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A new site–site intermolecular potential model for UF6, featuring exchange, dispersion,
electrostatic and induction terms, is presented. The new potential, with the parameters adjusted
according to the observed monomer transition dipole moment and reproducing the experimental
temperature dependence of the second virial coefficient, is used to determine UF6 cluster structures
up to the hexamer and, by means of a second order line shift formalism, to calculate the
corresponding IR-spectra in the region of then3 vibrational mode~at 627.724 cm21). The
contributions of the various potential terms to the frequency shifts are analyzed and the leading
interaction mechanism is found to be the resonant dipole–dipole coupling. The theoretical spectra
are compared and interpreted against recent Fourier transform IR-spectroscopy measurements.
© 1997 American Institute of Physics.@S0021-9606~97!02014-X#
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I. INTRODUCTION

Through the frequency shift in the IR absorption of t
UF6 monomer, UF6 cluster formation is considered to ad
versely affect selectivity in molecular laser isotope sepa
tion with the supersonic expansion technique. Due to
similarities between UF6 and the less demanding SF6 sys-
tem, there has been quite great experimental and theore
interest over the last two decades in the SF6 clusters,

1–7 used
to establish adequate experimental and theoretical
proaches. Nevertheless, despite the importance of knowle
about formation kinetics and the frequency shift in the I
spectrum of the UF6 clusters, there have been no publish
results on this subject for a long time.

The only available experimental data are the recent F
spectroscopy measurements of Tanimuraet al.,8 which will
subsequently be used as experimental counterpart for our
culations. The FTIR spectroscopic measurements in su
sonic free jets have the advantage of a wider spectral co
age than any laser system, allowing for simultaneo
observation of the spectra for both the monomer and
clusters.8,9 Nevertheless, the absence of a size selec
mechanism makes interpretation of the FTIR spectra q
difficult.

Recently we have reported a new site–site intermole
lar potential for SF6,

7 and the structures obtained by using
for small clusters up to the hexamer. By employing a new
developed second order perturbation approach, we have
evaluated the corresponding frequency shifts of then3 vibra-
tional monomer mode. The formalism consistently treats
degeneracy of the cluster states emerging from the identit
the constituent monomers and also takes into account
degeneracy of the monomer vibrational states. The unde
ing idea, extracted from early publications of Buckingham10

concerning the frequency shifts in the IR or Raman spe
of chromophores under the influence of a solvent, is to tr
the anharmonic contributions to the intramolecular fo
field and the intermolecular potential as a quantum mech
cal perturbation of the molecular vibrations.
5910 J. Chem. Phys. 106 (14), 8 April 1997 0021-9606/97/1
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Basically, we attempted to follow the pattern used f
the construction of the SF6 intermolecular potential to estab
lish the site–site intermolecular potential of UF6, by fitting it
to the observed temperature dependence of the second
coefficient and by choosing appropriate effective charges
the interaction sites, consistent with the experimental mo
mer transition dipole moment.11 However, due to the lack o
a reliable U–U potential in the literature, the UF6 intermo-
lecular potential model and the overall strategy had to
adapted. Built into the total UF6–UF6 potential, with the
fluorine data taken from our published SF6–SF6 potential,

7

the most elaborate available U–U potential of Pepper
Bursten12 yields by far unreasonable virial coefficient an
dimer structure. Consequently, we have resorted to fitting
potential coefficients for uranium, too. For this purpose
have enlarged the set of data to be reproduced by the in
molecular potential, including the equilibrium dimer sepa
tion as prescribed by the recommended isotropic UF6–UF6
potential of Aziz and Taylor.13

The adjusted UF6–UF6 potential is used to determin
UF6 cluster structures up to the hexamer, for which the I
spectrum in the region of then3 mode~at 627.724 cm21) is
calculated by means of our previously published pertur
tional frequency shift approach, briefly described in S
II A.

The potential model we employ to determine the ge
metrical structures and line shifts of the SF6 clusters, com-
prising exchange, dispersion, electrostatic and induction c
tributions, is described in Sec. II B.

Basic input data for the cluster structure and frequen
shift calculations~the harmonic monomer frequencies, th
displacementl̃ -matrix, and the transformed cubic force co
stantsf rst) are derived as part of the normal mode analy
of the monomer. Accurate treatment of UF6 monomer spec-
troscopy implies the refinement of the intramolecular for
field and the results of this approach, as well as the trans
mation principles of the cubic force constants of UF6 from
valence to normal coordinates, are presented in Sec. III
06(14)/5910/10/$10.00 © 1997 American Institute of Physics
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5911Beu, Onoe, and Takeuchi: Small UF6 clusters
Details of the adjustment procedure of the intermole
lar potential parameters are described in Sec. III B. In or
to establish the importance of the induction coupling in
case of the UF6 clusters, we employ two variants of ou
potential model: One neglecting the induction interactio
hereafter referred to as ‘‘potential I,’’ and the other one
cluding them, hereafter called ‘‘potential II.’’

Section III C is devoted to the description of the stru
tures we have obtained for the UF6 clusters ranging from
dimer to hexamer by using the two variants of the new
tential model.

In Sec. III D, the results of our frequency shift calcul
tions are described in detail. The contributions to the f
quency shifts from the various interaction mechanisms
analyzed and the theoretical spectra are compared with
experimental evidence. The appropriateness of the inclu
of the induction interactions in the potential model is a
discussed.

II. THEORETICAL MODEL

A. Perturbation approach for cluster frequency shifts

In this section we will outline the main results of ou
previously published second order perturbation approach
cluster frequency shifts.7

The total cluster Hamiltonian may be written as

H5
hc

2 (
r51

3N26

(
m51

M

v r~prm
2 1qrm

2 !

1
hc

6 (
r ,s,t51

3N26

(
m51

M

f rstqrmqsmqtm1U, ~1!

where the first sum describes the uncoupled harmonic o
lations, the second sum is the anharmonic correction, w
U represents the intermolecular potential. Herev r andf rst

are the harmonic frequencies and the cubic force constan
units of wave numbers, respectively.qrm andprm are posi-
tion and momentum operators associated with the nor
moder of moleculem. M stands for the number of identica
N-atomic molecules. The first two sums of Hamiltonian~1!
describe the conventional normal mode approach for the
dividual molecules including cubic anharmonicities.

In view of the fact that Hamiltonian~1! is dominated by
the harmonic term~first sum!, which in addition allows for a
full analytical diagonalization, providing a basis set for t
J. Chem. Phys., Vol. 106
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Hilbert space of the cluster states, the anharmonic term
the intermolecular potential can be treated as a perturba

W5
hc

6 (
r ,s,t51

3N26

(
m51

M

f rstqrmqsmqtm1U. ~2!

Within the framework of the stationary perturbatio
theory,14 both the first and second order energy correctio
are expressed in terms of the perturbation matrix eleme
given by

Wni,n8 i 8[^1niuWu1n8 i 8&5SU01
1

4(r (
m

]2U

]qrm
2 D dnn8d i i 8

1
1

2

]2U

]qni]qn8 i 8
,

where u1ni& denotes the total cluster state in which thenth
normal mode of thei th molecule is simply excited. For a
degenerate monomer normal moden P G, whereG is the
subspace of the considered normal mode.

Defining the reduced perturbation matrix elements

W̃ni,n8 i 85
1

2

]2U

]qni]qn8 i 8
, ~3!

the corresponding eigenvalue problem,

(
n8PG

(
i 851

M

@W̃ni,n8 i 82hcDnni
~1!dnn8d i i 8#cn8 i 8,ni50,

nPG, i51,2, . . . ,M , ~4!

directly yields the first order frequency shiftsDnni
(1) for the

fundamental excitation from the ground state to the sim
excited levelsEni . As is apparent from definition~3! of the
reduced perturbation matrix elements, the first order l
shifts are independent of the intramolecular force consta
depending only on the curvature of the intermolecular pot
tial. The diagonalization of the reduced perturbation mat
provides, besides the first order frequency shifts, the coe
cientscni,n8 i 8 ~as eigenvector components!, which satisfy the
completeness relation(n8PG( i 8ucn8 i 8,niu

251, and which fur-
ther enter the expressions of the second order line shifts

The second order line shift,Dnni
(2) , may be cast in the

form

Dnni
~2!5 (

n8,n9PG
(
i 8,i 9

cn8 i 8,nicn9 i 9,ni
* Dnn8 i 8,n9 i 9

~2! , ~5!

where
Dnn8 i 8,n9 i 9
~2!

52
dn8n9d i 8 i 9
4hc (

r

32d rn8
v r

]U

]qri 8
fn8n8r2

~12dn8n9!d i 8 i 9
8hc (

r

41d rn81d rn9
v r

]U

]qri 8
fn8n9r

1
1

4~hc!2(rP” G
(
m

1

vn2v r

]2U

]qn8 i 8]qrm

]2U

]qn9 i 9]qrm
2

1

4~hc!2(r (
m

1

vn1v r

]2U

]qn8 i 8]qrm

]2U

]qn9 i 9]qrm
. ~6!
, No. 14, 8 April 1997
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5912 Beu, Onoe, and Takeuchi: Small UF6 clusters
Generally, the most significant contributions to the s
ond order line shifts are due to the first term of Eq.~6!,
coupling the generalized intermolecular forces2]U/]qri 8
with the intramolecular force constantsfn8n8r . It is notewor-
thy that the second order shifts do not depend onall cubic
force constants, but only on those implying states belong
to subspaceG of the considered normal mode.

The total frequency shift of a particular cluster spect
band obviously results from the sum of the correspond
first and second order shifts:Dnni5Dnni

(1)1Dnni
(2) .

The relative importance of the cluster spectral lines c
responding to a particular vibrational mode can be judged
the basis of the transition strength, which can be calcula
as the squared cluster transition dipole moment weighted
the degeneracy of the cluster state. The Cartesian compo
for direction a of the cluster transition dipole moment
given by the approximate expression

m01
a 5

1

A2 (
n8PG

(
m F(a qa(

a8
Aaa8
m l̃ aa8

n8 Gcn8m,ni* , ~7!

whereqa is the charge associated with atom~site! a, Aaa8
m is

the rotation matrix which characterizes the position of m

eculem in the cluster, andl̃ aa8
n8 are elements of the displace

ment l̃ -matrix, which results from the normal mode analys
of the monomer.

B. The intermolecular potential model

The functional form of the intermolecular potential w
have chosen for calculating the structures of the UF6 clusters
and the corresponding vibrational frequencies shifts is
one we have previously used in the calculations for the6
clusters,7 and it comprises exchange, dispersion, elec
static, and induction terms. A similar model was employ
by van Bladelet al.5 for SF6, SiF4, and SiH4 dimer calcula-
tions. One of the important features of this potential type
that being based on site–site interactions, it depends on
relative atom positions, thus implicitly depending on the
ternal monomer vibrational coordinates.

The repulsive exchange and the attractive dispersion
teractions are represented by standard~exp-6! terms:

Uexch5 (
m51

M21

(
m85m11

M

(
iPm

(
jPm8

Ai jexp~2Bi j r i j !, ~8!

and

Udisp52 (
m51

M21

(
m85m11

M

(
iPm

(
jPm8

Ci j

r i j
6 , ~9!

respectively, wherer i j is the distance between atomi be-
longing to monomerm and atomj belonging to monomer
m8. The electrostatic term

Uelec5 (
m51

M21

(
m85m11

M

(
iPm

(
jPm8

qiqj
r i j

~10!
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implies the effective chargesqi placed on the atoms, such a
to account for the vibrational transition dipole moment of t
monomer.

The induction potential is generally composed of thre
body terms describing the interaction between the cha
qj from moleculem8 and the dipole induced at sitei of
moleculem by the chargeqk from moleculem9. In a sim-
plified writing, evidencing the total induction field, the in
duction potential may be conveniently described as:

U ind52
1

2(
m51

M

(
iPm

a iU (
m851
m8Þm

M

(
jPm8

qj r̂ i j
r i j
2 U2, ~11!

wherea i is the polarizability of sitei .
In our calculations, we employ two variants of the abo

potential model: The first one, designated in what follows
‘‘potential I,’’ does not include the induction term, while th
second, denoted as ‘‘potential II,’’ includes all the intera
tions.

III. RESULTS AND DISCUSSION

A. Intramolecular force field of UF 6

For the evaluation of the intermolecular potential deriv
tives with respect to the vibrational coordinates (]U/]qrm ,
]2U/]qrm

2 , and ]2U/]qrm]qsl) occurring in the frequency
shift expressions, the so-calledl̃ -matrix of the monomer is
needed.7 The l̃ -matrix describes the linear relationship b
tween the Cartesian displacement and the normal coordin
of the atoms and results as part of the normal mode ana
of the monomer, performed according to the well-know
G-F method of Wilson.15 The l̃ -matrix ~besides the cubic
force constantsf rst) thus models the coupling between th
intra- and intermolecular force fields.

The UF6 monomer conforms to theOh symmetry and,
according to the irreductible representations of theOh point
group,16 such a structure gives rise to one nondegene
typeA1g vibration (n1), one doubly degenerate typeEg vi-
bration (n2), two coupled triply degenerate typeF1u vibra-
tions (n3, n4), one triply degenerate typeF2g vibration
(n5), and one triply degenerate typeF2u vibration (n6). The
F1u vibrations are IR-active, while theA1g , Eg , and F2g

vibrations are Raman active. The symmetry coordinates
responding to the above symmetry species are describe
Pistorius.17

In our calculations on the UF6 monomer, we have em
ployed the U–F bond length of 1.9962 Å and the quadra
intramolecular force field reported by Aldridgeet al.18 Re-
garding the force field, the accuracy of the listed symme
force constantsF11, F22, F33, F34, F44, F55, andF66 is not
sufficient to allow for the observed frequencies to be exac
reproduced. Moreover, since the second order freque
shifts of then3 vibrational mode of UF6, on which we focus
in this work, typically amount to several tenths of a cm21, as
will be shown in Sec. III D, implying the decimal digits o
the resulting frequencies, a previous refinement of the fo
constants provided by Aldridgeet al. is necessary. The re
, No. 14, 8 April 1997
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5913Beu, Onoe, and Takeuchi: Small UF6 clusters
finement procedure was accomplished using theASYM20 pro-
gram of Hedberg and Mills19 and the resulting force con
stants are listed, along with the observed frequencies
Table I.

In Table II we give thel̃ -matrix elements yielded by th
normal mode analysis of the UF6 monomer, and correspond
ing to one of the substates of the threefold degeneraten3
mode ~for the two other substates, the same non-zero
ments occupy they and z columns, respectively!. They
should be regarded as Cartesian displacements of the im
atoms for the unitary increment of the normal coordinate

The transformation of the force constants from symm
try to normal coordinates, yielding the cubic force consta
f rst which enter the expressions of the second order
shifts, was done by theL-tensor method of Hoy and
coworkers.20 The internal valence~or symmetry! coordinates
Ri can be expressed in terms of normal coordinatesQr by a
non-linear transformation

Ri5(
r
Li
rQr1(

r ,s
Li
rsQrQs1(

r ,s,t
L i
rstQrQsQt1•••,

where the elements of theL-tensor,Li
r , Li

rs , Li
rst , •••, have to

be interpreted as first, second, and third order derivative
the internal coordinateRi with respect to the normal coord
nates. In particular, the formula for the transformation of
cubic force constants from symmetry to normal coordina
is:

f rst5(
i , j ,k

Fi jkLi
rL j

sLk
t 1(

i , j
Fi j ~Li

rsL j
t1Li

rtL j
s1Li

stL j
r !.

Since for the UF6 monomer only quadratic symmetry forc
constants,Fi j , are available, the transformed cubic for
constantsf rst merely account for the nonlinearity of th
transformation of the quadratic force field of the monom
from symmetry to normal coordinates.

TABLE I. Experimental vibrational frequenciesn i @Aldridge et al. ~Ref.
18!# and refined quadratic symmetry force constantsFi j for the UF6 mono-
mer.

i G i n i ~cm21) Fi j ~mdyn/Å!

1 A1g 668.2 4.997 89
2 Eg 534.5 3.197 93
3,4 F1u 627.724 3.725 75

187.5 0.096 46 0.160 00
5 F2g 201.0 0.113 06
6 F2u 143.0 0.114 93

TABLE II. Displacementl̃ -matrix for then3 mode of the UF6 monomer~in
Å!.

l̃ x l̃ y l̃ z

U atom 20.005 95 0 0
Axial F atoms 0.034 46 0 0

Equatorial F atoms 0.001 42 0 0
J. Chem. Phys., Vol. 106
in

e-

ied

-
s
e

of

e
s

r

B. Intermolecular potential adjustment

In order to make our UF6–UF6 potential models~poten-
tial I, neglecting the induction interactions, and potential
including them! as realistic as possible, we have adjust
their parameters in accordance with two macroscopic
pects: The transition dipole moment of the monomer and
temperature dependence of the second virial coefficient.

Our first concern in modeling the intermolecular pote
tials was to choose the effective atomic chargesqi in such a
way as to reproduce the observed transition strength of
n3 vibration of the UF6 monomer. As a reference for dete
mining the effective atomic charges for both our potent
models, we have considered the transition dipole mom
value m0150.385 D of Kim and Person.11 The effective
charges result from the expression of the monomer transi
dipole moment,

m01
a 5

1

A2(a qal̃ aa
n , ~12!

by imposing the additional condition of monomer neutrali
In the above relationa is the atom index anda is the Car-
tesian coordinate index. The componentsl̃ aa

n of the
l̃ -matrix are given in Table II. Thus, one obtains for th
effective charges of the fluorine and uranium atoms the v
ues21.027e and 6.165e, respectively, implying a complete
transfer of more than one electron from the uranium atom
each fluorine atom. This is obviously unphysical and inco
patible with the partially covalent character of the U–F bon
It is apparent that additional ‘‘electronic’’ sites have to b
defined on the U–F bonds, which are supposed to acco
for the six valence electrons of uranium~5f36d17s2) and to
carry the large effective charges suggested by the trans
dipole moment.

A useful hint for the approximate position of the ele
tronic sites along the U–F bond is provided by the maxi
of the radial wave functions of the uranium valence atom
orbitals in the relativistic calculations of Onoeet al.21 Since
the positions of these maxima extend to about 1.35 Å fr
the uranium atom along the U–F bonds, we have taken
value as an initial guess for the position of the electro
sites, assigning them the physical effective charge21e,
slightly lower than the value resulted from Eq.~12!. Corre-
spondingly, the effective charge of uranium was takene.
Although we have also investigated the effect of other s
positions on the outcome of our virial coefficient, structu
and IR-spectrum calculations, the most consistent res
have been obtained by using the value of 1.35 Å, wh
defines both our potential models.

Because nol̃ -matrix elements are available for the ele
tronic sites, we have chosen to assign them thel̃ aa

n compo-
nents of the neighboring fluorine atoms, implying for th
n3 mode of UF6 the parallel in phase vibration of the ele
tronic sites with the fluorine atoms. The described choice
the effective chargesqa and thel̃ aa

n components for the elec
tronic sites results, according to Eq.~12!, in the value
, No. 14, 8 April 1997
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TABLE III. Parameters of the intermolecular potential models for UF6 (dxU is the distance from a particula
site to the U atom along the bond on which the former is located!.

Potential
model Site dxU~Å!

Aii

~kJ/mol! Bii ~Å21)
Cii

~kJ/mol Å6) qi(e) a i(Å
3)

Potential I U 2 560 200 2.642 89 850 6
F 1.9962 336 133 4.128 665.9 0
e2 1.3500 0 0 0 21

Potential II U 2 560 200 2.642 89 850 6 7.9338
F 1.9962 336 133 4.128 665.9 0 0.7557
e2 1.3500 0 0 0 21 0
air
n.
w
n
ot

e

s
on

t
er

l.

w
t

a
n

ar
he
d
-

re

i
a

d
re
vir
e
sit
on

ts

-

al

nd
in
rdi-
rdi-
ted
sed

-
ace
o-

f-
dial

red
al to

to
ith

ond

m-

he
s to
lues
0.375 D for the monomer transition dipole moment, in f
agreement with the experimental value of Kim and Perso11

Since the charges assigned to the electronic sites, as
as their positions originate in considerations about the mo
mer transition dipole moment, they can be employed in b
our potential models.

The coefficientsAi j , Bi j , and Ci j , defining the ex-
change and dispersion potentials given by Eqs.~8! and ~9!,
can in principle be constructed from the coefficientsAii ,
Bii , andCii of the individual atomic species by applying th
standard combination rules,Ai j5AAiiAj j , Bi j5(Bii

1Bj j )/2, andCi j5ACiiCj j . However, there is a tremendou
difference between the availability of data on fluorine,
one hand, and uranium, on the other.

As regards fluorine, forAii andBii , describing the shor
range repulsive atom–atom interactions, we have consid
the values obtained by Spackman22 from fits to accurate cal-
culations based on the Gordon–Kim electron gas mode23

For the dispersion coefficientsCii , describing the long range
interaction of two non-polar species, we use the values
have obtained by fitting the temperature dependence of
second virial coefficient of SF6 to experimental data.7

As for uranium, the most elaborate and presumably
curate U–U potential available in the literature is the o
reported by Pepper and Bursten.12 However, due to its very
high binding energy (160 kJ/mol!, any attempt to include an
exp-6 fit of this U–U potential in a site–site intermolecul
potential for UF6 leads to unreasonably high values of t
second virial coefficient, and to correspondingly high bin
ing energies of the UF6 dimer. Under the given circum
stances we have resorted to fitting all the coefficientsAi j ,
Bi j , and Ci j for uranium with respect to the temperatu
dependence of the second virial coefficient of UF6. Since the
extensive report of Aziz and Taylor,13 containing a well-
documented comparison between the available isotropic
termolecular potentials for hexafluoride gases, provides
elaborate isotropic UF6–UF6 potential correlating secon
virial coefficient and viscosity data, we have chosen as
erence for the temperature dependence of the second
coefficient of UF6 the recommended data of this report. W
have also enlarged the data set to be reproduced by our
site potential by including the equilibrium dimer separati
~actually the U–U distance!, as prescribed by the minimum
position of the potential of Aziz and Taylor, which amoun
to 5.381 Å.

Concerning the polarizabilitiesa i appearing in the in-
J. Chem. Phys., Vol. 106
ell
o-
h

ed

e
he

c-
e

-

n-
n

f-
ial

e–

duction termU ind given by Eq.~11!, we use for fluorine the
same values as in the case of SF6.

7 As for uranium, we have
considered a polarizability of 7.9338 Å3, such as to repro-
duce the total UF6 polarizability recommended by the Gme
lin Handbook.24

All relevant data for the description of our potenti
models are summarized in Table III.

A few words are due to the evaluation of the seco
virial coefficient. The pair potential for two molecules is
general a function of 12 coordinates, three position coo
nates and three Euler angles for each molecule. In a coo
nate frame in which one of the molecules is placed unrota
at the origin, the second virial coefficient may be expres
as a sixfold integral over the relative positionr[(r ,u,w)
and rotationV[(F,Q,C) of the second molecule:25

B~T!52
Na

16p2E
0

`

r 2drE
0

p

sinuduE
0

2p

dw

3E
0

2p

dFE
0

p

sinQdQE
0

2p

dC

3$exp@2U~r ,V…/kBT#21%.

For evaluation of the second virial coefficient of UF6, we
have employed the method of Stroud.26 Taking advantage of
theOh symmetry of the UF6 monomer, by halving each an
gular integration interval one can reduce the relevant sp
of relative orientations for two molecules, implying the p
sitional (u,w)—and the Euler (F,Q,C) angles, by a factor
of 32. To obtain our final results for the second virial coe
ficient, we have used an uniform spatial mesh, with the ra
coordinate restricted to the interval@2,34# ~Å!, outside of
which the integrand has been negligible for the conside
potential models. The radial spacing has been taken equ
2 Å, and the angular spacings equal top/8, resulting in
13 107 200 integration points, which have been proved
ensure the convergence of the virial coefficient values w
five exact digits for all temperatures.

In Fig. 1, the temperature dependence of the sec
virial coefficient resulting from potential I~plotted with con-
tinuous line! can be seen to fairly pass through the reco
mended values of Aziz and Taylor.13 The corresponding
curve for potential II cannot be practically distinguished. T
relative root mean square deviation of our results amount
3.9%, underestimating by up to 9% the recommended va
of Aziz and Taylor in the lower temperature region.
, No. 14, 8 April 1997
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5915Beu, Onoe, and Takeuchi: Small UF6 clusters
C. Cluster structures

Taking into account the different nature of the intera
tion forces and the different orders of magnitude of the c
responding binding energies for the intra- and intermolecu
degrees of freedom, in order to calculate the cluster st
tures we consider the molecules ‘‘frozen’’ in their equili
rium geometries and minimize the intermolecular poten
with respect to their relative positions. Moreover, such
technique is consistent with the overall philosophy of o
approach for frequency shifts. The positions and orientati
of the molecules are specified by their center of mass Ca
sian coordinates and Euler angles, which are optimized w
out constraints starting from randomly chosen initial co
figurations. Typically, several hundreds~for the dimer! up to
5–6 thousands~for the hexamer! of minimizations are re-
quired to yield the global minimum.

The results of our cluster structure calculations for p
tentials I and II are summarized in Table IV, where the bin
ing energies and the mean U–U bond length of the clus

FIG. 1. Temperature dependence of the second virial coefficient of U6.
With circles—the recommended values of Aziz and Taylor~Ref. 13!; with
continuous line—the dependence resulted using potential I.

TABLE IV. Calculated UF6 cluster structures for the most stable isome
E represents the total binding energy~in kJ/mol!, anddUU is the average
U–U distance~in Å!. The second and the third lowest dimer configuratio
~28 and 29! are also included.

Potential I Potential II

M E dUU E dUU Symmetry

2 28.66 5.381 28.72 5.375 D2d

28 27.84 5.469 27.93 5.463 C2h

29 27.69 5.312 27.75 5.307 D3d

3 223.46 5.487 223.74 5.477 D3

4 240.77 5.672 241.20 5.666 C3

5 262.99 5.674 263.41 5.669 C3h

6 286.17 5.741 286.66 5.738
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ranging from dimer to hexamer are listed. The mean U
bond length is an indication of the ‘‘compactness’’ of th
clusters. For all cluster sizes we have listed the data for
most stable~energetically lowest! isomer. Since, as will be
later emphasized, the second and the third dimer config
tions also show a remarkable symmetry, being energetic
quite close to the most stable dimer, we have conside
them too. The geometrical configurations of all the list
cluster structures are presented in Figs. 2–6. It should
noted that the cluster structures are alike for both discus
potential models.

We have depicted in Fig. 2 the three found dimers,
lowest havingD2d symmetry, the second~reduced! C2h sym-
metry, and the thirdD3d symmetry. Figure 3 shows the mo
stable trimer, exhibitingD3 symmetry. Each monomer i
connected to its neighbors by double U–F bonds, overl
ping in the figure and providing a reminder of the doub
bond of the second lowest dimer.

The lowest tetramer, represented in Fig. 4, belongs to
C3 point group, resembling the compactTd symmetry ar-
rangement of four rigid spheres. This resemblance is un
standable having in view the huge size of the U atom, r
dering the UF6 molecule into an almost spherical structur
The most stable pentamer~Fig. 5! shows a well-defined
(C3h) symmetry, having a regular bi-pyramid shape, and t
is again consistent with the fact that the uranium atom alm
‘‘swallows’’ the fluorine atoms.

FIG. 2. Geometrical structures of the three dimer isomers found using
tential I (D2d is the lowest energy configuration!. The shape of the corre
sponding isomers for potential II is identical.
, No. 14, 8 April 1997
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5916 Beu, Onoe, and Takeuchi: Small UF6 clusters
The most stable hexamer, depicted in Fig. 6, exhibits
particular symmetry. However, taking into account the qu
close values of the in-plane distances between the U at
contained in the ring and the out-of-plane U–U distances
follows that the uranium atoms are organized according
distortedOh symmetry.

A general remark, which emerges from Table IV, is th
for both potentials the binding energies never differ by m
than 1%, with the corresponding average U–U distances
fering even less~at most by 0.2%!. This indicates that the
induction contributions, which differentiate our two mode
are not determining for the cluster structures. Thus, the g
metrical size of the clusters shows little sensitivity to t
electrostatic terms, evidencing the fact that UF6 forms true
van der Waals clusters, mainly bound by the dispersion
traction.

It is instructive to plot the incremental binding energ
EM2EM21 of the most stable isomers as a function of t

FIG. 3. Geometrical structure of the lowest trimer for potential I. Potentia
yields an identically shaped trimer.

FIG. 4. Geometrical structure of the lowest tetramer for potential I. T
shape resulted for potential II is identical.
J. Chem. Phys., Vol. 106
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cluster sizeM ~Fig. 7!. The hexamer does not conform to th
general tendency of the curves, showing a reduced en
increment relative to the pentamer. This once more is a c
sequence of the reduced symmetry of the lowest hexam

D. Frequency shifts

In our band shift calculations for the UF6 clusters, we
have focused on the fundamental excitation of then3 vibra-
tional mode~at 627.724 cm21).

We have summarized in Table V the results of our f
quency shift calculations for the most stable UF6 dimer, both
for potential I ~including exchange, dispersion, and electr
static terms! and potential II~additionally including induc-
tion contributions!. As a result of the mutual interaction o
the monomers within the dimer, then3 vibrational mode is
split up into a redshifted parallel band (i) and a doubly de-
generate blueshifted perpendicular band ('). The parallel

I

e

FIG. 5. Geometrical structure of the lowest pentamer for potential I. Po
tial II yields an identically shaped structure.

FIG. 6. Geometrical structure of the lowest hexamer for potential I. Po
tial II yields an identically shaped hexamer.
, No. 14, 8 April 1997
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5917Beu, Onoe, and Takeuchi: Small UF6 clusters
band implies collective vibrations of the monomers along
longitudinal symmetry axis of the dimer, while for the pe
pendicular band, the resulting vibration takes place predo
nantly in a perpendicular plane. The differences between
line shifts corrected up to the second order and the first o
results~added between parenthesis! represent the second o
der corrections, which typically amount to less than 0
cm21.

In order to identify the interaction mechanism which
mainly responsible for the frequency shifts, the individu
contributions of the various potential terms to the line sh
have been evaluated by switching off the rest of the inter
tions, but considering the same dimer structure~obtained
with the full potential model!. It can be easily noticed tha
the electrostatic contributions are by far dominant, and
performing a molecular multipole analysis taking into a
count theOh symmetry of the monomer, the vibration
dipole–dipole interaction turns out to be the leading mec
nism. Furthermore, the effects of the exchange and dis
sion couplings can be seen to be completely negligible.
induction, considered in potential II, contributes with up
17% to the total frequency shifts, but as it will be furth
shown, its inclusion leads to a systematic redshift of
bands for all cluster sizes.

We have gathered in Table VI the calculated frequen

FIG. 7. Incremental binding energy of small UF6 clusters.
J. Chem. Phys., Vol. 106
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shifts and line intensities for the UF6 clusters up to the hex
amer.

Figure 8 shows the stick spectra of the UF6 clusters up to
the hexamer, obtained by using potential I. The lines h
been denoted according to the sign of the frequency s
with i for redshifted lines and with' for the blueshifted
ones. While the ‘‘parallel’’ lines tend to preserve the re
boundary of the spectra at about 623 cm21 with increasing
cluster size, the ‘‘perpendicular’’ lines gradually move t
ward higher frequencies, however with a saturation t
dency, which brings about an almost non-varying total sp
ting when going from the tetramer to the pentamer. Ap
from the supplementary splitting in the case of the tetram
pentamer and hexamer, which is obviously due to the p
ence of monomers in non-equivalent positions, the para
lines seem to be less sensitive to the ‘‘compactness’’ of
cluster~given by the average U–U distance! than the perpen-
dicular lines.

TABLE VI. Computed line shiftsDn3 ~in cm21), and total transition
strengthsgum01u2 ~in D2) for UF6 clusters up to the hexamer.g represents
the degeneracy of the spectral line.

Potential I Potential II

M Dn3 gum01u2 Dn3 gum01u2 g

2 27.14 0.28 28.47 0.28 1
4.69 0.56 4.14 0.56 2

3 26.41 0.57 27.61 0.57 2
5.35 0.25 4.48 0.26 2
10.68 0.42 8.62 0.42 1

4 26.16 0.58 27.41 0.56 2
25.66 0.31 26.65 0.30 1
9.30 0.53 7.23 0.55 2
11.62 0.24 8.73 0.24 1

5 26.08 0.21 27.07 0.18 2
24.84 0.42 25.73 0.43 2
24.62 0.59 25.71 0.56 1
7.70 0.11 5.65 0.14 1
12.28 0.77 9.00 0.78 2

6 24.54 0.30 25.36 0.28 1
23.64 0.58 24.68 0.54 1
23.42 0.58 24.44 0.53 1
8.30 0.46 6.28 0.45 1
11.64 0.08 8.60 0.11 1
13.24 0.25 9.14 0.28 1
13.83 0.25 9.43 0.28 1
TABLE V. Contributions of the various potential terms to the UF6 dimer line shifts of then3 mode~in cm
21). Within parenthesis are given the first order results.

Band Exchange Dispersion Electrostatic Induction Total

Potential I i 0.12~0.12! 20.06~20.06! 27.19~27.57! 27.14~27.50!
' 20.01~0.00! 0.01~0.01! 4.68~4.53! 4.69~4.54!

Potential II i 0.12~0.12! 20.06~20.06! 27.21~27.59! 21.46~21.48! 28.47~29.00!
' 20.01~0.00! 0.01~0.01! 4.70~4.54! 20.37~20.37! 4.14~4.02!
, No. 14, 8 April 1997
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5918 Beu, Onoe, and Takeuchi: Small UF6 clusters
As theoretical counterpart for our calculations, we ha
chosen the recent FTIR spectroscopy measurements of
imura et al.,8 actually the only available experimental da
about the UF6 clusters. Figure 9 shows the FTIR spectra
the n3 band of UF6 seeded in Ar at a mole fraction of 0.0
mol/mol and total pressures equal to 1.3, 3..0, and 5.0 T
along with the stick spectra for all cluster sizes up to
hexamer obtained with potential I. Figure 10 shows the sa
experimental spectra, along with the stick spectra obtai
with potential II. As it can be seen from Fig. 9, the calculat
stick spectrum for potential I reproduces the overall aspec

FIG. 8. Calculated stick spectra of UF6 clusters from dimer to hexame
using potential I. The continuous lines correspond to the most stable
mers. The spectral lines for the second and third lowest dimer are plo
with dotted line.

FIG. 9. FTIR spectra of UF6 clusters~Ref. 8! and calculated stick spectra b
using potential I.
J. Chem. Phys., Vol. 106
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the experimental bands situated around 623, 632 and
cm21. Whereas the peaks at 623 and 632 cm21 also contain
contributions from the P and R branches of the monom
spectrum, the peak at 640 cm21 is clearly due to the presenc
of the UF6 clusters solely, because it does not practica
appear in the spectrum at 1.3 Torr. Since our calculations
not evidence dimer lines around 640 cm21, it follows that
this peak should be attributed to the higher clusters~trimer,
tetramer and so on!, which are consequently formed only a
total pressures above 3.0 Torr. It is also noteworthy tha
the blueshifted band around 632 cm21 there are only contri-
butions from the dimer and the trimer, while in the redshift
band around 623 cm21, there are contributions from all clus
ter sizes. We did not find any theoretical line correspond
to the peak around 610 cm21, appearing in the FTIR spec
trum at 3.0 Torr, but it is likely to be due to small UF6–Ar
clusters, even though the frequency of then3 mode of UF6 in
Ar matrix has been reported to be 619.3 cm21.27

The theoretical stick spectrum obtained with potentia
~Fig. 10!, is more compact than the one for potential I and
is not organized into the three groups which have been
tributed to the experimental bands situated around 623,
and 640 cm21. Hence, it seems that the inclusion of th
induction interactions in our potential model worsens t
agreement between the calculated spectrum and the ex
mental evidence. Consequently, it seems that the inclusio
the induction with the available polarizabilities is rather i
appropriate.

IV. CONCLUSIONS

A new site–site intermolecular potential for UF6, com-
prising exchange, dispersion, electrostatic, and induc
contributions, is presented. The effective charges assigne
the U atom and the six additional ‘‘electronic’’ sites situat
on the U–F bonds are chosen such as to account for

o-
ed

FIG. 10. FTIR spectra of UF6 clusters~Ref. 8! and calculated stick spectra
by using potential II.
, No. 14, 8 April 1997
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5919Beu, Onoe, and Takeuchi: Small UF6 clusters
observed vibrational transition dipole moment of the U6
monomer. The coefficients of the exp-6 part of the poten
for uranium are determined by fitting the calculated tempe
ture dependence of the second virial coefficient of UF6 to the
experimental evidence. Two variants of our potential mo
~one neglecting the induction interactions, and the other
including them! are applied to compute UF6 cluster struc-
tures up to the hexamer. The average U–U distance and
incremental cluster binding energy are employed to corre
the ‘‘compactness’’ of the found cluster structures with th
symmetry properties. It is shown that UF6 forms true van der
Waals clusters, mainly bound by the dispersion attract
the effect of the induction interactions being negligible.

A second order line shift formalism is used to calcula
the IR-spectra of the found UF6 clusters in the region of the
n3 vibrational mode. The contributions to the line shifts fro
the various interaction terms are analyzed and it is found
the electrostatic coupling is dominant. By a molecular m
tipole analysis, this large contribution can be attributed to
vibrational dipole–dipole interaction. The calculated spec
compare favorably with the available experimental FT
spectra from the literature. The inclusion of the inducti
interaction produces a systematic redshift of the spectra
all cluster sizes and renders the inclusion of the induct
interaction with the available atomic polarizabilities rath
inappropriate.
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