime is more equilibrated. Then we can subtract the first jump contribution to the
frequency of successes to obtain another extreme for this function. It is shown by
the dotted curve in Fig. 6.6.

The above qualitative considerations could be reasonably quantified if the
deposition of a nonvolatile long-lived gamma-active nuclide were also measured
with a resolution of some 1 cm or better. Such data would allow more realistic
simulations, accounting for the failure of the first detector and zero counts observed
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Fig. 6.6 The Bayesian posterior for the adsorption enthalpy of HsO4 [30].

The “net” curve is the difference between two others.

Reproduced from Physics Atomic Nuclei (Yadernaya fizika), 66(6), Zvara I, Accuracy of the chem-
ical data evaluated from one-atom-at-a-time experiments, 1161–1166, c© 2003, with permission
from Pleiades Publishing.

on the second one. Actually, they are highly desirable each time the adsorption
zones are close to the column inlet.

The author’s feeling [30] is that −�ads H on the detector surface is hardly less
than 42 kJ mol−1, but that a well-founded quantitative estimate of the upper limit
from the original data is impossible. The limit given in [36] cannot be justified as
such because of the information about the assumptions behind the reported numbers
is incomplete.

6.2.6 Conclusions

We conclude that an experiment with poor statistics can yield conclusive results of
crucial importance only when there is a qualitative difference in behavior of the
compared elements. For example, if the chemical system can so strongly distin-
guish an expected congener and the new element that they are resolved into indi-
vidual fractions, and the few available atoms of TAE are found only in one of them.
Zero counts in the other fraction provide the result of highest statistical significance
possible in such experiment, though they do not evidence firm zero distribution
coefficient. Such systems seem to seldom occur.

Obtaining a good quantitative estimate of the adsorption enthalpy in an exper-
iment like those discussed above is even more difficult. First, the inaccuracy of
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the result stems not only from the poor statistics, but also from possible system-
atic errors (they were discussed in detail in Sect. 5.6). It is highly desirable that
the new element be produced simultaneously with an equally short-lived isotope of
its chemical homolog. It allows reducing the necessary corrections of the raw data
for the differences in half-lives, zone temperatures and similar parameters to mini-
mum. Otherwise it is questionable to draw any serious conclusions, like whether
the “experimental” and “theoretical” (quantum chemistry) values of a characteristic
agree or disagree. Finding a statistically significant difference in the characteristics
of a TAE and its homolog is a fundamental result. It requires accurate statistical
treatment of each particular experiment.
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H-J, Soverna S, Sudowe R, Thorle P, Timokhin SN, Trautmann N, Türler A, Vahle A, Wirth
G, Yakushev AB, Zielinski PM (2002) Nature 418:859



Author Index

A
Acosta, J.J.C., 23
Altynov, V.A., 20
Aris, R., 95

B
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Adsorption thermodynamics (cont.)
equilibrium constants (dimensionless), 121

for ideal mobile adsorption model, 122,
123

for ideal localized adsorption model, 122,
123

for real surfaces, effective, 167, 169, 171,
175, 177, 178

Aerosols
coagulation rate, Smoluchowski equation,

81
diffusion coefficient, 44, 45

Cunningham slip factor, 45
diffusional deposition of. See Diffusional

deposition in channels
generators (production), 10, 11, 79, 80
gravitational settling, 80, 84
materials of, 10–12, 72

Aerosol flow transportation, 9–12, 79–82
deposition of particulates by impact, 12, 79
optimal size of particulates, 80, 81

necessary lower limit of concentration, 81
reclustering at IC column exit, 11, 12, 14, 82
peculiarities compared with molecular

transportation
efficiency for short-lived nuclides, 84
spike profile change with distance, 83

B
Bayesian statistics, 197, 202, 203, 209. See

also Poor-statistics data, Bayesian
treatment

Bayesian (confidence) intervals, BI, 197
BIs for difference of Poisson-distributed

quantities (table), 200
BIs for ratio of Poisson-distributed

quantities, (table), 200, 201
compared with frequentist statistics, 197
likelihood function, 197, 198, 202, 203, 209
posterior distribution of parameter, 197, 198
prior distribution of parameter, 197, 198

complete ignorance of, 198, 199
statistical inference, 197

Bimolecular reactions, 67, 186
rate of, 37–39

Bohrium (Bh, element 107), 12
longest-lived isotopes, 55
volatile oxychloride, 12

Boltzmann factor, 42, 100, 136, 160, 161
integrals containing the factor, 42, 43
Brominating agents. See Synthesis of

volatile compounds on-line.

C
Carrier gas (definition), xxii

hold-up time of. See Gas hold-up time
Chemical identification of TAEs (definition),

xviii
Chemisorption, 119, 120, 153, 172, 181
Chemical volatilization, xxi, 75
Chlorinating agents. See Synthesis of volatile

compounds on-line.
Chlorination of adsorbed tracers, 70–72

conditions for fast kinetics of, 71
Zr with TiCl4 → ZrCl4 on silica surface,

70–72
Chlorination of gaseous tracers. See also

Synthesis of volatile compounds on-line;
Scavenging impurities in carrier gas

bimolecular steps involving radicals, 65
activation energy versus enthalpy change,

67
conditions for fast kinetics of, 66, 67, 71, 72
mechanism of Zr with TiCl4 → ZrCl4, 65
thermochemistry and kinetics, 65
thermochemistry of all possible reaction

paths
Zr with TiCl4 → ZrCl4, 67–69
Zr with SOCl2 → ZrCl4, 68
W(Mo) with SOCl2 → W(Mo)OCl4,

69, 70
Chlorination on hot aerosol filters, 72
Chromathermography, 97, 112
Chromatographic peak shape, 93–100

statistical moments and cumulants, 93, 94
Chromatographic peaks in IC

approximate profile formula, 97
computer simulations. See Monte Carlo

simulations
dispersion due to

laminar flow patterns, 95
longitudinal diffusion, 95
migration slower than flow velocity, 95

Chromatographic peaks in TC
approximate formulae for slow flow, 99, 100
compression by temperature gradient, 97, 98
computer simulations. See Monte Carlo

simulations
dispersion at very low flow rates, 97–100
fitting by exponentially modified Gaussian,

108–110
Collisions of molecules. See Molecular

kinetics
Cunningham slip correction, 44
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D
De Broglie wave length, 129
Desorption energy (definition) 165, 166
Desorption energy data by Third Law:

heterogeneous surface, localized
adsorption

exceeds sublimation energy, 140, 141,
177, 178. Cf. Adsorption enthalpy
(experimental) by Third Law

possible factors enhancing high values of,
175

adsorption pockets, 173, 174
incomplete modification of surface, 176,

177
localized rather than mobile adsorption,

173, 174
losses of internal entropy in adsorption,

174
uncertainty of some required quantities, 174,

175
Desorption energy, heterogeneous surface

fundamentals, 167–169. See also Adsorption
enthalpy

spectra of, 167
spectra of, assumed for discussion, 168, 169

effective mean value of energy, 168
Second Law treatment of effective

energies, 168, 169
spectra calculated by molecular dynamics,

176
Desorption entropy, heterogeneous surface.

See also Adsorption entropy
accounting for surface diffusion, 169–171

Detection of rare decay events of heavy
elements

ionization chamber for fission events, 17
semiconductor detectors of α particles and

fission fragments, 12, 15
solid state track detectors of fission

fragments, 6
Diffusion. See Aerosols, diffusion coefficient;

Diffusional deposition in channels;
Gaseous diffusion; Knudsen diffusion;
Surface diffusion

Diffusional (irreversible) deposition in
channels – deposit density and
penetration

analytical solutions for diffusionally
developing laminar flow

for circular channels, 46, 47
for rectangular channels, 47, 48

engineering approach, 48
for developed turbulent flow, 50

for diffusionally and hydrodynamically
developing, laminar flow, 49, 50

Dubnium (Db, element 105), 12, 13, 73
bromides of, 13
chlorides of, 192
longest-lived isotopes, 55

E
Ekahafnium. 7, 202. See Rutherfordium
Element 112 (Ekamercury)

adsorption on gold, 17
longest-lived isotopes, 55
volatility in atomic state, 16

Engeworth-Cramer asymptotic expansion, 94
Entropy. See Adsorption entropy; Partition

functions
Exponentially modified Gaussian, 94, 95

fitted by Gram–Charlier series, 95
fitting Monte Carlo simulations by, 107–110

Elution curve, 63, 64, 82, 83, 87, 88, 93, 96,
124

F
Fluorinating agents, 22
Free random

displacements in VTC column, 114, 116
flights in gas, 101, 102
jumps in surface diffusion, 161

Future research needs
advanced peak profile simulations, 112
conditioning of open columns, 179
formulae for thermochromatographic peaks,

98, 100
more of precise comparative data for known

elements, 177, 178, 180

G
Gas hold-up time, 20, 38, 53, 62, 63, 70, 75,

84, 91–93, 101, 202
Gaseous diffusion, 40

as a result of random flights, 41
coefficient of mutual diffusion, 40, 41, 45,

77, 96
for two-dimensional gas, 173

Gilliland equation for the coefficient, 40
Gas-solid chromatography method and

experimental techniques. See
Chromathermography; Isothermal
chromatography (IC); Tempera-
ture programmed chromatography;
Thermochromatography (TC)

non-trivial chromatographic mechanisms.
See Reaction chromatography
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Gas-solid chromatography method and
experimental techniques (cont.)

realization of, on-line with accelerator
beams

advantages and disadvantages of TC and
IC for transactinoid studies, 13, 14

first on-line experiments with Hf and Rf, 5
simulation of, using fission products, 4

Gram–Charlier series, 94

H
Hassium (Hs, element 108), 14–16

longest-lived isotopes, 55
volatile tetroxide of, 14–16, 178, 209

Heterogeneous surface. See Desorption energy;
Desorption entropy; Surface of fused
silica; Surface of metals

I
Internal chromatograms, 87, 88, 90

in isothermal chromatography, 87
in thermochromatography, 87, 88, 90, 105

Isothermal chromatography (IC). See also
Reaction chromatography

characteristic of the method, 87, 88
theory of ideal, 89–91

gas hold-up time, 90
migration distance, 90
net retention time, 90, 103

K
Knudsen diffusion (regime) in evacuated

channels, 112
description by effective flow, 112
effective diffusion coefficient, 114, 115
Monte Carlo simulation by random flights,

116, 117

L
Lanthanoids (definition), xxiii
Lateral diffusion (migration) of adsorbate. See

Surface diffusion
Localized adsorption model. See Adsorption

entropy
Loschmidt number, 36

M
Mobile adsorption model. See Adsorption

entropy
Molecular kinetics, 36–43

collisions of gaseous molecules, 38, 39
collision diameter, 39, 40
rate of chemical interaction, 37–39
reduced mass of colliding particles, 38

collisions of gaseous molecules with
walls, 37

number of, when passing a volume, 38
concentration of gaseous molecules, 36, 37
mean speed of gaseous molecules, 37

Monte Carlo simulations of experimental data
on few atoms. See Poor-statistics data,
Bayesian treatment.

Monte Carlo simulations of likelihood
function. See Poor-statistics data,
Bayesian treatment.

Monte Carlo simulations of molecular
migration histories and chromatograms

assumptions and approximations, 101–104,
110, 111

individual paths in time and distance, 104
microscopic picture of migrations, 100, 101
migration distance as sum of long jumps,

102
effective long jumps (exponential pdf),

103
jumps of zero length, number of, 102, 103
simplified pdf of displacements, 101–103

retention time as sum of multiple sojourns at
jump endpoints, 103–105
pdf of the sum, 103

simulation flowchart, 106
graph of simulated individual paths, 104

simulations of internal chromatograms,
examples

elution TC, long-lived nuclide, 109
elution TC, short-lived nuclide, 109
frontal TC, long-lived nuclide, 109
fits of peaks with exponentially modified

Gaussian, 109, 110
statistical characteristics of simulated and

fitting peaks, 110, 111
variables affecting peak shapes, 110–111

N
Net retention time. See isothermal

chromatography, theory;
Thermochromatography, theory

P
Partition functions, molecular, molar, 128, 129

rotational, 130
translational, 129, 130

for two-dimensional gas, 129
vibrational, 130
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Peclet number (Pe), 96
Physical adsorption,

adsorption sojourn time, 42, 88, 89, 101,
108, 172, 173, 180

elementary adsorption–desorption event,
xix, 42, 90, 102, 111, 120, 165, 180

London dispersion forces, 120
vibrations of adsorbent lattice, 42, 161, 180

Physisorption. See Physical adsorption
Poisson distribution, computer simulation, 207
Poor-statistics data, Bayesian treatment. See

also Bayesian statistics
adsorption enthalpy from corrupted

thermochromatogram, 209–211
persisting ambiguities, 210, 211

adsorption enthalpy from IC data, 204–208
evaluation of survival rates, 205, 206
formulae for survival yield, 204
likelihood function by Monte Carlo, 207
uncertainty of final data, 208

adsorption enthalpy from TC experiment
basic formulae, 208, 209

half-life from incomplete decay curve, 202,
203

likelihood function by Monte Carlo, 203
sketch of flowchart, 203

Production of transactinoids, 54, 55
actinoid targets, 54
effective production cross section, 54, 55
evaporation residues

recoil energy and range in target material,
56

straggling of recoil range, 56
heavy ion beams (C to Ca), 54

available intensities, 54, 55, 57
optimal energy, 55

simultaneous production of chemical
homologs, 57

R
Random flights, 40, 100, 112, 114–116
Reaction chromatography, 180–181

associative adsorption — dissociative
desorption, 183

atomic silver – silver chloride, 183
dissociative adsorption — associative

desorption, 181–183
(Ce, Pu, Bk)Cl4 – (Ce, Pu, Bk)Cl3, 181,

182
complexes with Al2Cl6, 182, 183
Mo and W oxide-hydroxides, 182

physical adsorption — substitutive
desorption, 184–186

W and Sg oxychlorides, 184–186
substitutive adsorption — substitutive

desorption, 183–184
(Zr, Hf, Rf)Cl4 – (Zr, Hf, Rf)Cl4, 183

Reference states for mobile and localized
adsorption, 162

Retention time, 90, 91, 103, 105, 124, 136, 181
in vacuum thermochromatography, 112
measurement of, 5, 10, 12, 28, 62–64

Reynolds number (Re), 48–50
Roughness of surfaces, 141, 142

indices of, 142
of fused silica, experimental data, 142–146
of metals, 158
reduction of, by chemical etching, 158,

Rutherfordium (Rf, element 104), 6–8
longest-lived isotopes, 55
oxychloride and tetrachloride of, 12, 183

S
Scavenging impurities in carrier gas, 73

deposition of nonvolatile and aerosol
species. See also Diffusional deposition

calculated graphs of deposit density and
penetration (laminar flow), 75–77

turbulent flow, formulae and data, 77, 78
removing interfering radionuclides by hot

CaO and SiO2 filters, 74, 75
removing water with SOCl2 or BBr3,

thermodynamics and mechanism, 73, 74
Schmidt number (Sc), 48-50
Seaborgium (Sg, element 106), 8, 9,

longest-lived isotopes, 55
oxide hydroxides of, 182
oxychlorides of, 9, 69, 70, 184, 204, 209

Separations of groups of related elements,
elements of groups 7 to 10, 27, 28
homologs of elements 112 to 117, 27–29
fission products, 28–30
lanthanoids and actinoids, 24, 26, 27

Sherwood number (Sh), 48–50
Single atom chemistry, validity of, 191–196.

See also Poor-statistics data, treatment
fluctuation of a system property with

number of entities, 195
kinetic limits for exchange of ligands, 194
probability equivalent to law of mass action,

194, 195
supported by Monte Carlo simulations of

TC experiments, 192, 193
verified by coprecipitation of Po from

solutions, 192
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Sizes of ions (atoms) in compounds, 140
based on additive crystal radii, 140
visualization of relative, 139, 141, 150, 152

Standard states, xxii, 133. See also Adsorption
thermodynamics

Stirling’s series and approximation, 195, 196
Superheavy nuclides / elements (definition),

xxiii
atomic electronic ground state, xxiii
chemical character, xxiv

Surface diffusion on homogeneous surface,
159–162

as two-dimensional Brownian motion, 161
diffusion (migration) barrier, 159–162,
distribution and mean of stochastic jumps,

160, 161
effective diffusion coefficient, 161
history of the problem, 159
observation of atomic jumps, 161
random migration picture of, 160

Surface of fused silica, bare. See also Surface
of fused silica, hydroxylated; Surface of
fused silica, modified

calculated energy potential, 146–148
calculated adsorption potential for N2, 148
heterogeneity (at atomic level)

distortion of SiO4network, holes between
the tetrahedra,146, 147

strained two- and three membered rings,
151, 152

Surface of fused silica, hydroxylated
dehydratation, 150, 154
dehydroxylation, 149–151, 153, 154, 157
hydratation, 154
hydroxylation, 148–150
rehydroxylation, 153–155
silanols, 148, 149, 151–157, 172, 176, 177,

179
geminal, isolated, vicinal, 149
position in nanoscale structures,151, 152

siloxanes, 148, 151, 154, 155, 157, 172, 177
Surface of fused silica, modified, 155

microscopic picture of, 171, 172
by various agents, 156, 157,
by SOCl2, 156
by TiCl4, 155, 156

Surface of metals, 157–159,
modification by reagents, 158, 159

nickel modified with bromine, 159
morphology of bare, 157

kinks, steps, terraces, 157
roughness reduction, 158

by ion bombardment plus annealing, 158
by polishing, 158

Synthesis of volatile compounds on-line. See
also Chlorination of gaseous tracers

brominating agents, 21, 73, 155
chlorinating agents, 3–6, 20, 21, 60–73, 155,

182, 183, 186
experimental evidence for fast synthesis

of ZrCl4 from fission product Zr, 61
of HfCl4 from heavy ion produced Hf,

62–64
in-situ volatilization, xviii, 4, 5, 16, 54,

72–74

T
Temperature-programmed chromatography,

of fission product chlorides, 30
of lanthanoid complexes with Al2Cl6, 26
of oxides, 19

Thermal diffusivity, 78, 79
Thermalizing nuclei recoiling from target

carrier gas under heavy ion beam
concentration of ions in gas, 58, 59
energy absorption rate, cm3 s−1, 58
LET and range of heavy ions, 57, 58

optimal size of target chamber, 56, 57
range of recoiling evaporation residues, 57

Thermochromatographic columns, 15, 78, 142,
143

equal temperature of gas and wall, 78
temperature profile, 3, 88, 97, 111, 116, 137

measurement of true, 78
Thermochromatography (TC), xvii, xxii. See

also Reaction chromatography
characteristics of method, 87–89
internal chromatograms in, 87, 88, 90, 105
net retention and gas hold-up times, 91–93,

136
at constant column temperature gradient,

92
at exponential temperature profile, 92

theory of ideal, 91–93, 208
Thermodynamic and thermochemical

properties of (oxy)halides of present
interest

compounds of B, 73, 175
compounds of Ti, 69–69, 71, 74, 175
compounds of W, 69, 70
compounds of Zr, 68, 71, 72, 174, 175
of SOCl2and its decomposition products, 68

Tracer (definition), xxi
Transactinoid elements. See also Production of

transactinoids
definition, xxiii
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electronic structure of atomic ground state,
xxiii

longest-lived isotopes, 55
names and symbols for, xxiv

Trouton’s rule, 2, 138

U
Unknown compounds, general, xviii, 187

(oxy)fluorides of Np to Es, 22
Uranium impurities in detectors, 6, 7

V
Vacuum thermochromatography VCT,

112–117
non-rigorous definition, 112
description by random flights, 114

equivalent diffusion coefficient, 114, 115
mean lengths and dispersion of flights, 114

isothermal separation impossible, 112
Knudsen regime, 112–115

cosine law, 116

correct computer simulation, 116
retention time versus adsorption enthalpy,

113
using vacuum conductance as effective

convective flow, 113
considering linear diffusion with

decreasing coefficient, 115, 116
simulation of, by Monte Carlo, 116, 117

Van’t Hoff equation, 124, 169
Volatile compounds of heavy elements

early use in radiochemistry, xvii, xviii
complexes with Al2Cl6, 25–27
halides and oxyhalides, 21, 22
metals, 18, 24
oxides and oxide hydroxides, 18
sulfides, 20
structural reasons for enhanced volatility, 2,

20, 23, 25

Z
Zone profile. See Chromatographic peaks,

shapes
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