Calculations of structure and IR-spectrum for small UF s Clusters
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A new site—site intermolecular potential model for dJFfeaturing 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 determjrodustier 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 tig vibrational mode(at 627.724 cm?). 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 Physids$0021-960607)02014-X

I. INTRODUCTION Basically, we attempted to follow the pattern used for
the construction of the SFntermolecular potential to estab-
Through the frequency shift in the IR absorption of theish the site—site intermolecular potential of 4By fitting it
UFs monomer, Uk cluster formation is considered to ad- tq the observed temperature dependence of the second virial
versely affect selectivity in molecular laser isotope separagpefficient and by choosing appropriate effective charges of
tion with the supersonic expansion technique. Due to thgne jnteraction sites, consistent with the experimental mono-
similarities between Ufand the less demanding §Bys-  mer transition dipole moment.However, due to the lack of
.tem, there has been quite great e>.<per|mental and7theoret|cgl reliable U—U potential in the literature, the yJAtermo-
interest over the last two decades in they Skisters, ™ used  |oc oy potential model and the overall strategy had to be

to establish adequate expgrimentgl and theoretical aF}:idapted. Built into the total U~UF; potential, with the
proaches. Nevertheless, despite the importance of knOWIedQEjorine data taken from our published SFSF, potential’
about formation kinetics and the frequency shift in thg IR'the most elaborate available U-U potential of Pepper and
spectrum of the U clusters, there have been no pubIISheOIBurster’r2 yields by far unreasonable virial coefficient and

results on this subject for a long time. . -
. ) imer structure. Consequently, we have resorted to fitting the
The only available experimental data are the recent FTI . . : .
potential coefficients for uranium, too. For this purpose we

spectroscopy measurements of Tanimeral.® which will .
subsequently be used as experimental counterpart for our cgﬂf”1 ve enlarged th_e sgt of d_ata to be rep rc_)duce_d by the inter-
Fnolecular potential, including the equilibrium dimer separa-

culations. The FTIR spectroscopic measurements in super- . . .
sonic free jets have the advantage of a wider spectral covefO" as prescrl_bed by the rescommended Isotropig-tl¥
age than any laser system, allowing for simultaneoué)mem""lI Of,AZ'Z and Taylot: . .
observation of the spectra for both the monomer and the The adjusted Ug-UF; potential is used to determine

clusters>® Nevertheless, the absence of a size selectiofy s Cluster structures up to the hexamer, for which the IR-

. . 71 -
mechanism makes interpretation of the FTIR spectra quitépectrum in the region of the; mode(at 627.724 cm”) is

difficult. calculated by means of our previously published perturba-
Recently we have reported a new site—site intermolecutional frequency shift approach, briefly described in Sec.

lar potential for Sg,” and the structures obtained by using it ITA. . ]

for small clusters up to the hexamer. By employing a newly ~ 1he potential model we employ to determine the geo-

developed second order perturbation approach, we have al§eetrical structures and line shifts of the gSélusters, com-

evaluated the corresponding frequency shifts ofitheibra- prising exchange, dispersion, electrostatic and induction con-

tional monomer mode. The formalism consistently treats thdfibutions, is described in Sec. Il B.

degeneracy of the cluster states emerging from the identity of Basic input data for the cluster structure and frequency

the constituent monomers and also takes into account th@hift calculations(the harmonic monomer frequencies, the

degeneracy of the monomer vibrational states. The underlydisplacement-matrix, and the transformed cubic force con-

ing idea, extracted from early publications of Buckingh@m stantsé,s;) are derived as part of the normal mode analysis

concerning the frequency shifts in the IR or Raman spectraf the monomer. Accurate treatment of Jmonomer spec-

of chromophores under the influence of a solvent, is to treatroscopy implies the refinement of the intramolecular force

the anharmonic contributions to the intramolecular forcefield and the results of this approach, as well as the transfor-

field and the intermolecular potential as a quantum mechanimation principles of the cubic force constants of Uffom

cal perturbation of the molecular vibrations. valence to normal coordinates, are presented in Sec. Il A.
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Details of the adjustment procedure of the intermolecu-Hilbert space of the cluster states, the anharmonic term and
lar potential parameters are described in Sec. Il B. In ordethe intermolecular potential can be treated as a perturbation
to establish the importance of the induction coupling in the

case of the UF clusters, we employ two variants of our N6 M

potential model: One neglecting the induction interactions, E 2 brst9rmAsmBtmT+ U.- (2
hereafter referred to as “potential 1,” and the other one in- st=1m=

cluding them, hereafter called “potential 11.” Within the framework of the stationary perturbation

Section 11l C is devoted to the description of the struc-theory* both the first and second order energy corrections
tures we have obtained for the pElusters ranging from are expressed in terms of the perturbation matrix elements,
dimer to hexamer by using the two variants of the new pogiven by

tential model. ,
In Sec. Ill D, the results of our frequency shift calcula- . _ d°U

tions are described in detail. The contributions to the fre-W”i~”’i':<1“i|W|1”'i'>_ Uot _E Em: a2, Onn Gii

guency shifts from the various interaction mechanisms are 5

analyzed and the theoretical spectra are compared with the } 9°U

experimental evidence. The appropriateness of the inclusion 2 30,id9ni

of the induction interactions in the potential model is alsowherellm) denotes the total cluster state in which i@

discussed. normal mode of théth molecule is simply excited. For a

degenerate monomer normal modes I', wherel is the
subspace of the considered normal mode.

Defining the reduced perturbation matrix elements
A. Perturbation approach for cluster frequency shifts _ 1 92U
Wni,n,i,zzaqniaqn’i’, (3)

he correspondlng eigenvalue problem,

Il. THEORETICAL MODEL

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

The total cluster Hamiltonian may be written as ~ O
> E [Whinrir =hCAw i 8nnr §iir1Chrir ni=0,

nelri'=1
he'S’ S T, i=1.2 4
:72 Z wr(przm_l,-qrzm) ne ) 1= y l“'M! ()

-t m=1 directly yields the first order frequency shifmuﬁ,li) for the
hc3N 6 M fundamental excitation from the ground state to the simply
+5 > E brstrmsnim+ U, (1)  excited levelsE,,;. As is apparent from definitio(8) of the

rst=1m reduced perturbation matrix elements, the first order line

where the first sum describes the uncoupled harmonic oscibhifts are independent of the intramolecular force constants,
lations, the second sum is the anharmonic correction, whiléepending only on the curvature of the intermolecular poten-
U represents the intermolecular potential. Hereand ¢,,  tial. The diagonalization of the reduced perturbation matrix
are the harmonic frequencies and the cubic force constants provides, besides the first order frequency shifts, the coeffi-
units of wave numbers, respectively,,, and p,, are posi-  Cientsc,; ,/i- (as eigenvector componehtsvhich satisfy the
tion and momentum operators associated with the normatompleteness relatiaB,, =;:|Cy/is nil?=1, and which fur-
moder of moleculem. M stands for the number of identical ther enter the expressions of the second order line shifts.
N-atomic molecules. The first two sums of Hamiltonid The second order line shifty »{?), may be cast in the
describe the conventional normal mode approach for the inform
dividual molecules including cubic anharmonicities.

In view of the fact that Hamiltoniail) is dominated by vE= 2 D CorirniCouin AV i (5)
the harmonic terngfirst sum, which in addition allows for a n'.n"el i’i"
full analytical diagonalization, providing a basis set for thewhere

5nln”5i/i” 3_ 5rn/ (9U (1_ 5n7n”) 5|/|H 4+ 5rn/+5rn” (9U
AVn it T T ahe Er: ©, 9, G~ shc Er: @, 99, Gy
s 1 9?U 3°U 1 S S 3*U 9?U ©
4(hc)2rél" m ©n— ©p 940y IGnrindQrm 4(hC)2 rom wn+wr In1i7 % rm InrindQrm
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Generally, the most significant contributions to the secimplies the effective chargeag placed on the atoms, such as
ond order line shifts are due to the first term of ES), to account for the vibrational transition dipole moment of the
coupling the generalized intermolecular forcesU/dq;,; monomer.
with the intramolecular force constantg ., . It is notewor- The induction potential is generally composed of three-
thy that the second order shifts do not dependaircubic  body terms describing the interaction between the charge
force constants, but only on those implying states belonging; from moleculem’ and the dipole induced at sitie of
to subspacéd’ of the considered normal mode. moleculem by the chargey, from moleculem”. In a sim-

The total frequency shift of a particular cluster spectralplified writing, evidencing the total induction field, the in-
band obviously results from the sum of the correspondingluction potential may be conveniently described as:
first and second order shiftd v, =A vV + A2

M M ~ 2
. . . . . 1 qr
The _relatlve |mp_ortance_ of the cluster spectral _Ilnes cor yind— _ _E 2 a; 2 E 12'1 , (12)
responding to a particular vibrational mode can be judged on 2f=1icm m=1jem’ T
the basis of the transition strength, which can be calculated m’#m

as the squared cluster transition dipole moment weighted byhere ; is the polarizability of sitd .
the degeneracy of the cluster state. The Cartesian component |n our calculations, we employ two variants of the above
for direction « of the cluster transition dipole moment is potential model: The first one, designated in what follows as
given by the approximate expression “potential I,” does not include the induction term, while the
1 second, denoted as “potential 1,” includes all the interac-
S 3T a3 AL,

o _ tions.
Ho1= = (7)
ot \/En’ el M

whereq, is the charge associated with atdsite) a, Afa, is  lll. RESULTS AND DISCUSSION
the rotation matrix Whlch~character|zes the position of mol- |niramolecular force field of UE
eculem in the cluster, and}lga, are elements of the displace-

mentl-matrix, which results from the normal mode analysis
of the monomer.

*
Cn’m,ni'

6

For the evaluation of the intermolecular potential deriva-
tives with respect to the vibrational coordinate®J{Jq,, ,
J?U139%,, and 92U/dq,mdds)_occurring in the frequency
shift expressions, the so-calléematrix of the monomer is
needed. The |-matrix describes the linear relationship be-
B. The intermolecular potential model tween the Cartesian displacement and the normal coordinates

The functional form of the intermolecular potential we of the atoms and results as part of the normal mode analysis

have chosen for calculating the structures of thg tiEsters ~ ©f the monomer, performed according to the well-known
and the corresponding vibrational frequencies shifts is th&-F method of Wilsort® The I-matrix (besides the cubic
one we have previously used in the calculations for thg SFforce constantspg,) thus models the coupling between the
clusters’ and it comprises exchange, dispersion, electrointra- and intermolecular force fields.

static, and induction terms. A similar model was employed ~ The UFR; monomer conforms to th®, symmetry and,

by van Bladelet al® for SF;, SiF,, and SiH, dimer calcula- according to the irreductible representations of @epoint
tions. One of the important features of this potential type isgroup;® such a structure gives rise to one nondegenerate
that being based on site—site interactions, it depends on tH¥P€ Aqq vibration (v,), one doubly degenerate ty|ig vi-
relative atom positions, thus implicitly depending on the in-Pration (), two coupled triply degenerate type, vibra-

ternal monomer vibrational coordinates. tions (vs, v4), One triply degenerate typ&p, vibration
The repulsive exchange and the attractive dispersion int?s), and one triply degenerate tyjpg, vibration (ve). The
teractions are represented by stand@xp-6 terms: F1, vibrations are IR-active, while th&,y, Eg, andFy

vibrations are Raman active. The symmetry coordinates cor-
Moo responding to the above symmetry species are described by

ueens > X > X Ajexd—Biri), ) pistoriust’

m=1 n/—m+1iem; ’ .
me=m em In our calculations on the UFmonomer, we have em-

and ployed the U-F bond length of 1.9962 A and the quadratic
Vel M intramolecular force field reported by Aldridgs al® Re-
Udisp— _ 2 2 E E 96_ ) garding the force field, the accuracy of the listed symmetry

1]
M=1 m'=m+1iemjem’ Fij force constant& 11, Fo,, Fagz, F34, Fas, Fs5, andFggis not

) ) ) ) sufficient to allow for the observed frequencies to be exactly
respectively, where;; is the distance between atombe-  ronroduced. Moreover, since the second order frequency
longing to monomem and atomj belonging to monomer  gpjfts of thew, vibrational mode of UE, on which we focus

m’. The electrostatic term in this work, typically amount to several tenths of athnas
M-1 M will be shown in Sec. Il D, implying the decimal digits of
uelee= > > > Y g9 (100  the resulting frequencies, a previous refinement of the force
M=1 ' “m+1iemjem Fij constants provided by Aldridget al. is necessary. The re-
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TABLE |. Experimental vibrational frequencies [Aldridge et al. (Ref. B. Intermolecular potential adjustment
18)] and refined quadratic symmetry force constdnjsfor the UR; mono-

mer. In order to make our Uf~UF; potential modelgpoten-
tial 1, neglecting the induction interactions, and potential I,
i T vi (em ) Fij (mdyn/A) including them as realistic as possible, we have adjusted
1 Asq 668.2 4.997 89 their parameters in accordance with two macroscopic as-
2 E 534.5 3.197 93 pects: The transition dipole moment of the monomer and the
34 R 627.724 3.72575 temperature dependence of the second virial coefficient.
5 Fag ;gz:g 8:222 gg 0.160 00 . Our first concern in modgling the ?ntermolef:ular poten-
6 Fa 143.0 0.114 93 tials was to choose the effective atomic chargem such a

way as to reproduce the observed transition strength of the
v3 Vvibration of the U monomer. As a reference for deter-
mining the effective atomic charges for both our potential
models, we have considered the transition dipole moment
value u;=0.385 D of Kim and Persoh. The effective
harges result from the expression of the monomer transition
ipole moment,

finement procedure was accomplished usingatbem20 pro-
gram of Hedberg and MillS and the resulting force con-
stants are listed, along with the observed frequencies, iﬁ

Table I. _
In Table Il we give thd -matrix elements yielded by the
normal mode analysis of the Jfnonomer, and correspond- . 1 ~
ing to one of the substates of the threefold degenerate Mm:ﬁza: Oal aq » (12

mode (for the two other substates, the same non-zero ele-

ments occupy they and z columns, respectively They

should be regarded as Cartesian displacements of the implidty imposing the additional condition of monomer neutrality.

atoms for the unitary increment of the normal coordinate. N the above relatiom is the atom index and is the Car-
The transformation of the force constants from symmedesian coordinate index. The componeriy, of the

try to normal coordinates, yielding the cubic force constantsl-matrix are given in Table Il. Thus, one obtains for the

¢.s; Which enter the expressions of the second order lineffective charges of the fluorine and uranium atoms the val-

shifts, was done by thd.-tensor method of Hoy and ues—1.02% and 6.16%, respectively, implying a complete

coworkers?® The internal valencéor symmetry coordinates transfer of more than one electron from the uranium atom to

R; can be expressed in terms of normal coordinQedy a  each fluorine atom. This is obviously unphysical and incom-

non-linear transformation patible with the partially covalent character of the U-F bond.
It is apparent that additional “electronic” sites have to be
Rizz L{Qr+2 L{SQrQerE LI'Q,Q4Q+ -+, defined on the U-F bonds, which are supposed to account
T rs rsit for the six valence electrons of uraniuf®®6d'7s’) and to

where the elements of thetensorL! . L'S LSt ... haveto carry the large effective charges suggested by the transition
=i [ 1 1 1

be interpreted as first, second, and third order derivatives dfiPole moment. _ N
the internal coordinat®; with respect to the normal coordi- A useful hint for the approximate position of the elec-
nates. In particular, the formula for the transformation of thetronic sites along the U—F bond is provided by the maxima

cubic force constants from symmetry to normal coordinate®f the radial wave functions of the uranium valezrlmg atomic
is: orbitals in the relativistic calculations of One¢ al." Since

the positions of these maxima extend to about 1.35 A from

= F L LTLSL S B (LISLE LIS+ LS. the uranium atom along the U—F bonds, we have taken this

Prst i,Jz,k k=i K .EJ (L LELFLTLD value as an initial guess for the position of the electronic
sites, assigning them the physical effective chargge,

Since for the Ug monomer only quadratic symmetry force slightly lower than the value resulted from Ed.2). Corre-

constants,F;;, are available, the transformed cubic force 4 . .
spondingly, the effective charge of uranium was taken 6

constantqur.st merely account_ for the .nonllnearlty of the Although we have also investigated the effect of other site
transformation of the quadratic force field of the monomer " ." o e
. positions on the outcome of our virial coefficient, structure
from symmetry to normal coordinates. . .
and IR-spectrum calculations, the most consistent results
have been obtained by using the value of 1.35 A, which
_ defines both our potential models.
TABLE II. Displacement -matrix for thev; mode of the Ug monomer(in Because nd-matrix elements are available for the elec-
A tronic sites, we have chosen to assign themlfhjecompo-
T T 7 nents of the neighboring fluorine atoms, implying for the
v3 mode of Uk the parallel in phase vibration of the elec-
U atom ~0.00595 0 0 tronic sites with the fluorine atoms. The described choice of
Axial F atoms 0.034 46 0 0 . -
Equatorial F atoms 0.001 42 0 0 the effective chargeg, and thel;, components for the elec-
tronic sites results, according to E@l2), in the value
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TABLE Ill. Parameters of the intermolecular potential models for; Y&, is the distance from a particular
site to the U atom along the bond on which the former is logated

Potential A Ci
model Site  dyy(A) (kd/mol) Bi A™h (kd/mol A®) gi(e) a;(A3)
Potential | U 2560 200 2.642 89 850 6
F 1.9962 336133 4.128 665.9 0
e 1.3500 0 0 0 -1
Potential Il U 2560 200 2.642 89 850 6 7.9338
F 1.9962 336 133 4.128 665.9 0 0.7557
e 1.3500 0 0 0 -1 0

0.375 D for the monomer transition dipole moment, in fair duction termu™ given by Eq.(11), we use for fluorine the
agreement with the experimental value of Kim and PerSon. same values as in the case of;$Rs for uranium, we have
Since the charges assigned to the electronic sites, as Welbnsidered a polarizability of 7.93383Asuch as to repro-

as their positions originate in considerations about the monaduce the total Uf polarizability recommended by the Gme-
mer transition dipole moment, they can be employed in bothin Handbook?*

our potential models. N All relevant data for the description of our potential
The coefficientsA;;, Bjj, and C;;, defining the ex-  models are summarized in Table III.
change and dispersion potentials given by Efs.and (9), A few words are due to the evaluation of the second

can in principle be constructed from the coefficie#ts,  virial coefficient. The pair potential for two molecules is in
Bii , andC;; of the individual atomic species by applying the general a function of 12 coordinates, three position coordi-
standard combination rules,Aj;=VA;Aj;, Bjj=(Bii  nates and three Euler angles for each molecule. In a coordi-
+B;;)/2, andC;;=/C;;C;;. However, there is a tremendous nate frame in which one of the molecules is placed unrotated
difference between the availability of data on fluorine, onat the origin, the second virial coefficient may be expressed
one hand, and uranium, on the other. as a sixfold integral over the relative positioa=(r, 6, ¢)

As regards fluorine, foA;; andB;;, describing the short and rotationQ=(®,0,¥) of the second molecuf&:
range repulsive atom—atom interactions, we have considered N B i .
the v.alues obtained by Spackn%éfrqm fits to accurate cal- B(T)=— azf r2drf sinod o do
culations based on the Gordon—Kim electron gas motel. 167 Jo 0 0
For the dispersion coefficien; , describing the long range o . o
interaction of two non-polar species, we use the values we Xf dq)f sin@d@f dw
have obtained by fitting the temperature dependence of the 0 0 0
second virial coefficient of Sfto experimental data.

As for uranium, the most elaborate and presumably ac-
curate U-U potential available in the literature is the one  For evaluation of the second virial coefficient of § e
reported by Pepper and BursténHowever, due to its very have employed the method of StrotfdTaking advantage of
high binding energy (160 kJ/mplany attempt to include an the Oy symmetry of the UF monomer, by halving each an-
exp-6 fit of this U-U potential in a site—site intermolecular gular integration interval one can reduce the relevant space
potential for U leads to unreasonably high values of the of relative orientations for two molecules, implying the po-
second virial coefficient, and to correspondingly high bind-sitional (6, ¢)—and the Euler ¢,0,¥) angles, by a factor
ing energies of the Ufdimer. Under the given circum- of 32. To obtain our final results for the second virial coef-
stances we have resorted to fitting all the coefficiehis ficient, we have used an uniform spatial mesh, with the radial
Bij, and C;; for uranium with respect to the temperature coordinate restricted to the intervg?,34] (R), outside of
dependence of the second virial coefficient ofsUEince the  which the integrand has been negligible for the considered
extensive report of Aziz and Tayld?, containing a well- potential models. The radial spacing has been taken equal to
documented comparison between the available isotropic ir2 A, and the angular spacings equal 448, resulting in
termolecular potentials for hexafluoride gases, provides ah3 107 200 integration points, which have been proved to
elaborate isotropic Uf~UF; potential correlating second ensure the convergence of the virial coefficient values with
virial coefficient and viscosity data, we have chosen as reffive exact digits for all temperatures.
erence for the temperature dependence of the second virial In Fig. 1, the temperature dependence of the second
coefficient of UR the recommended data of this report. We virial coefficient resulting from potential (plotted with con-
have also enlarged the data set to be reproduced by our sitéiuous ling can be seen to fairly pass through the recom-
site potential by including the equilibrium dimer separationmended values of Aziz and Taylbt. The corresponding
(actually the U-U distangeas prescribed by the minimum curve for potential Il cannot be practically distinguished. The
position of the potential of Aziz and Taylor, which amounts relative root mean square deviation of our results amounts to
to 5.381 A. 3.9%, underestimating by up to 9% the recommended values

Concerning the polarizabilities; appearing in the in- of Aziz and Taylor in the lower temperature region.

xX{exd —U(r,Q)/kgT]—1}.
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FIG. 1. Temperature dependence of the second virial coefficient gf UF
With circles—the recommended values of Aziz and TayRef. 13; with
continuous line—the dependence resulted using potential I.

C. Cluster structures

Taking into account the different nature of the interac- Dag
tion forces and the different orders of magnitude of the cor-
responding binding energies for the intra- and intermoleculariG. 2. Geometrical structures of the three dimer isomers found using po-
degrees of freedom, in order to calculate the cluster strudential | (Dyq is the lowest energy configuratipriThe shape of the corre-
tures we consider the molecules “frozen” in their equilib- SPonding isomers for potential Il is identical.
rium geometries and minimize the intermolecular potential
with respect to their relative positions. Moreover, such a

technique is consistent with the overall philosophy of OUryond length is an indication of the “compactness” of the

approach for frequency shifts. The positions and Orientation%Iusters. For all cluster sizes we have listed the data for the

O.f the molgcules are specified by the|r_ center of mass Ca.rterﬁost stable(energetically lowestisomer. Since, as will be
sian coordinates and Euler angles, which are optimized with;,

. . N later emphasized, the second and the third dimer configura-
out constraints starting from randomly chosen initial con-

. . . : tions also show a remarkable symmetry, being energetically
gg%ratﬁﬁﬂzgﬁﬁzlfgﬁlltyﬁesiveir:rlngﬁ2?;?3:;2;?&??;2 trcc)a- quite close to the most stable dimer, we have considered
- i L them too. The geometrical configurations of all the listed

quired to yield the global minimum.

The results of our cluster structure calculations for 0_cluster structures are presented in Figs. 2—6. It should be
. . . 'p noted that the cluster structures are alike for both discussed
tentials | and Il are summarized in Table 1V, where the bind-

. ! otential models.

ing energies and the mean U-U bond length of the clusterg We have depicted in Fig. 2 the three found dimers, the
lowest havingD ,q symmetry, the secon@educed C,y, sym-
TABLE V. Calculated UF cluster structures for the most stable isomers. metry, ar,]d the thlr@?f’ symmetry. Figure 3 shows the qut
E represents the total binding energjg kd/mo), anddyy is the average ~ Stable trimer, exhibitingD; symmetry. Each monomer is
U-U distance(in A). The second and the third lowest dimer configurations connected to its neighbors by double U—F bonds, overlap-
(2" and 2) are also included. ping in the figure and providing a reminder of the double
bond of the second lowest dimer.

anging from dimer to hexamer are listed. The mean U-U

Potential | Potential Il . .
The lowest tetramer, represented in Fig. 4, belongs to the
M E duy E duy Symmetry C5 point group, resembling the compaty symmetry ar-
2 —8.66 5.381 872 5375 Dy rangement of four_ rigi_d spheres. This_ resemblance is under-
2’ —7.84 5.469 -7.93 5.463 Con standable having in view the huge size of the U atom, ren-
2’ —7.69 5.312 —=7.75 5.307 D34 dering the Uk molecule into an almost spherical structure.
i _ig-‘?‘? g-g?; ‘ﬁ-;g g-ggg 23 The most stable pentaméFig. 5 shows a well-defined
- . . - . . 3 . ._ . .
5 6299 5674  —6341 5 669 Cor _(Csh) _symme.try, hav!ng a regular bi pyram|d_shape, and this
6 —86.17 5741  —86.66 5.738 is again consistent with the fact that the uranium atom almost

“swallows” the fluorine atoms.
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: %,
) . . ., FIG. 5. Geometrical structure of the lowest pentamer for potential |I. Poten-
FIG. 3. Geometrical structure of the lowest trimer for potential I. Potential Il ;| yields an identically shaped structure.

yields an identically shaped trimer.

cluster sizeM (Fig. 7). The hexamer does not conform to the
The most stable hexamer, depicted in Fig. 6, exhibits ngeneral tendency of the curves, showing a reduced energy
particular symmetry. However, taking into account the quiteincrement relative to the pentamer. This once more is a con-
close values of the in-plane distances between the U atomsequence of the reduced symmetry of the lowest hexamer.
contained in the ring and the out-of-plane U-U distances, it
follows that the uranium atoms are organized according to ®@. Frequency shifts

distortedOy, symmetry. . .
A general remark, which emerges from Table 1V, is that In our band shift calculations for Fhe_ lél%:lusterg, we
have focused on the fundamental excitation of thevibra-

for both potentials the binding energies never differ by more_ional mode(at 627.724 cm?).

than 1%, with the corresponding average U-U distances dift . .

fering even lesgat most by 0.2% This indicates that the uex\r/:e gﬁéeczlljctllr;t;iicr)ﬁs?olrntgsmis\t/stthaeblfsulltseorf tc))cl)Jtrhfre-
induction contributions, which differentiate our two models, 9 y sh . . . -6 '

are not determining for the cluster structures. Thus, the gedcpr poten'ual I(mcludlng. exchang_e_, dlspe_rsmn,.and. electro-
metrical size of the clusters shows little sensitivity to theStatlc termg and potential ll(additionally including induc-

electrostatic terms, evidencing the fact thatgUérms true :E':; rﬁgﬂgﬁiﬂgrﬁ trﬁ ?h;eZiur:e?f g:; r\zg::zlo'nn;:eﬁggznisc’f
van der Waals clusters, mainly bound by the dispersion at- . . . !
traction. split up into a redshifted parallel banff) (and a doubly de-

It is instructive to plot the incremental binding energy generate blueshifted perpendicular band)(The paraliel

Ey—Em-1 of the most stable isomers as a function of the

FIG. 4. Geometrical structure of the lowest tetramer for potential I. TheFIG. 6. Geometrical structure of the lowest hexamer for potential I. Poten-
shape resulted for potential Il is identical. tial Il yields an identically shaped hexamer.
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24 ‘ TABLE VI. Computed line shiftsAv; (in cm™'), and total transition
strengthsg| ueq|? (in D?) for UFg clusters up to the hexameg.represents
2 | | the degeneracy of the spectral line.
Potential | Potential Il
20 b -
M Avs 9lpod? Avs 9lpol? g
2 8 7 -7.14 0.28 —8.47 0.28 1
3 6l 4.69 0.56 4.14 0.56 2
3 3 -6.41 0.57 -7.61 0.57 2
w14 - . 5.35 0.25 4.48 0.26 2
o5 10.68 0.42 8.62 0.42 1
12 L -
4 -6.16 0.58 -7.41 0.56 2
10 - - —5.66 0.31 —6.65 0.30 1
—A— potential | 9.30 0.53 7.23 0.55 2
gl —— potentiall | | 11.62 0.24 8.73 0.24 1
6 ‘ ‘ | | ‘ 5 —-6.08 0.21 -7.07 0.18 2
1 2 3 4 5 8 7 —4.84 0.42 —5.73 0.43 2
) —4.62 0.59 -5.71 0.56 1
Cluster size M 7.70 0.11 5.65 0.14 1
12.28 0.77 9.00 0.78 2
FIG. 7. Incremental binding energy of small pJElusters.
6 —4.54 0.30 —5.36 0.28 1
—3.64 0.58 —4.68 0.54 1
. . . . —-3.42 0.58 —4.44 0.53 1
band implies collective vibrations of the monomers along the 8.30 0.46 6.28 0.45 1
longitudinal symmetry axis of the dimer, while for the per- 11.64 0.08 8.60 0.11 1
pendicular band, the resulting vibration takes place predomi- 13.24 0.25 9.14 0.28 1
nantly in a perpendicular plane. The differences between the 13.83 0.25 9.43 0.28 1

line shifts corrected up to the second order and the first order
results(added between parenthesispresent the second or-
der corrections, which typically amount to less than 0.5
cm L, shifts and line intensities for the Flusters up to the hex-

In order to identify the interaction mechanism which is amer.
mainly responsible for the frequency shifts, the individual  Figure 8 shows the stick spectra of theduffusters up to
contributions of the various potential terms to the line shiftsthe hexamer, obtained by using potential 1. The lines have
have been evaluated by switching off the rest of the interacbeen denoted according to the sign of the frequency shift:
tions, but considering the same dimer structfobtained with || for redshifted lines and with. for the blueshifted
with the full potential model It can be easily noticed that ones. While the “parallel” lines tend to preserve the red
the electrostatic contributions are by far dominant, and byooundary of the spectra at about 623 cnwith increasing
performing a molecular multipole analysis taking into ac-cluster size, the “perpendicular” lines gradually move to-
count theO,, symmetry of the monomer, the vibrational ward higher frequencies, however with a saturation ten-
dipole—dipole interaction turns out to be the leading mechadency, which brings about an almost non-varying total split-
nism. Furthermore, the effects of the exchange and dispeting when going from the tetramer to the pentamer. Apart
sion couplings can be seen to be completely negligible. Thérom the supplementary splitting in the case of the tetramer,
induction, considered in potential Il, contributes with up to pentamer and hexamer, which is obviously due to the pres-
17% to the total frequency shifts, but as it will be further ence of monomers in non-equivalent positions, the parallel
shown, its inclusion leads to a systematic redshift of thdines seem to be less sensitive to the “compactness” of the
bands for all cluster sizes. cluster(given by the average U-U distandban the perpen-

We have gathered in Table VI the calculated frequencydicular lines.

TABLE V. Contributions of the various potential terms to the ddimer line shifts of thev; mode(in cm
~1). Within parenthesis are given the first order results.

Band Exchange Dispersion Electrostatic Induction Total
Potential | I 0.120.12 -0.06-0.06§ —7.19-7.57) —7.14—7.50

1 —0.01(0.00 0.01(0.01) 4.684.53 4.694.59
Potential 1l I 0.120.12 -0.06-0.06 —7.21(-7.59 —1.46-1.48 —8.47-9.00

1 —0.01(0.00 0.01(0.01) 4.704.59 -0.371-0.37 4.144.02
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0.0 | i i \ .
610 620 630 640 650 Frequency (cm™)

_q
Wavenumber (em™) FIG. 10. FTIR spectra of Ufclusters(Ref. 8 and calculated stick spectra

by using potential Il.
FIG. 8. Calculated stick spectra of YElusters from dimer to hexamer
using potential I. The continuous lines correspond to the most stable iso-

Vrcifgsa;?:dsiﬁ]eectral lines for the second and third lowest dimer are plotteghe experimental bands situated around 623, 632 and 640

cm 1. Whereas the peaks at 623 and 632 ¢ralso contain
contributions from the P and R branches of the monomer
As theoretical counterpart for our calculations, we havespectrum, the peak at 640 crhis clearly due to the presence
chosen the recent FTIR spectroscopy measurements of Taof the UFR; clusters solely, because it does not practically
imura et al,® actually the only available experimental data appear in the spectrum at 1.3 Torr. Since our calculations do
about the UF clusters. Figure 9 shows the FTIR spectra ofnot evidence dimer lines around 640 chy it follows that
the v band of UR seeded in Ar at a mole fraction of 0.08 this peak should be attributed to the higher clusté&imer,
mol/mol and total pressures equal to 1.3, 3..0, and 5.0 Toritetramer and so gnwhich are consequently formed only at
along with the stick spectra for all cluster sizes up to thetotal pressures above 3.0 Torr. It is also noteworthy that in
hexamer obtained with potential I. Figure 10 shows the saméhe blueshifted band around 632 chithere are only contri-
experimental spectra, along with the stick spectra obtainetiutions from the dimer and the trimer, while in the redshifted
with potential Il. As it can be seen from Fig. 9, the calculatedband around 623 cht, there are contributions from all clus-
stick spectrum for potential | reproduces the overall aspect ofer sizes. We did not find any theoretical line corresponding
to the peak around 610 cm, appearing in the FTIR spec-
trum at 3.0 Torr, but it is likely to be due to small EHAr

0.10 : : ‘ : 2.0 clusters, even though the frequency of thenode of UK in
monomer Ar matrix has been reported to be 619.3¢hi’
0.08 The theoretical stick spectrum obtained with potential Il
(Fig. 10, is more compact than the one for potential | and it
e is not organized into the three groups which have been at-
0.06 Sy tributed to the experimental bands situated around 623, 632
2 £ and 640 cm'. Hence, it seems that the inclusion of the
g 0.04 110 g induction interactions in our potential model worsens the
2 s agreement between the calculated spectrum and the experi-
< G mental evidence. Consequently, it seems that the inclusion of
0.02 2 the induction with the available polarizabilities is rather in-
{05 appropriate.
0.00
| IV. CONCLUSIONS
-0.02 L I

500 610 620 630 640 g A new site—site intermolecular potential for kJFcom-
prising exchange, dispersion, electrostatic, and induction
contributions, is presented. The effective charges assigned to
FIG. 9. FTIR spectra of Ufclusters(Ref. 8 and calculated stick spectra by the U atom and the six additional “electronic” sites situated
using potential I. on the U-F bonds are chosen such as to account for the

Frequency (cm")

J. Chem. Phys., Vol. 106, No. 14, 8 April 1997



Beu, Onoe, and Takeuchi: Small UFg clusters 5919

observed vibrational transition dipole moment of thegUF J. Geraedts, S. Stolte, and J. Reuss, Z. Phy30A 167 (1982; J. Ger-
monomer. The coefficients of the exp-6 part of the potential aedts, M. Waayer, S. Stolte, and J. Reuss, Faraday Discuss. Chem. Soc.

. . e _ 73, 375(1982.
for uranium are determined by fitting the calculated tempera 2M. Snels and R. Fantoni, Chem. Phy€9, 67 (1986: M. Snels and J.

ture dependence of the second virial coefficient of tFthe Reuss, Chem. Phys. Lett40, 543 (1987).
experimental evidence. Two variants of our potential model®F. Huisken and M. Stemmler, Chem. Phy82, 351(1989.

(one neglecting the induction interactions, and the other oneB- Hgiime”r A. Bizzarri, S. Stolte, and J. Reuss, Chem. Phgg, 331

including them are applied to compute \JFcluster struc-  s57\y", \an Bladel and A. van der Avoird, J. Chem. Phgs, 2837
tures up to the hexamer. The average U—-U distance and thgiggy.

incremental cluster binding energy are employed to correlat€A. Boutin, J.-B. Maillet, and A. H. Fuchs, J. Chem. Phg8, 9944(1993;

the “compactness” of the found cluster structures with their a-ggg)“ti”' B. Rousseau, and A. H. Fuchs, Chem. Phys. 128 122
symmetry properties. It is shown that yﬁrms true van der. 7T, A. Beu and K. Takeuchi, J. Chem. Phy€3 6394 (1995.

Waals clusters, mainly bound by the dispersion attraction®s. Tanimura, Y. Okada, and K. Takeuchi, J. Phys. Ch&o0, 2842
the effect of the induction interactions being negligible. (1996.

. . . . 9 .
A second order line shift formalism is used to calculate éhéaniirhn;sssgngoIé 598‘37)0“9“' Chem. Phys. L&80, 297 (1986; J.
the IR-spectra of the found Felusters in the region of the 10, Buckingham, Proc. R. Soc. London, Ser248 169 (1958; ibid.,

v4 vibrational mode. The contributions to the line shifts from 255 32(1960; Trans. Faraday So&6, 753 (1960.
the various interaction terms are analyzed and it is found thatK. C. Kim and W. B. Person, J. Chem. Phye, 171 (198).

12
: : : : _**M. Pepper and B. E. Bursten, J. Am. Chem. Sbt2, 7803(1990.
the electrostatic coupling is dominant. By a molecular mul 13R. A. Aziz and W. L. Taylor Final Report: Intermolecular Potentials for

ti.pole.analys_is, this |§‘rge Fomribu.tion can be attributed to the pexafluoride GasedVILM-3611, Oct. 31, 1989, for the U.S. Department
vibrational dipole—dipole interaction. The calculated spectra of Energy, Contract No. DE-AC04-88DP43495.
compare favorably with the available experimental FTIR'A. Dalgarmo, inQuantum Theoryedited by D. R. BategAcademic, New

spectra from the literature. The inclusion of the inductionlséor;’ 1\?\/?@6” 3. C. Decius, and P. C. Croddolecular Vibrations

interaction produces a systematic redshift of the spectra for (vcGraw-Hill, New York, 1955.

all cluster sizes and renders the inclusion of the inductiort®G. HerzbergMolecular Spectra and Molecular Structure. I1. Infrared and

interaction with the available atomic polarizabilities rather RaTZaS” Spectra of Polyatomic Molecule&an Nostrand, Toronto, 1945
p. .

Inappropriate. 17C. W. F. T. Pistorius, J. Chem. Phy29, 1328(1958.

18], P. Aldridgeet al, J. Chem. Phys83, 34 (1985.

9. Hedberg and 1. M. Mills, J. Mol. Spectrost60, 117 (1993.
A, R. Hoy, I. M. Mills, and G. Strey, Mol. Phy24, 1265(1972.
213. Onoeet al, J. Chem. Phys99, 6810(1993.

22M. A. Spackman, J. Chem. Phy&5, 6579(1986.

ZR. G. Gordon and Y. S. Kim, J. Chem. Ph{, 3122(1972.

ACKNOWLEDGMENTS %Gmelin Handbuch der Anorganischen Chemie, 8th ed., Uranium Suppl.
Vol. C8, 1980.
One of the author§T.A.B) would like to express his *°J. O. Hirschfelder, C. F. Curtiss, and R. B. Bifdolecular Theory of
thanks to Dr. S. TanimuréRIKEN) for providing him with Gases and LiquidéWiley, New York, 1954,

. . . . 2. H. Stroud, Approximate Calculation of Multiple IntegraléPrentice-
the experimental FTIR spectra prior to publication, and for 5 Englewoogpc"ﬁ& 1971 P 9

explanations on the experimental techniques. 2'R. T. Paineet al, J. Chem. Phys64, 3081(1976.

J. Chem. Phys., Vol. 106, No. 14, 8 April 1997



