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A new second order perturbation approach for evaluating the splittings and shifts of the vibrational
bands of homogeneous molecular clusters, consistently treating degenerate normal modes, is
described. The Hamiltonian of the system comprises harmonic and anharmonic intramolecular
vibration terms, and the intermolecular potential. The anharmonic intramolecular contributions and
the intermolecular potential are treated as a perturbation. A new site-site intermolecular potential
model for Sk, 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 JFeluster structures up to the hexamer and, by means of the new line shift
formalism, to calculate the corresponding IR-spectra in the region of3hgbrational mode(at
947.968 cm'). The contributions of the various potential terms to the frequency shifts are analyzed
and the leading interaction mechanism is confirmed to be the electrostatiGinopiécitly the
resonant dipole-dipole coupling The theoretical spectra are shown to fairly describe the
experimental evidence when considering only exchange, dispersion and electrostatic interactions.
With the available atomic polarizabilities, induction seems to lead to a systematic redshift of the
entire spectrum for all cluster sizes. The structure of the cluster vibrations is investigated in terms
of the individual monomer vibrations and is correlated with the found geometrical cluster
configurations. ©1995 American Institute of Physics.

I. INTRODUCTION periments is even more interesting when combined with a
cluster size selection method, allowing for a more detailed
Investigation of the structure and dynamics of moleculartheoretical interpretation. In their measurements og Es-
clusters by spectroscopic methods, especially through micraers, Huiskenet al® have used the size-selection technique
wave and IR techniques, has achieved outstanding advancgsroduced by Buck and Meyérwhich is based on the de-
in the last few years. However, the profound understandingdlection of the molecular beam by scattering from a second-
of the intermolecular interaction mechanisms could not haverry noble gas beam.
been possible without the assistance of complex theoretical Unfortunately, quite often the observed IR-
approaches, developed in order to facilitate the analysis qgfredissociation spectra display broad, rather poorly struc-
the observed spectra. tured peaks. To reduce the congestion of lines and the patrtial
Over the last two decades there has been quite a greaverlapping of the cluster spectra, Heijmenal® have per-
experimental and theoretical interest in the SF formed two-laser experiments. In such “pump and probe”
clusterst="2°% and especially in the spectroscopy of the experiments, the fixed-frequency probe laser labels cluster
bands attributed to the; vibrational mode of the monomer |evels for a certain cluster species, while the pump laser is
(v3=947.968 cm*). Obviously, the particular interest in the scanned to identify IR-predissociation frequencies connected
v3 mode has been mainly a consequence of the similaritiegith the labeled cluster states.
between Sk and the more challenging dRystem. The most successful theoretical model employed up to
Since the threefold degeneratg vibrational mode of now to quantitatively describe the frequency shifts of the
SK; is IR-active, it can be excited by GQaser radiation in  p, vibrational mode in the SFclusters, has been the dy-
IR predissociation experiments® Typically, in such experi- namical dipole-dipole interaction model of Geraedtsal®
ments a beam of clusters containing IR-active molecules iThis model explains thé—2\):\ ratio of the shifts of the
formed in a supersonic nozzle and expanded into a vacuumbserved parallel and perpendicular bands of thg @fer
chamber, where an intramolecular mode of vibration is exby simply adjusting the quantity, resulting from the ana-
cited by the IR-radiation. Energy relaxation may subsedytical diagonalization of the dipole-dipole interaction. By
quently lead to predissociation of the clusters, causing a daising the monomer transition dipole momeng;=0.388 D
crease in the beam signal. As a direct result of the mutuabf Fox et al.® the model predicts a realistic intermolecular
interaction of the molecules within the cluster, the spectrakeparation, although it operates with structureless monomers.
bands that have been found appear shif@ad sometimes In the elaborate approach of van Blagelal,’ the ana-
also spli} with respect to the corresponding gas phase ablytical formalism has been developed specifically for treating
sorption frequencies. The information gained from such exdimer frequency shifts in the first order of perturbation
theory, with the focus on the §F SiF,, and SiH, dimers.

30n leave from the University of Cluj-Napoca, Department of TheoreticaIThe model potenti_al calt?ulations f(ﬁFG).Zv bas?d on _atom'
Physics, 3400 Cluj-Napoca, Romania. atom exchange, dispersion, electrostatic and induction terms,
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result in a realistic dimer structure, confirm the dominantby fitting the calculated second virial coefficient to experi-
character of the resonant dipole-dipole coupling, but undermental data. In order to elucidate the role played by the
estimate the corresponding line shifts, and do not establisimduction coupling in the case of the Sélusters, we employ
any correlations between the obtained theoretical spectra, theo variants of our potential model: one neglecting the in-
individual monomer normal modes, and the found dimerduction interactions, hereafter referred to as “potential I,”
structure. The main reason for the underestimation of th@nd the other one including them, hereafter called “potential
frequency shifts lies, in our opinion, in the inappropriate ef-11.”
fective charges assigned to the atoms, which reproduce the Section Ill C is devoted to the description of the struc-
monomer transition dipole moment of Fex al. rather than  tures we have obtained for the §Elusters ranging from
the more recent and accurate value due to Kinall° Fur-  dimer to hexamer by using the two variants of the new po-
thermore, the potential model of van Bladsial. has not tential model. The results, regarding binding energy, symme-
been fitted to any macroscopic propertigach as virial co- try properties and geometrical size, are compared with those
efficients or viscosities These very deficiencies have been obtained by using other potential models from the literature,
the stimulus for our attempt to establish anyS¥F; potential ~ and the incremental binding energy of the clusters is exam-
model that more accurately describes the experimental evined.
dence. In Sec. Il D, the results of our frequency shift calcula-
Recently we have published a second order perturbatiotions, performed by means of the new perturbation formal-
approach for evaluating the frequency shifts of homogeneoui§m, are described in detail. The contributions to the fre-
molecular clusters! The formalism consistently treats the quency shifts from the various interaction mechanisms are
degeneracy of the cluster states emerging from the identity cinalyzed and the theoretical spectra are compared with the
the constituent monomers, however, degenerate vibrationgxperimental evidence and previous theoretical results. The
modes of the monomers are not being taken into accoun@ppropriateness of the inclusion of the induction interactions
The underlying idea, extracted from early publications ofin the potential model is also discussed. Finally, in Sec. Ill E
Buckinghan? concerning the frequency shifts in the IR or the contributions of the individual monomer vibrational
Raman spectra of chromophores under the influence of godes to the overall cluster vibrations are investigated, and
solvent, is to treat the anharmonic contributions to the inthe shifted spectral lines are correlated with vibrations of
tramolecular force field and the intermolecular potential as #articular morphological monomer groupings within the
guantum mechanical perturbation of the molecular vibration§lusters.
(described in the normal mode representatidie resulting
first order formulas are equivalent to those of Butkal,™
nevertheless, in the more complex second order, substantigl THEORETICAL MODEL
differences arise by considering the complete basis set of the
state space.
In Sec. Il B we present the generalized formulation of  The total cluster Hamiltonian may be written as
our previously published approach, which now also takes

A. The Hamiltonian

into account the degeneracy of the monomer vibrational heSN-6 M
. : c
states, an essential aspect for correctly calculating the fre- =—=> > ol (P2, +92,)
guency shifts of the Sfclusters corresponding to the three- r=1 m=1
fold degenerate’; mode. The potential model we employ to he3V-6 M
determine the geometrical structures and line shifts of the E E E brstUrmAsnltm+ U, (1)
s,t=1 m=

SF; clusters, comprising exchange, dispersion, electrostatic
and induction contributions, is described in Sec. Il C.

Basic input data for the cluster structure and frequencywhere the first sum describes the uncoupled harmonic oscil-
shift calculations(the harmonic monomer frequencies, thelations, the second sum is the anharmonic correction, while
displacement-matrix, and the transformed cubic force con- U represents the intermolecular potential. Hexeand ¢,
stants¢,s;) are derived as part of the normal mode analysisare the harmonic frequencies and the cubic force constants in
of the monomer. The accurate treatment of thg ®Bnomer  units of wave numbers, respectivety,.,, and p,, are posi-
spectroscopy implies the refinement of the intramoleculation and momentum operators associated with the normal
force field and the result of this approach, as well as thanoder of moleculem. M stands for the number of identical
transformation principles of the cubic force constants ofN-atomic molecules. The first two sums of the Hamiltonian
SFK; from valence to normal coordinates, are presented iril) describe the conventional normal mode approach for the
Sec. Il A. individual molecules including cubic anharmonicities.

The details of the adjustment procedure of the intermo-  The intermolecular potentidJ is a function of both the
lecular potential parameters are described in Sec. Il B. Algeometrical arrangement of the molecules within the cluster
though our potential model has a functional form similar toand the vibrational coordinates of each molecule. Taking into
that of van Bladelet al, the effective charges we have as- account the different orders of magnitude of the vibrational
signed to the atoms reproduce the more accurate monomdisplacements of the atoms and the intermolecular separa-
transition dipole moment valuguy;=0.437 D of Kim tions, the interaction enerdy may be cast in the form of a
et al,'% and the dispersion coefficients have been determinefower series with respect to the normal coordinates
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SNZ6 My This approach is ultimately legitimated by the different
U=Uop+ > D — 0 orders of magnitude of the intra and intermolecular interac-
r=1 m=1 q”“ tion forces, reflected by the generally higher intramolecular

13N-6 M 52U vibration frequenciegwith typical values of 1000 cmt)
> T o I R (20 than the intermolecular vibration frequenci@sith typical
rs=1 mr=1 JqrmdQs| values of 10—100 cm').

whereUy is the interaction energy of the molecules frozen in
their equilibrium position and all derivatives are expressed
with respect to this position keeping all but the explicitly
implied normal coordinates constant.

In view of the fact that the Hamiltoniafl) is dominated In order to evaluate the fundamental frequency shift of a
by the harmonic terntfirst sunj, which in addition allows particular monomer normal mode due to the interaction of
for a full analytical diagonalization, providing a basis set forthe molecules within the cluster, one has to determine the
the Hilbert space of the cluster states, the anharmonic tershifts of the ground state and of the first excited state of that
and the intermolecular potential can be treated as a perturbapecific normal mode. Within the framework of the station-

B. Perturbation approach for cluster frequency shifts

tion ary perturbation theor¥# both the first and second order en-
IN-6 M ergy corrections are expressed in terms of the perturbation
W= — +U 3 matrix elements, which, for further convenience, can be de-
6 Et: E: PrstrmTsnfhn ® tailed in the present case as follows:

3N-6 M 3N6M

9?U .
<aJ|W| n> U 5np5u+ Z E <ap|Qrm|an>+ 2 E 2 <ap|qr2m|aln>

aqrm
3N-6 M 2 3N-6 M

. . hc ) .
<ajp|qerSl|aln>+ F E E ¢rrr<alp|qr3m|aln>
r=1 m=1

1

+ — N

2r,s=1 m,I=1 aQrm‘;(:]sl
m#1

r=s

CSN*G M hC3N*6 M
+ 2 2 E ¢rrs<alp|qr2mqsm|aln>+ 6 2 E ¢rst<al;)|qrmqsnﬂtm|aln>' (4)
rs=1m=1 rst=1m=1
r#s r#s#t

The eigenvectors of the unperturbed Hamiltonian maythe only non-vanishing matrix elements fqf,,q2,, and
be set up as products of the state vectors for all harmoniq?m imply states which differ by not more than three quanta,

normal modes of all molecules: the only candidates fdmL) in formula (4) are of the form:
3N-6 M |0>
lapy =TI TI lafm), (5) '
r=1 m=1
|Lm),

where, for each energy stateand degeneracy, the set of
integers{a;,,} describes a particular combination of excita-

tions of the individual normal modes of each molecule. Un- [2em) [ Lemls, ©
fortunately, due to the fact that the degenerggyiffers for

the different energy states, the notatilorL) is neither sug- [3rm):[2rm L) | LemLoiLuc),

gestive nor useful. Bearing in mind the typically low number

of individual excitations that result in non-vanishing contri- — [4rm).|3rmLs):|2rm1silee) | Lrmdsiluluj)-

butions to the matrix elementsy|W|a;), a notation sug-
gesting only the individual oscillator quantum states whichThe relevant matrix elements of the powers of the individual
differ from the ground state seems more eloquent. For exaormal coordinates|,,, are obtained by means of the stan-
ample, the total cluster state in which thth mode of the dard harmonic oscillator algebtaand are given in Appen-
mth molecule is simply excited and tlsth mode of thdth  dix A.
molecule is doubly excited could be represented by In order to simplify notations by omitting the limits of
|1,m261)- the indices, the following convention will be uséexcept
As already pointed out, to determine fundamental linewhere otherwise specifigdindicesi throughm stand for
shifts, only the shifts of the ground std@) and of simply  molecules, running over values from 1Nb, while indicesn
excited state$l,;) need to be evaluated, i.e. in expressionthrought designate normal modes, running over values from
(4) | ay,) is either of form|0) or |1,;). In view of the fact that 1 to 3N—6.
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The first order correction to the non-degenerate groundhrough the reduced perturbation matrix elements solely on
state energy is readily obtained as the mean value of thine curvature of the intermolecular potential, hence refer

perturbation in the ground state both to the harmonic and observed frequencies, which turn
out to be equally shifted to first order. Consequently, sticking

(1)—(0|W|0> Uo+ 2 2 (7)  tothe convention to denote harmonic frequenciesvbyand

m aQrm anharmonic or observed frequencies by the notation,

Since the present approach is conceived for clusters oh ¥4, is justified.
identical polyatomic molecules with eventually degenerate ~ The second order energy correction for non-degenerate
vibrations, the degeneracy of a simply excited energy leveptates can be formally written in the case of the ground state:
E, equals the product between the numberof molecules
in the cluster and the degeneragyof the implied monomer | & [(ablW|0)?
state, and under the influence of the intermolecular potential, €0 = — > =
the energy level is shifted and split up inggM sublevels PrOI=t P
E,.. The corresponding first order energy correctiai{s being, as one may notice, essentially negative. Replacing in
result in eigenvalues of the perturbation matrix in the reprethe above relation the non-vanishing perturbation matrix el-
sentation defined by the vectofs,;) which span the sub- ements of the form(a}|W|0) given in Appendix A, one
spacel’ of the considered energy state. The perturbation maebtains after some term rearrangements:
trix elements are given by

Wni,n'i’=<1ni|W|1n’i’> €0 - m = wr I¥rm Z - ony
1 #*U 1 U
Ug+ 42 2 7| P B+ 5 1 1 PU |2
qrm Ani G 8hcts ml o+ ws| dq;mdds
Observing that the expression within parenthesis is that of )
the first order ground state correctias}”), and defining the ~ Mhc Prst
reduced perturbation matrix elements 48 Gh ot wgt oy
. 1 92U The terms depending only on the cubic force constents

Wi i =Whinrir — €67 S 850 = 299,900 (8)  (describing, as already pointed out, the anharmonic correc-
neEn tions of the monomer frequenciehave to be eliminated
the corresponding eigenvalue problem, explicitly in the above relation. Thus, the expression of the

second order ground state correction simplifies to

M
2 E [Wni,n’i’_hCAvgli)énn’éii’]Cn’i’,nizou 1 1 Ju hc 2
n'eli'=1 egz)——— E —( +_E d’ttr)
2hc r m W (?qrm 4 t
i=1,2,...M,nel’, (9 L L 20 |2

directly vyields the first order frequency shifts - mrzs 2 ot g 9 maq |) (10
AviP= (V- €M) /hc for the fundamental excitation from o T s s
the ground state to the simply excited levélg. As is ap- In the case of simply excited statg4,,), the general

parent from definitior(8) of the reduced perturbation matrix second order energy correction for degenerate excited states
elements, the first order line shifts are independent of theakes the forr

intramolecular force constants, depending only on the curva-

ture of the intermolecular potential. The diagonalization of

the reduced perturbation matrix provides, besides the first ed)= > 2 Cor n|Cn//|Nm ﬁ,f i
order frequency shifts, the coefficients; i/ (as eigenvec- n.n"el i',i"

tor components which satisfy the completeness relation

SorerZirlenri nil?=1, and which further enter the expres- nel',i=1.2,...M,

sions of the second order line shifts.

The first order frequency shifts derived so far refer in
principle to the harmonic monomer frequencies, which also
characterize the unperturbed state of the cluster, i.e. the ideal () 2 Ep (Lrin| W] )| W] Ly >
state with harmonically vibrating independent monomers. In €ni,nrin = peT = EO EO
order to evaluate cluster line shifts with respect to observed
monomer frequencies, only terms describing the influence oReplacing the non-vanishing perturbation matrix elements of
the intermolecular potentidl have to be retained, eliminat- the form(a|W|1,) listed in Appendix A, and employing in
ing terms dependingnly on the cubic intramolecular force principle the same techniques as for the second order ground
constants, which merely account for the anharmonicity of thestate correction, one obtains f@h i» after some quite
monomer frequencies. The first order line shifts, dependingumbersome calculations:

with

it n”
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5 ’ //5'/'" 3_5 ! aU hC (1_5 ! /!)6'/'// 4+5 /+5 n
(2) . n’'n”9i’i rn n'n”) Oi’j m rn
it opmin T + — rntr
En i’,n"i 4 2 o, (&qri’ 4 2’[ d’ttr) ¢n n'r 8 Z w,
U hc 1 1 #?U 9?U
X + 0 rn! + DTN
aql'i’ 4 2 ¢ttr) ¢n mr 4hCr§F % Wn— Wy aqn!i!(yqrm aqnui//aqrm
1 S 1 d%U 9?U 5n’n”5i’i"2 s 1/ oU N hcE 2
4hes F wnt o dnidGrm d9nrirddim 2he 7 7 o \dm 45 e
_ 6n’n”5i’i” 1 &ZU 2. (11)
8hc 15 mil o+ ws| dqmdds)

Eliminating the terms depending only on the cubic force constapts and observing thatgz) given by Eq.(10) cancels out
the last two sums in the expressionejt), .., the second order line shith v(2)= (2~ e{?))/hc, may be finally cast in the
form

2
Angi): 2 E Cn’i’,niC:"i",niAV:w:',n"i"1 (12)
n/’nNEF i/,i”
where
Ay(z) __ 5nrn776i!i772 3_5”1! 19U ¢ _ (1_5nrnn)5irinz 4+ 5rn’+ 5”-'// (?U
nli/,n”i/l 4hC - wr aqul n’n/r 8hc - wr aqul n/n”r
1 1 9*U a*U 1 1 3?U 9?U
+?2 = ~am I . (13
4(hc)5er ‘W wn— o dUyi I urindrm  4(hC)“ T ‘& @t o dUnirdGrm dGqrindGim

Generally, the most significant contributions to the sec- 1
ond order line shifts are due to the first term of Ef3), Hor=—= 2 E
coupling the generalized intermolecular forcegU/dq;;- V2i7cr
with the intramolecular force constants ., . Itis notewor-  where q, are atomic chargesafa, is the rotation matrix
thy that the second order shifts do not dependaircubic  which characterizes the position of molecmién the cluster,
force constants, but only on those implying states belonging,,q Tga are elements of the displacemdnmatrix, which
to the subspac& of the considered normal mode. The last ;g5 its from the normal mode analysis of the monomer.
three sums in Eq(13) are essentially less important due to
the presence of the cubic force constas,», (coupling
two different substrates’,n” e I'" with a third on¢ and of
the second order derivatives of the intermolecular potential, One of the crucial aspects in performing structure and
respectively. However, through the resonance terms corfrequency shift calculations for clusters is the choice of a
tained in the third sum, close lying levels can sometimegealistic intermolecular potential function. Due to the com-
substantially contribute to the frequency shift. plexity of the calculations, it is desirable that the potential

The total frequency shift of a particular cluster spectralcombines the ability of accurately describing various proper-

band obviously results from the sum of the corresponding}ies of the system with a relative analytical simplicity. From
. . 1 2 the potential energy hypersurfaces available in the literature,
first and second order shiftd v, =A vV + A3 P 9y hyp

An approach for the numerical evaluation of the inter- Site-site potentials seem to be competitive candidates for

. o X ; tractable numerical solutions.
molecular potential derivatives with respect to the internal . . .
The functional form of the intermolecular potential we

coordinates, needed in the formulas of the frequency Shiftsr‘lave chosen for calculating the structures of thg G&sters

is described in Appendix B. and the corresponding vibrational frequencies shifts com-

The relative importance of the cluster spectral lines Cor'prises exchange, dispersion, electrostatic, and induction

responding to a particular vibrational mode can be judged Oksrms. A similar model was previously employed by van
the basis of the transition strength, which can be calculateggge| et al” for SF,, SiF,, and SiH, dimer calculations.

as the squared cluster transition dipole moment weighted bpne of the important features of this potential type, is that
the degeneracy of the cluster state. In Appendix C we derivgeing based on site-site interactions, it depends on the rela-
for the Cartesian components of the cluster transition dipoleéive atom positions, thus implicitly depending on the internal
moment the approximate expression monomer vibrational coordinates.

*
Cn’m,ni’

2 QaE, A:a’Tg;’

a a

(14

C. The intermolecular potential model
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The repulsive exchange and the attractive dispersion inFABLE I. Experimental vibrational frequencies [McDowell et al(Ref.

teractions are represented by standaxp-6 terms: 19)] and refined quadratic symmetry force constdjsfor the Sk mono-
mer.

M—-1 M
yexche 2 2 E 2 Ajj exp(—Bjjrij), (15) i

T y (em™b) Fi; (mdyn/A)
M=1m'=m+1i€mMjecm’
1 Ay 773.6 6.69896
and 2 E, 642.1 4.61508
M—1 M c 34 = 947.968 5.30319
disp__ ij 615.03 —-0.89981 1.03430
U= — 2 2 2 2 6 (16) 5 F 522.9 0.76516
= ’ f ’ o 29 " )

M=1 M =m+11€Mjcm rl]

6 Fay 346.0 0.67003

respectively, where;; is the distance between atoimbe-
longing to monomem and atomj belonging to monomer
\ .

m’. The electrostatic term monomer conforms to this symmetry and, according to the
eIec_Mil M aiq; irreductible representations of th@;, point group® it fol-
U= mZzl 2 izm Z T lows (by applying the selection rulgshat such a structure

mi=ml TET jemt T will give rise to one nondegenerate typl, vibration

implies the fractional effective chargeg placed on the at- (), one doubly degenerate tyf®, vibration (v,), two
oms, such as to account for the vibrational transition dipolezoupled triply degenerate tyge,, vibrations (3, v,), one
moment of the monomer. The induction potential containgriply degenerate typE ,4 Vibration (vs), and one triply de-
three-body terms: generate typer,, vibration (vg). The F, vibrations are

M M M . IR-active, while theA,y, E,, andF 4 vibrations are Raman

DRI % i active. The symmetry coordinates corresponding to the
M=1 m'=1 m'=1 €M jem’ kem’ Tijlik above symmetry species are described by Pistdfius.
m’#=m m”’#m

17

Uind:_} sl )
2 ij"lik/»

In our calculations on the $Amonomer, we have em-
describing the interaction between the chaggérom mol-  ployed the S-F bond length of 1.564 A found by Ewing
et al!® in an electron diffraction study, and the quadratic

intramolecular force field derived by McDowadt alX® from

eculem’ and the dipole induced at siteof moleculem by
the chargeq, from moleculem”. In a simplified writing,

which takes advantage of the interchangeable roles of theonventional IR-, diode laser-, and Raman spectra. Regard-

“‘inducing” charge g; and of the “probing” chargey, evi-

ing the force field, the accuracy of the listed symmetry force

dencing at the same time the total induction field, the inducconstantsF,, Fos, Fa3, F34, Fas, Fss5, and Fgg is not
tion potential may be conveniently described by fourfold sufficient to allow for the observed frequencies to be exactly
rather than sixfold sums: reproduced. Moreover, since the second order frequency

2 shifts of thev; vibrational mode of S§;, on which we focus

M M A
yind= _ EE 2 a; 2 2 qigii (18) in_this work, typically amount_ to se_veral tenths_ of a‘c_‘m as
2m=1 i'em m'=1jem’ i will be shown in Sec. Ill D, implying the decimal digits of
m’#m the resulting frequencies, a previous refinement of the force

In our calculations, we employ two variants of the aboveconstants provided by McDowet al. is necessary. The re-
potential model: the first one, designated in what follows adinement procedure was accomplished usingaiem20 pro-
“potential I,” does not include the induction term, while the gram of Hedberg and Milf§ and the resulting force con-

second, denoted as “potential II,” includes all the interac-stants are listed, along with the observed frequencies, in
tions. Table I.

In Table Il we give thd-matrix elements yielded by the
normal mode analysis of the §fonomer, and correspond-
ing to one of the substates of the threefold degenerate
mode (for the two other substates, the same non-zero ele-

As shown in Appendix B, for the evaluation of the inter- ments occupy they and z columns, respectively They
molecular potential derivatives with respect to the vibrationalshould be regarded as Cartesian displacements of the implied
coordinates 4U/dq,y,, d°U/dq%,, and#?U/dq,mdqs) oc-  atoms for the unitary increment of the normal coordinate.
curring in the frequency shift expressions, the so-called In order to accomplish the transformation of the force
[-matrix of the monomer is needed. Thenatrix describes constants from symmetry to normal coordinates, obtaining
the linear relationship between the Cartesian displacement
and the normal coordinates of the atoms and results as part of
the normal mode analysis of the monomer, performed aCIA_BLE !I. Displacementl-matrix for the v; mode of the SF monomer
cording to the well-known G-F method of WilséhWithin ~  mensioniess
the present approach, tthematrix (besides the cubic force
constantsp,s;) thus models the coupling between the intra-

Ill. RESULTS

A. Intramolecular force field of SF 4

l [

I,

: , S atom —0.78799 0.0 0.0
and intermolecular force f|elds. axial F atoms 0.43164 0.0 0.0
The molecules and ions of the type XYhave been equatorial F atoms 0.04011 0.0 0.0

proved to possess in most cas®g symmetry. The Sf
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the cubic force constanis,s; which enter the expressions of placements of the atoms, which can contribute through asso-
the second order line shifts, we have applied thtensor ciated effective charges to the description of the observed
method of Hoy and co-workefs.The internal valencéor  transition dipole moment. The effective charges assigned to
symmetry coordinatesR; can be expressed in terms of nor- the atoms in order to reproduce the experimental monomer

mal coordinate€), by a non-linear transformation transition dipole moment0.388 D have been-0.56% for
the fluorine atoms and, correspondingly, 238r the sul-
R=2 L{Q+2 L{*QQs+ X L®QQQi+- -, phur atom.
r r,s r,s,t

As a reference for determining the effective atomic

where the elements of thetensorL!, LIS, LI, ..., have to charges of the SFmonomer for both our potential models,
be interpreted as first, second, and third order derivatives d¥¢ have considered the transition dipole moment value
the internal coordinat®; with respect to the normal coordi- #01=0.437 D of Kimet al. The effective charges have been
nates. In particular, the formula for the transformation of thec@lculated accordingly from the expression of the monomer
cubic force constants from symmetry to normal coordinatedransition dipole moment derived in Appendix C,

is:

n

1 -
¢rSt:i,JZ,k FijkLirLstL-i-iZj Fi (LPPLS LS+ L. M01ZE§ Qal aa -

Since for the SF monomer only quadratic symmetry force

constants,F;;, are available, the transformed cubic force Py imposing the additional condition of monomer neutrality.
constantse,s; merely account for the nonlinearity of the In the above relatiom is the atom index and is the Car-
transformation of the quadratic force field of the monomertesian coordinate index. TH§, components result from the

from symmetry to normal coordinates. I-matrix elements given in Table Il by applying E(B2).
Thus, we obtain for the effective charges of the fluorine and

sulphur atoms the values0.637% and 3.822, respectively.
Since they are intended to describe a monomer property, the
In Sec. Il C we have presented the two intermolecularsame charges can be employed in both our potential models.
potential models we have used in our structure and line shift ~ As regards the coefficien#;;, B;;, andC;;, defining
calculations for the SFclusters: potential 1, neglecting the the exchange and dispersion potentials given by ELfS.
induction interactions, and potential I, including them. In and (16), they can be constructed from the coefficients
order to make our models as realistic as possible, we hav®ii, Bji, and C; of the individual atomic species by
adjusted their parameters in accordance with two macroapplying the standard combination rules,;=VA;A;;,
scopic aspects: the monomer transition dipole moment anB;; = (B;; +Bj;)/2, andC;;=/C;;C;;. For sulphur and fluo-
the temperature dependence of the second virial coefficientine, among other atomic species, such coefficients have
Our first concern in modeling the intermolecular poten-been reported by Spackm&hand have been used by van
tials was to choose the effective atomic charges such a  Bladel et al. in their dimer structure and line shift calcula-
way as to exactly reproduce the observed transition strengttions. ForA;; andB;;, describing the short range repulsive
of the v5 vibration in the SE monomer. atom-atom interactions, we have considered the same values,
Up to now, irrespective of the approach used to describ@btained by Spackman from fits to accurate calculations
the structures and frequency shifts of the, 8Risters, all the based on the Gordon-Kim electron gas mddeAs for the
published results’ were based on the monomer transition dispersion coefficient€;; , describing the long range inter-
dipole momentuy,=0.388£0.02 Debye reported by Fox action of two non-polar species, they have been derived from
etal.,® ignoring the more recent and accurate value ofexperimental and theoretical atomic dipole polarizabilities
0.437+0.005 D of Kim and co-worker¥ Historically, the ~and Cg constants and are claimed to be accurate to only
preference for the value of Faet al. has probably been due 5-15%. Moreover, in an attempt to model the fluorine and
to the fair explanation of the dimer spectrum obtained withsulphur atom interactions within the §Elusters, the disper-
the dipole-dipole interaction model of Geraedtsall?  sion coefficients of both atomic species are most likely to
Since in this approach for the description of the cluster specehange due to the additional polarization effects, and thus
trum it is sufficient to fit a global parametar, in terms of become the main candidates to be adjusted in a fit procedure
which the line shifts can be expressed-a2\ and\, and  against experimental virial coefficients.
which formally depends on the transition strengtfﬁ, the The second virial coefficient is a valuable synthetic
accuracy of the actual transition dipole moment is evidentlygquantity for the characterization of intermolecular potentials
not critical. This conclusion holds, however, only for the and many successful empirical and semi-empirical potential
particular model of Geraed&t al. models have been obtained by fitting to experimental data for
The same monomer transition dipole moment value hashis property. The pair potential for two molecules is in gen-
been used later on in the more sophisticated approach of varal a function of 12 coordinates, three position coordinates
Bladelet al,” based on a site-site potential similar to the oneand three Euler angles for each molecule. It is always pos-
we are employing. Since this approach deals with a dimesible to choose a coordinate frame in which one of the mol-
built up from monomers showing a realistic structure, theecules is placefunrotated at the origin and thus, the second
possibility arises to treat the normal mode vibrations by dis~irial coefficient may be expressed as a sixfold integral over

B. Intermolecular potential adjustment
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the relative position=(r,6,¢) and rotationQd=(P,0,¥) 0 | T . .
of the second molecufé: o0
Na © T 27 27 50 - ]
B(T)=— 2] rzdrf sinﬁdaf de| do
167 Jo 0 0 0 100 )
L 2
0 0 £
With a view to evaluating the second virial coefficient of g 200 L .

SK;, we have investigated two classes of numerical ap- o
proaches for high-dimensional integration: Monte Carlo
techniques and deterministic non-product methods. Whereas
non-product methods have turned out to be more efficient, ©  Dymond and Smith
we have extensively used the variants due to Sfroadd 300 - ; ;i?eﬁﬁfl stal 1
Evans and Watt® However, showing a higher degree of
accuracy, we have employed the method of Stroud, briefly 2 20 20 =00  &50
outlined in what follows, to produce all our final results.
Let SW=(o{, 0¥, ....0l0) for k=1,2,..., be inte-
gration points in tha-dimensional Euclidean spa&®, with FIG. 1. Temperature dependence of the second virial coefficient gf SF

T(K)

components With circles—the experimental valug¢Ref. 27); with squares—the values
obtained using the potential of van Bladal al. (Ref. 7); with continuous
® \V2/3 cosika/n) for odd i line—the dependence resulted using potential |.
! J2/3 sir(ik@/n)  for eveni’

ando®¥=(—1)¥//3 for oddn. According to the method of
Stroud, an integral over then-dimensional hypercube

theoretical virial coefficients to the experimental evidence,
S'=[-1,10x[-1,1X---xX[—1,1] may be evaluated by P

one is faced with the difficulty of having to adjust the coef-

the formula ficients C;; for both sulphur and fluorinéhe coefficient for
on 20 " the S-F interaction automatically results from the combina-
Lnf(x)dx: ﬁgﬁ f(2h). (19  tion rule). Because no supplementary prescription is avail-

able, we have found it reasonable to vary both dispersion
The second virial coefficient is best evaluated by expressingoefficients proportionally.
it as a sum of integrals over finite subregions& which In the case of potential I, we have achieved the best fit of
can be scaled t6° such that Eq(19) can be applied. the observed temperature dependence of the second virial
Taking advantage of th®, symmetry of the SEmono-  coefficient by considering a 10.5% increase in @e coef-
mer, by halving each angular integration interval one Caficients, yielding 8621.0 kJ/mol &for sulphur and 665.9
reduce the relevant space of relative orientations for twWq j,mol A for fluorine. For potential II, the increase @F;

molecules, implying the positionalé(¢)—and the Euler ¢, oy qntimal fit amounts to 9.2%, resulting in 8519.6 kJ/
(®,0,¥) angles, by a factor of 32. For obtaining our final ;) 6 ¢, sulphur and 658.0 kJ/mol%or fluorine. It is to

results for the seconq virial cogfﬁment, we have gsed a UNihe noted that the increase of the dispersion coefficients lies
form spatial mesh, with the radial coordinate restricted to th

1 ithi imi 0 i-
interval [2,34] (&), outside of which the integrand has been%r both potential models within t.he error limit of 15% esti .
negligible for the considered potential models. The radialm"jue‘j by Spackman. The resulting root mean square devia-
tions of 1.59 and 1.71 cifmol, respectively, provide excel-

spacing has been taken equal to 2 A, and the angular spac- ..~ . .
ings equal tomr/8, resulting in 13107200 integration points,a]em fits |.n. both caggs. In Fig. 1 the temperatgre dependence
%f the virial coefficient resulting from potential (plotted

which have been proved to ensure the convergence of the, ) ) _
virial coefficient values with five exact digits for all tempera- With continuous ling can be seen to nicely pass through the
tures. experimental error bars. The corresponding curve for po-

Since, as can be seen from Fig. 1, the temperature ddéntial Il cannot be practically distinguished. .
pendence of the second virial coefficient we have obtained FOr the polarizabiliiesa; appearing in the induction
by considering the potential of van Bladaial. (represented termU™ given by Eq.(18), we use the same values as van
with squares underestimates by 50 to 100 &mol the ob-  Bladelet al.
served values, it is obvious that this potential is not suffi-  All relevant data for the description of our potential
ciently attractive in its long-range components. Consemodels, along with the parameters for the potential of van
quently, in order to reproduce the observed temperaturBladelet al. are summarized in Table IIl.
dependence of the second virial coefficient, thg-SF; po- In order to more clearly emphasize the decisive impor-
tential has to be made more attractive by increasing the didgance of the electrostatic terms in the description of thg SF
persion coefficientsC;; , which, besides, are quite inaccu- cluster structures and line shifts, we have also investigated
rate, as shown above. Unfortunately, in an attempt to fit thehe Lennard-Jones type potential due to Powekl,?®
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TABLE IIl. Parameters for intermolecular potential models.

Potential model Ai(kdmo)  Bi(A™H  Ci(kdimol A% qi(e) o (ad)
Potential | S 540857 3.132 8621.0 3.8250
F 336133 4.128 665.9 —0.6375
Potential Il S 540857 3.132 8519.6 3.8250 7.2
F 336133 4.128 658.0 —0.6375 5.1
van Bladelet al. (Ref. 7) S 540857 3.132 7801.8 3.390 7.2
F 336133 4.128 602.6 —0.656 51

o\6 [ o\22 behavior is partly caused by the fact that the F-F interactions
F) —(rf) , have to account for all the interactions within the former
1 4 model, including the very attractive S-F interactions. On the
characterized by =0.14 kcal/mol andr=2.8591 A . This  other hand, our potential and that of van Blaehl. contain
potential implies interaction sites only at the fluorine atomsthe repulsive contributions due to the charges assigned to the
not involving the sulphur atoms in any way. Lately it has atoms with a view to reproducing the observed monomer
been extensively used by Boutgt al?>3°in MD simula- transition dipole moment—our potential being slightly more
tions concerning the structure and dynamicgS#),, clus-  attractive in the short-range region and more repulsive in the
ters in the size rang® =7 —55. Nevertheless, even though long-range region. Regarding the S-S and the S-F interac-
this potential has been accurately fitted to the experimentdlons depicted in Fig. 3, our curves lie outside those corre-
virial coefficients, not only does it not produce any relevantsponding to the potential of van Bladel et al., that is, our S-S
line shifts(not possessing any charggdsut, as will be shown potential is more repulsive, while our S-F potential is more
in Sec. Il C, it results in an incorrect structure for the dimer. attractive.
In Figs. 2 and 3 we have plotted the atom-atom interac-
tion potentials of If’owelét al, van Bladelet al, and of this = cjuster structures
work for the fluorine and sulphur atoms. It should be clear
that these potentials describe the atom-atom interactions Cluster structure calculations can be straightforwardly
within the SK clusters, rather than those of the free atomicPerformed by minimizing the total interaction energy of the
species, and can be regarded as projections of tReSEF cluster components. Taking into account the different nature
potential energy hypersurface onto the respective atom-atoff the interaction forces and the different orders of magni-
coordinates. In the case of our potential and of the potentidtde of the corresponding binding energies for the intra- and
of van Bladelet al, we have not included the induction, intermolecular degrees of freedom, a reasonable approach is
which, as it will be later shown, is neither dominant for the to consider the molecules “frozen” in their equilibrium ge-
cluster structures nor for the frequency shifts. As can be seepmetries and to minimize the intermolecular potential with
from Fig. 2, the F-F potential of Powedtt al. is much more ~ réspect to their relative positions. Moreover, such a tech-
attractive than our potential and that of van Blaglehl. This ~ Nique is consistent with the overall philosophy of our ap-

u=—43 3 33

M=1m=m+1iemMjcm’

1.0 Iy T T " T T " 5 i T " T T T
! L I \ _
| ——— Powell et al. ' \ ———- van Bladel et al.
l — — vanBladetetal. | 1 4r \ — this work n
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05| ! 3l
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FIG. 2. Fluorine-fluorine interaction potentials within thegSffusters(in-
duction contributions are not includedVith dotted lines—the potentials of
Powell et al. (Ref. 28 and van Bladekt al. (Ref. 7).

FIG. 3. Sulphur-sulphur and sulphur-fluorine interaction potentials within
the Sk clusters(induction contributions are not includedwVith a dotted
line—the potential of van Bladedt al. (Ref. 7).
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TABLE V. Calculated cluster structures by using the potential of van Bladell. (Ref. 7 potential | and
potential Il of this work.E represents the total binding ener@y kJ/mol), anddssis the average S-S distance
(in A). The second lowest dimer and tetrant@onfigurations 2and 4) and the third lowest pentamés”’) are
included. The hexamer for the potential of van Bladehl. does not show any symmetry.

van Bladelet al. Potential | Potential Il

M E dss E dss E dss Symmetry
-5.37 4.97 —6.68 4.90 -6.71 4.89 Doy

2' —5.02 5.08 -6.23 5.03 -6.33 5.01 Con

3 —14.96 5.07 —18.45 5.02 -18.79 5.00 Dagq

4 —-27.27 5.24 —-33.90 5.18 —34.49 5.16 D,

4’ —-27.11 5.23 —33.69 5.17 —34.30 5.16 Cs

5 —40.28 5.24 —49.93 5.18 -50.88 5.16

5" —39.93 5.22 —49.36 5.16 —50.12 5.15 Csp

6 —54.63 5.21 —67.74 5.18 —68.69 5.16 Cun

proach for frequency shifts. The positions and orientations ofations the positions of the sulphur atoms correspond to a
the molecules are specified by their center of mass Cartesiagtightly distortedTy symmetry.

coordinates and Euler angles, which are optimized without The most stable pentaméFig. 7) has no symmetry
constraints starting from randomly chosen initial configura-properties, being a distorted bi-pyramid. The first pentamer
tions using the NAG library routin€o4JAr Typically, sev-  isomer with a well-defined @5,) symmetry(same figurg

eral hundredgfor the dimej up to 5-6 thousand€or the  having a regular bi-pyramid shape, corresponds to only the
hexame) of minimizations are required to yield the global third lowest configuration and a further manifestation of this
minimum, and a quite voluminous bookkeeping of the clus-peculiarity is its smaller average S-S distance as compared to
ter configurations is necessary. the one for the most stable isomer.

The results of our cluster structure calculations, by using  The most stable hexamer, depicted in Fig. 8, again ex-
the potential of van Bladedt al, and the potentials | and 1l hibits a niceC,, symmetry for both of our potential models,
proposed in this work, are summarized in Table 1V, whereunlike the hexamer resulting from the model of van Bladel
the binding energies and the mean S-S bond length of thet al, which is unsymmetrical. Taking into account the quite
clusters ranging from dimer to hexamer are listed. The meanlose values of the in-plane distances between the S atoms
S-S bond length is intended to give an idea about the “comeontained in the ring and the out-of-plane S-S distances, it
pactness” of the clusters. For all cluster sizes we have listefbllows that the sulphur atoms are organized according to a
the data for the most stabl@nergetically lowestisomer.  slightly distortedO,, symmetry.

However, since, as will be later emphasized, the second low- A general remark, which emerges from Table IV, is that
est dimer and tetramer configuratioi® and 4) also show a for potentials | and II, the binding energies never differ by
remarkable symmetry, being energetically very close to thenore than 1%, with the corresponding average S-S distances
most stable isomers, we have considered them too. For thdiffering even lesgat most by 0.4% This indicates that the
pentamer, the first symmetrical isomer is the third ¢, induction contributions, which differentiate our two models,
and it is included as well. The geometrical configurations ofare not determining for the cluster structures. As for the con-
all the listed cluster structures are presented in Figs. 4—8. figurations obtained by using the potential of van Bladel
should be noted that the shape of the cluster structures &t al, their energies are typically more than 20% lower as
alike for all three discussed potential models with one excepeompared to the ones obtained with our potentials. However,
tion: the hexamer resulted for the potential of van Bladelit is interesting to observe that the S-S distances again differ
et al, which, in addition, does not possess any symmetry. much less than the binding energies, being by only about 2%

We have depicted in Fig. 4 the two found dimers, thelarger for the model of van Bladeit al. Thus, the geometri-
lowest havingD,q symmetry and the secondreduced  cal size of the clusters shows little sensitivity to the electro-
C,, symmetry. TheC,,, symmetry structure offers a tempt- static terms, evidencing the fact thatgSBrms true van der
ing explanation for the geared internal rotation of the dimerWaals clusters, mainly bound by the dispersion attraction.
in which it could play the role of intermediate configuration. Irrespective of the potential model, dissimilar to the mo-
Figure 5 shows the most stable trimer, exhibitidg; sym-  notonous energy increase, there is a clear saturation tendency
metry. Each monomer is connected to its neighbors byf the mean S-S distances with increasing cluster size, sug-
double S-F bonds, overlapping in the figure and providing agesting that for clusters larger than the tetramer, further ac-
reminder of those of the second lowest dimer. cumulation of binding energy does not occur at the expense

The two lowest tetramers, belonging to tBhg andC;  of enhanced “compactness.”
point groups, respectively, are represented in Fig. 6. The cal- In order to emphasize the tremendous differences which
culations of Geraedt®t al,! operating with structureless arise from different potential models, even if reproducing the
monomers, prescribe & symmetry tetramer, which is the temperature dependence of the experimental second virial
most compact structure resulting from four rigid spheres. Itcoefficient, we show in Fig. 9 the only dimer structure which
should be noted, however, that for both our tetramer configuresults from using the potential of Powelt al. It hasDyqy
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TABLE V. Contributions of the various potential terms to the dimer line shifts of thenode (in cm™1).
Within parenthesis are given the first order results.

Band Exchange Dispersion Electrostatic Induction Total
Potential | I 0.200.289  —-0.12-0.1§ -—14.3§-14.79 —14.37-14.60
L -0.12-0.0) 0.070.02 8.41(8.19 8.368.20
Potential Il || 0.200.29  -0.12-0.16§ -14.45-14.79 —2.00—2.0) -16.30—16.68
1 -0.13-0.0) 0.0710.02 8.458.23 —0.54-0.55 7.80(7.64

symmetry(a threefold axis is in contradiction to the structure parallel band shifted byx and a perpendicular band shifted
of the experimental specraits binding energy of—-6.04 by — 2\, the unit quantityn = (47reo) 3 (R™°) resulting
kJ/mol lies between the values obtained with our potential§rom the analytical diagonalization of the dipole-dipole cou-
and that of van Bladeét al, whereas its average S-S dis- pling. Here, R corresponds to an averaged intermolecular
tance is much lowef4.65 A). This very compact structure is separation anglg;=0.388 D is the monomer transition di-
determined by the absence of the repulsive S-S interactionpole moment value reported by Fet al® In order to be

It is instructive to plot the incremental binding energy consistent with their experimental data, Geraezltal. have
Eum—Ew_1 of the most stable isomers as a function of theconsidered the unit value to be=6.8 cm %, this choice also
cluster sizeM (Fig. 10. The pentamer does not conform to resulting in a reasonable value for the unknown intermolecu-
the general tendency of the curves, showing a reduced efhar separatiorR. Unfortunately, being based on structureless
ergy increment relative to the tetramer. This once more is amonomers, and not yielding comparatively good results for
consequence of the reduced symmetry of the lowest perthe frequency shifts of the higher clusters, this model does
tamer. Although implying lower energy increments, thenot allow for interpretations correlated with realistic cluster
curve for the potential of van Bladedt al. has the same structures.
shape, evidencing the same specific behavior of the pen- On the other hand, the more elaborate first order pertur-
tamer, whereas the curve obtained with the potential of Powbation approach of van Bladet al.” yields a realistic dimer
ell et al. suggests a very compact and stable pentamer, istructure. The corresponding line shifts however underesti-

spite of the fact that it possesses no symmetry at all. mate the experimental findings, even though they are en-
hanced by adding induction contributions. In order to empha-
D. Frequency shifts size the crucial importance of the choice of the potential

parameters, we will also discuss the line shifts we have ob-
tained using the potential of van Bladet al,, in spite of the

have focused on the fundil{nental excitation of thevibra-  jncreasing disagreements this model produces with increas-
tional mode(at 947.968 cm-). ing cluster size.

The most successful, and straightforward, of the theo- = \ne have summarized in Table V the results of our fre-
ret.ical models employed up to now to describe the freque_ncx]uency shift calculations for the most stable, $fmer, both
shifts of thevs mode of the Sgdimer, has been the gjynamh for potential | (including exchange, dispersion, and electro-
cal dipole-dipole interaction model of Geraedtsal." The  giaiic terms and potential I1(additionally including induc-
v3 absorption band is split up according to this model in &;jon contributions. As a result of the mutual interaction of

the monomers within the dimer, the vibrational mode is

split up into a redshifted parallel band) (and a doubly de-
generate blueshifted perpendicular band.(In Sec. lll E it

In our band shift calculations for the SElusters, we

o

@ummﬁammm

S el o
4
Dy
FIG. 4. Geometrical structures of the two dimer isomers found using poten-
tial I (D,q is the lowest energy configuratipiThe shape of the correspond- FIG. 5. Geometrical structure of the lowest trimer for potential I. Potential Il
ing isomers for potential Il and the potential of van Bladelal. (Ref. 7) is and the potential of van Bladeit al. (Ref. 7 yield an identically shaped
identical. trimer.
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FIG. 6. Geometrical structure of the two lowest tetramers for potential |

( D, is the lowest energy configuratipriThe shape resulted for potential Il FIG. 7. Geometrical structure of the lowest and third lowest pentamers for

and the potential of van Bladet al. (Ref. 7 is identical. potential I (the lowest energy configuration does not belong to any symme-
try group. Potential Il and the potential of van Bladet al. (Ref. 7) yield
identically shaped pentamers.

will be shown that the parallel band implies collective vibra-

tions of the monomers along the longitudinal symmetry axisWhereas for the parallel band the exchange interaction pro-
of the dimer, while for the perpendicular band, the resultingduces a small blueshift and the dispersion an even smaller
vibration takes place predominantly in a perpendicular planetedshift(partially cancelling out the first onein the case of
The differences between the line shifts corrected up to théhe perpendicular band, the signs of the shifts are reversed.
second order and the first order resulisided between pa- The induction, considered in potential 1l, contributes about
renthesis represent the second order corrections, which typi-12% to the total frequency shifts, but as it will be further
cally amount to less than 0.4 ¢th The small second order shown, its inclusion leads to a systematic redshift of the
corrections are a result of the relatively reduced anharmonidsands for all cluster sizes, turning out to be inappropriate
ity of the normal monomer vibrations, but also of the smallwith the available atomic polarizabilities. The implicit domi-
intermolecular potential curvature in the vicinity of the glo-
bal minimum (the mixed second order derivatives
32U/ 39,,;09,m hardly exceed 0.7 ciit).

In order to identify the interaction mechanism which is
mainly responsible for the frequency shifts, the individual
contributions of the various potential terms to the line shifts
have been evaluated by switching off the rest of the interac-
tions, but considering the same dimer struct(obtained
with the full potential modsl It can be easily noticed that
the electrostatic contributions are by far dominant, and by
performing the molecular multipole analysis of the electro-
static interactions, taking into account tkog, symmetry of
the monomer, it becomes clear that the vibrational dipole-
dipole interaction, held responsible for the vibrational split-
tings in the literaturé;’ indeed represents the leading
mechanism. Furthermore, the effects of the exchange angg g Geometrical structure of the lowest hexamer for potential I. Poten-
dispersion couplings can be seen to be completely negligibleial 1 yields an identically shaped hexamer.
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FIG. 9. Geometrical structure of the dimer found using the potential model ui
of Powell et al. (Ref. 28. ‘s
ui 10 4
- . . . . 8 —o— van Bladel etal. | |
nance of the_: dlpole-dlpole_resonance mechanism is, obvi- Powell et al
ously, the ultimate explanation for the remarkable success of 6 —a— potential | |
the simple model of Geraed&t al. —v— potentialll
We have gathered in Table VI both experimental and 4 | ; | , ;

theoretical data regarding the frequency shifts and line inten- 1 2 3 4 5 6 7
sities for Sk clusters up to the hexamer. As experimental
reference data we have chosen the results of the two most o ,
recently reported sets of measuremens: the IR-IR doublgl®: 1% ITemerialing v of smatstrs, Open s and
resonance experiments of Heijmenal,” and the vibrational  (Rref. 7 and that of Powelet al. (Ref. 28, respectively.
predissociation experiments with size-selected clusters of
Huisken et al® The discrepancies between the estimated
band positions are mainly due to the less sharper peaks in tlseibsequently reported variants of their model did not bring
predissociation spectra of Huiskest al. Nevertheless, the any substantial improvements. For this model we have not
size-selectivity of the two-laser spectra of Heijmehal. included the hexamer, which, as a consequence of the fact
seems to be less effective. Unfortunately, no size-selectetthat a compact symmetrical structure cannot result from
observed data for clusters higher than tetramer are availablspherical monomers, shows an unstructured spectrum of no
As a theoretical counterpart for our calculations, weinterest for further comparison. We have not considered the
have chosen the initial results of Geraeeltsl,! because the results for the dimer obtained by van Bladalal. either,

Cluster size M

TABLE VI. Experimental and computed line shiffsv; (in cm™ 1), and total transition strengtiug o, (in D2, within parenthesisfor SF; clusters up to the
hexamer. For our calculations with the potential of van Blaatehl, potential | and potential Il, we give the results corrected up to the second order. In the
case of the pentamer, we present the data for the third lowest isdntbe5irst to show a well-defined symmetgyrepresents the degeneracy of the spectral
line.

Huisker? van Blade!

M Heijmerf Geraedts Potential | Potential 1l g
2 —14.1 —-13.7 —13.60.30 —12.30.30 —14.30.39 —-16.30.39 1
8.4 7.7 6.80.60 5.8(0.60 8.4(0.76 7.800.76 2

3 —-13.1 —-13.0 —13.1(0.65 —11.40.64) —-13.20.83 —15.20.82 2
7.2 7.1 9.70.25 7.400.26 10.80.31) 9.80.32 2

15.3 15.3 13.0.45 11.000.45 16.30.57 14.50.57) 1

4 -13.0 -12.9 —12.81.00 —-10.80.35 —12.70.46) —14.60.44) 1
7.0 5.7 16.20.80 —10.50.62 —12.10.82 —13.90.80 2

15.3 14.0 11.0.25 17.1(0.30 14.80.32 1

11.20.56 17.10.69 14.90.7) 2

5" —13.90.40 —10.80.37) —12.30.50 —14.30.48 2
—13.40.67 —10.60.66 —12.30.90 —14.2(0.84) 1

—5.8(0.30 —6.6(0.30 —7.6(0.40 —8.8(0.39 2

17.90.80 12.700.82) 19.81.00 16.81.05 2

23.90.07 14.00.09 22.50.10 18.40.11) 1

6 —12.30.29 —14.80.29 2
—8.0(0.68 —9.4(0.66 1

—7.6(1.44 —8.91.38 2

17.80.46 15.1(048 1

22.60.60 18.50.67) 2

#Heijmenet al. (Ref. 6.
PHuiskenet al. (Ref. 5.

‘Geraedtst al. (Ref. 1); the tetramer lines are triply degenerate.
dComputed with the potential of van Bladel al. (Ref. 7).
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since we have included the results of our calculations using 50 , : ‘ , : 1.0
this potential. It should be stressed, however, that our first -
order line shifts for this potential coincide up to the first
decimal digit with those reported by van Bladslal. 40 |- - 08
For the pentamer we have considered only the third low-
est isomer(5”), the first one to show a well-defined symme-
try and consequently a structured spectrum which may be
subject to intuitive interpretations. The total splitting of the
vz band of the most stable pentamer is for all potential mod-
els sensitively larger and the spectrum consists of more non-
vanishing lines. !
Already when comparing the theoretical line shifts for {
the dimer with the frequency shifts 6f14.1 and 8.4 cm! ;‘
evidenced by the IR-IR double resonance experiments of :
|
|

30 -~ 06

20 - 04

Dissociation signal (%)
Transition strength (D?)

Heijmenet al, it becomes apparent that the best agreement
is achieved by using potential(Which does not include in- ' ' ' ! ! .
duction. It can be seen that the potential of van Blaelel. 910 920 930 940 950 960 970 980
underestimates the total splitting by more than four wave Pump laser frequency (cm'")

numbers, and the reason fOI’. FhIS IS. obviously the Sma'”e,;IG. 11. Two-laser spectrum of the S&imer from Heijmeret al. (Ref. 6
(less accurajemonomer transition d'p0|e moment of Fox and calculated stick spectrum using potential I. The thick lines correspond to
et al,® which has been used to determine the effective atomine lowest isomer D,;) and the dotted lines to the second lowest one
charges. In order to clarify whether the underestimation ofCan).

the splitting cannot also be attributed to the different disper-

sion coefficient<Cy; , we have increased tr@; coefficients ¢ spectrum and the position of the outer lines is well

n thte pmf”“t"?" lo:‘ vsntBtlk?deirt] al.to th_e \{{?]Iuis correspon:_}t reproduced, the calculated middle line appears blueshifted by
Ing 1o potential 1, but the changes In the irequency SIS, , - imately 3.5 ciit. However, at about 955 i, where

have been minor. The crucial importance of the effective he experimental peak is located, important contributions

charges assigne_d to t_he atoms_thus pecqmes cl_ear._ On Bm the dimer are likely to existsee Fig. 11 As regards
other hand, the inclusion of the induction interaction in PO"the results of Geraedet al,, the underestimation of the total

tential 1l yields a poorer agreement with the observed SP€CHand splitting has become even more apparent than in the

tra, leading to an overall redshift. It is, however, interestingdimer case. as can be seen from Table VI. The same holds
to notice the samé€2:1) intensity ratio of the perpendicular also for our calculations using the potential of van Bladel

and parallel bands for all theoretical models, indicating again, al, but to an even more critical extent. As for the results

the Ieading contribution of the dipole-dipole interact@on. based on potential Il, the lines are again redshifted too much.
The fair agreement between our results for the dimer and Going to the tetramefFig. 14, a striking finding is the

the experimental evidence can also be noticed from Fig. 1]appearance of a supplementary peak at about 955 ém
where we have depicted along with the two-laser spectrum of

Heijmenet al, the stick spectra for the two dimer structures

found by considering potential 1. The observed spectrum 030 ] , , ‘ , 0.90

nicely accommodates the lines corresponding to both dimer o ko otal o

isomers, suggesting that the experimental setup cannot dis- 05 | Lorentzian fit 1o7s

criminate them and that they possibly coexist under the given ‘

experimental conditions. Even though the units for the ex-

perimental and calculated spectra differ, the ratios of the cor-¢ 0.20 - -0.60 ‘5

responding line strengths seem to support the coexistencg £

hypothesis, and this would further sustain the interpretationg ®

. ) Z 015} {045 %

of the van der Waals geared rotation proposed in Sec. lll C,g <

as part of which the second lowest dimer could play the roles G

of intermediate structure. € 010 4030 £
More than from the listed frequency shifts, the agree-

ment between our dimer spectrum and the measurements of 0.05 L lous

Huiskenet al. becomes evident by inspecting Fig. 12, where

the calculated lines seem to point to the highest attenuation

values rather than to the maxima of the Lorentzian fit of the = 0.00 ===l e A b — 0.00

: : . . 910 920 930 940 950 960 970 980
experimental points, the ratio of the calculated line strengths

. . . . . -1
reproducing quite well the corresponding attenuation ratio. Wavenumber (cm”)
In Flg.__13 we have plotte_d besides the tWO'IE_lser SPECEIG 12, pure SE dimer absorption and predissociation spectrum from
trum of Heijmenet al. for the trimer, the corresponding stick pyiskenet al. (Ref. 5 and calculated stick spectrum for the lowest isomer

spectrum resulted by using potential I. Although the structurep.,) using potential I.

J. Chem. Phys., Vol. 103, No. 15, 15 October 1995



6408 T. A. Beu and K. Takeuchi: Small SF¢ clusters
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FIG. 13. Two-laser spectrum of the gfimer from Heijmenet al. (Ref. 6 0 930 940 950 960 970 980

and calculated stick spectrum using potential I. .
Wavenumber (cm™)

B ) FIG. 15. Calculated stick spectra of SElusters from dimer to hexamer
the IR-IR double resonance spectrum of Heijnetral. with using potential I. The continuous lines correspond to the most stable iso-

no theoretical counterpart. Nevertheless, judging from theners, while the d_otted_lineg to the secor_1d lowest ones. For the pentamer, the
fact that the results of Geraedisal. predict two well sepa- ird lowest configuration is being considered.
rated bands as well, we tend to believe that the additional
peak is to be assigned rather to the dimer or the trimer. There
exists however a qualitative difference between the result ofetramer configurations. Except for the above mentioned as-
Geraedtt al. and the one we obtain: while the former pre- pect, the agreement of our tetramer spectrum with the one of
dicts only two triply degenerate lines for the employEg  Heijmen et al. is satisfactory, the difference of about 1.8
symmetry tetramer, we find for all potential models twocm tin the blueshifted band probably being due to the vary-
groups of two almost overlapping lines, in each group onéng laser effectiveness in the marginal frequency region.
being non-degenerate and the other doubly degenerate. TW@ain, as in the case of the dimer, judging by the experimen-
supplementary splitting of our tetramer lines is clearly a contal bandwidths, the two tetramer isomers are not likely to be
sequence of the slightly distortel; structure of both our distinguished under the given experimental conditions. As
for the tetramer spectrum of Huiskenal. (Fig. 6 of Ref. 5,
due to the very low laser fluen¢6.5 mJ/cn), the bands are
1.0 quite diffuse, not allowing for a reliable quantitative com-

T T T
- parison.
_ >~ Hejjmen et al. In a rather surprising manner, the agreement of the re-

40 |- Hos sults of Geraedtst al. with the experiments improves for the
tetramer over the trimer, while the potential of van Bladel
et al. provides a too small total splitting in the spirit of the
already noticed underestimating tendency. As regards our re-
sults for potential I, the overall redshifting tendency is
somewhat diminished, suggesting that with increasing cluster
size, the induction contributions become more and more im-
portant. The persistent discrepancies with respect to the ex-
perimental band shifts indicate, however, that more accurate
polarizabilities are required for a subtle description of the
cluster vibrations.

Figure 15 shows the stick spectra of the;SFusters up
to the hexamer, obtained by using potential I. The lines have
been denoted according to the sign of the frequency shift:

Pump laser frequency (cm™) with || for redshifted lines and with. for the blueshifted

FIG. 14. Twolaser spectrum of the SBtramer from Hejjment al. (Ref ones(the parallel or perpendicular character will be clarified
6) a-nd c.alculated spgctru:”l using p(sstential I. The thickJIines co;resp(.md N the next section While the “parallel” lines tend }0 Pre'
the lowest isomer B,) and the dotted lines to the second lowest one S€rve the red boundary of the spectra at about 935 euith
(Cy). increasing cluster size, the “perpendicular” lines gradually

50

30 -~ 06

20 -

Dissociation signal (%)
Transition strength (D%

10 -

I I I I 1 i
910 920 930 940 950 960 970 980
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move toward higher frequencies, however with a saturation
tendency, which brings about an almost non-varying total
splitting when going from the pentamer to the hexamer. The
same tendency can be also observed in Table VI in the case
of potential Il and this finding can be correlated with the
saturation of the average S-S distance, which was discussed
in Sec. Ill C. Apart from the supplementary splitting in the
case of the tetramer, pentamer and hexamer, which is obvi-
ously due to the presence of monomers in non-equivalent
positions, the parallel lines seem to be less sensitive to the
“compactness” of the clustefgiven by the average S-S dis-
tance than the perpendicular lines.

E. Structure of the cluster vibrations

In this section we try to shed some light on the structure
of the collective monomer vibrations, establishing correla-
tions between the cluster configurations and the correspond-
ing spectra. For the sake of conciseness we will confine the
discussion to clusters up to the tetramer.

The v3 vibrational mode of the SFmonomer being
threefold degenerate, in principle all three vibrations along
the local Cartesian coordinates will take part in the overall
vibration of the cluster. We will graphically symbolize each
component Qf the yibrgtion -by a v<_ac_t0r alopg the respGCti\/(?:IG. 16. The parallel and perpendicular vibratiofzg 933.7 and 956.4
local Ca‘,rteSIan _aXIS’ |m-pIy|ng mdlwdual Vlbra,tlons of the cm™ 1) of the energetically lowest dimer isomer, and the parallel vibration
atoms with relative amplitudes given by thenatrix COmpo-  (at 934.0 cmi?) of the second lowest isomer.
nents listed in Table I(with all fluorine atoms moving in
phase in the direction of the vector, and the sulphur atom
moving out of phase in the opposite directioithe ampli-
tudes of the defined vibration vectors will be given by thedimer. Consequently, the parallel band of the trimer is ex-
coefficientscy: i, representing the weights of the indi- pected to behave analogously with the parallel band of the
vidual vibrational states within the total cluster state,second dimer and this is of course what is found in the stick
|W ) =2pn cr2iCnirnil1nrir), and resulting as eigenvector spectrum of Fig. 15. Whereas, judging from the cyclic sym-
components from the eigenvalue probl&@hnfor the reduced metry of the vibration componeniig. 17), the L, band
perturbation matrix. clearly corresponds to a perpendicular overall vibration with

In Fig. 16 we have depicted the parall@) @nd perpen- respect to the plane of the figufeith the fluorine and sul-
dicular (L) vibrations for the most stable dimer configura- phur atoms moving out of phase up and dowthe 1 ; vi-
tion, along with the parallel vibration for the second lowestbration also shows admixtures of in-plane vibrations, there-
isomer. In the case of the parallel vibrations, the fluorinefore being less blueshifted. In the case of the vibration,
atoms vibrate solidary in phase along the dimer axis, like @he out of phase movement of the fluorine atom cage and of
cage, while the two sulphur atoms vibrate out of phase alonthe sulphur atoms results, as in the dimer case, in the van der
the same axigthe vibration components for the second low- Waals S-F bonds being stretched on the whole, which brings
est isomer are symmetrical with respect to the plane of thabout the stiffening of the implied valence S-F bonds, and,
figure). Since the S-F bond pairs are alternatively stretchedhus, the blueshift of the vibration frequency.
and compressed, the cluster structure preserving its axial In the case of the tetramer a qualitative new type of
symmetry, the monomer vibrations are enhanced by the ovecorrelation occurs. The most stable tetrartiég. 18, seems
all cluster vibration and the resulting frequency shift is red,to be built up from two transversely sandwiched second low-
as can be seen from the stick spectrum in Fig. 15. In the casest dimers, within a slightly distorte@y structure. A further
of the perpendicular vibrationL(), from the symmetry of the finding, which results from the cyclic symmetry of the vibra-
components it follows that the fluorine atom cage indeedion vectors, is that the monomers constituting each “dimer”
vibrates perpendicularly to the dimer axis, out of phase withare strongly correlated, and therefore, the tetramer spectrum
respect to the sulphur atoms. The vibration is obviously douis expected to show roughly the structure encountered for the
bly degenerate, rendering the cluster structure unsymmetrsecond lowest dimer. In the case of theband at 935.9
cal. As a consequence, the valence S-F bonds are stretcheah !, the monomers vibrate pairwise in phase, the overall
on the whole, hindering the vibration of the implied fluorine cluster vibration relaxing the bonds, and thus leading to a red
atoms, and thus leading to a blueshift of the frequency.  frequency shift. On the contrary, in the case of theband at

The three pairs of van der Waals S-F bonds within thed65.1 cm * (practically overlapping the: ; band, the mono-
trimer are very similar to the ones in the second lowesimers belonging to a certain “dimer” can be seen to vibrate
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FIG. 18. The|, and_L, vibrations(at 935.9 and 965.1 cnt) of the most

FIG. 17. The two perpendicular vibratiofet 958.9 and 964.4 cnt) of the stable tetramer.

most stable trimer.

out phase. The S-S distances in the two composing “dimerstions of the intramolecular force field and the intermolecular
(on the diagonals of the depicted projechicaiternatively — potential are treated as a perturbation. The first order of the
increase and decrease in a hindered “breathing” motion. As &ew perturbation approach appears to be a straightforward
consequence, the individual monomer vibrations are hingeneralization of previous results from the literattire In
dered and a blue frequency shift resullts. the second order, however, substantial formulation differ-

As for the second lowest tetram@¥ig. 19, the|, band  €nces result from the consideration of the complete basis set
at 936.2 cm*, which is the first one to sensitively deviate Of the state space, which allows for a full description of the
from the so far hardly changed position of the parallel bands¢ouplings of the intramolecular vibrations through the inter-
is characterized by the vibration of the top monomer alongnolecular potential.
the C; axis pointing to the onlooker, in phase with the sym- A new site-site intermolecular potential for §Fcom-
metrical, predominantly in-plane torsion of the bottom ring.Prising exchange, dispersion, electrostatic, and induction
The character of parallel band clearly refers in this case t§ontributions, is presented. The effective charges assigned to
the collective vibration along th€; axis. The situation is the atoms are chosen such as to account for the observed
reversed in the case of the, band at 964.1 cm*, where the  Vibrational transition dipole moment of the gSFonomer.
top monomer and the ring vibrate out of phase. Again the infhe dispersion coefficients for the individual atomic species
phase vibrations are associated with redshifts, while the oigre determined by fitting the calculated temperature depen-
of phase vibrations result in blueshifts. dence of the second virial coefficient of St the experi-
mental evidence. Two variants of our potential motmie
neglecting the induction interactions, and the other one in-
cluding them are applied to compute $FEluster structures

A new degenerate second order perturbation approachp to the hexamer, which are compared with those obtained
for evaluating the splitting and shifting of the vibrational by using other potential models from the literature. The av-
bands of homogeneous molecular clusters is presented. Tleeage S-S distance and the incremental cluster binding en-
Hamiltonian of the system comprises harmonic and anharergy are employed to correlate the “compactness” of the
monic intramolecular vibration terms, described in the nor-found cluster structures with their symmetry properties. It is
mal mode representation, as well as the intermolecular pazonfirmed that Sf-forms true van der Waals clusters, mainly
tential. The degenerate monomer vibrational modes are beirlgound by the dispersion attraction, the effect of the induction
consistently taken into account. The anharmonic contribuinteractions being negligible.

IV. CONCLUSIONS
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producing blue frequency shifts, due to the hindering of the
normal modes of the monomers.
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APPENDIX A: EXPRESSIONS OF PERTURBATION
MATRIX ELEMENTS

Making the notation

Ju
Frm= &qrm 2 Dur

we have the following non-vanishing perturbation matrix el-
ements to be used in the derivation of the first order line
shifts:

(0lw[0)=Uo+ —Z >

m &qrm

(1m|W|0) = (1N2)F

FIG. 19. The|, andL ; vibrations(at 936.2 and 964.1 cnt) of the second

lowest tetramer. <2rm| | >:i&2—U’
242 997,
5?U

The new second order line shift formalism is used to  (1rmls|W|0)= = 2 99mdae

calculate the IR-spectra of the found gSélusters in the re-

gion of the v; vibrational mode. It is noted that, although (3rm|W|0)y = (hc/4/3) by
much smaller than the first order frequency shifts, the second

order ones are meaningful, achieving a fine-tuning of the (2rmlsmWI0)=(hc/4) s,

calcuIaFed §pectra._The contributions to the Iir?e. shifts from <1rm15m1tm|W|0>=(hC/Z\/_)¢rst-

the various interaction terms are analyzed and it is found that

the electrostatic coupling is by far dominant. By a simple The non-vanishing perturbation matrix elements used for
molecular multipole analysis, this large contribution can béhe derivation of the second order line shifts are the follow-
attributed to the vibrational dipole-dipole interaction, which INg:

has been held responsible for the vibrational splittings in the (0|W|1m)=(1/\/§ )i,

literature. The calculated spectra compare favorably with

data for clusters up to the tetram@mom IR-IR double reso-

nance experiments and IR photo-dissociation experiments (Lim[WILn)=| Uo+ _Z 2 i, Omi
with size-selected clusterand the overall better agreement rm

of the results obtained neglecting induction over those in- 1 45U

cluding it, is apparent. The systematic redshift of the spectra + 2 m '

for all cluster sizes renders the inclusion of the induction
interaction with the available atomic polarizabilities inappro-  (2rm|WI14i) = [FmSrm+ (NC/4) by 10mi,

priate. _

The structure of the cluster vibrations is investigated in (Lol WILni) = (AN2)[Fm +(3NC/4) sy
terms of the individual monomer vibrations and is correlated X (1= brs) il Ssndii + (1/\/5)[Fsl
with the found geometrical cluster configurations. The paral-
lel bands are associated with in phase vibrations and result in +(3N¢l4) brrs(1— brs) Smil 6in O
red frequency shifts, due to the enhancement of the indi- _ _
vidual monomer vibrations by the overall cluster vibration, +(1Cl22) o1~ 515) (1= 81n)
while the perpendicular bands imply out of phase vibrations X (1= 8sp) Omidii »
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1 [34°U
<3rm|W|1ni>:§ Em SrnOmi s

2
2\/5 aqum sn?li

+ L7 66
\/anrm‘?qsl e

<2rmlsI|W| 1ni> =

1({ ¢°U
(LimlailudWILn) =5 Erm Stnbii

§?U
+ —
905190k
U
+ R —
&qtkaQrm

5rn5mi

5sn5Ii>v

<4rm|W| 1ni> = (hC/Z\/g) Prrr Orn Omi s

<3rmlsI|W| 1ni> = (hC/4\/§)[ Drir Osnd)i T 3y
X(l_ 5rs)5rn5mi]a

<2rm25I|W| 1ni> = (hC/Z\/E)( ¢rrsasn+ ¢ssr5rn)
X (1_ 5rs)5mi5Ii )

(2rmLsi L WI 15i) = (N /D[ rrs(1— bys) SmiSinbici
+ Grrt(1= 61t) Smidsndii ]
+(hcl2) prsi(1— 6;5)(1— 1)
X (1~ 3st) Orn Omiij Ski »

<1rmlslltkluj|W| 1ni>: (hC/Z\/E)[(lsrst(l_ 5rs)(1_ 5st)(1_ 5tr)5mI5mk5un5ji + ¢stu(1_ 5st)(l_ 5tu)(l_ 5us) 5Ik5kj5rn 5mi
+ ¢tur(1_ 5tu)(1_ 5ur)(1_ 5rt) 5kj 6jm55n5Ii + d’urs(l_ 6ur)(1_ 5rs)(1_ 5su) 5jm5mI5tn5ki]-

APPENDIX B: POTENTIAL DERIVATIVES

The intermolecular potential derivatives with respecttoa  90rm - h

particular monomer vibrational coordinate, implied by the

U UG XD +1ThY,..)—U

% +0o(h?),

where{x}.,} are the equilibrium Cartesian coordinates of the

expressions of the frequency shifts, can be evaluated basiioms in moleculen, while T;’Eh are the corresponding dis-

cally by displacing the atoms along the vibrational coordi-
nate. With a view to this transformation it is useful to recall

the linear relationship between the Cartesian displacemerg%

coordinated,, and the normal coordinateg, :

daa=2 m;”ZlLaQFZ 0.9, , (B1)

used as part of the G-F method of WilsbrHerem, is the
mass of atona, a=(X,y,z) represents the Cartesian coordi-
nate index, and}, arel-matrix elements, which can be in-

placements for thé displacement of the normal coordinate
m- The arguments], +15"h are in fact truncated power

ries of the Cartesian coordinates with respect to the normal
coordinate increment. The second order derivatives may be
obtained in principle by straightforward generalization.
However, due to the instability of the above discretization
scheme, we actually use in our calculations@fh*) four-
point formula. For the homogeneous second order deriva-
tives we employ five-point relations of the same accuracy,
while, for the mixed second order derivativé¥h?) seven-

terpreted as derivatives of the Cartesian displacement coogoint formulas are being uséd Nevertheless, the displace-

dinatesd,, with respect to the normal coordinat€s . The
dimensionless normal coordinatgg, being given in terms
of the standard normal coordinatesQ,, by

Orm= V27Cw, £ Q,,, we obtain
10, = Vil2mcw,m,l’, . (B2

For a particular moleculm of the cluster, relatiofB1) takes
the form

A5 =2 2 Al ot (B3)

with AT | the rotation matrix which characterizes the posi-
tion of the molecule within the cluster.

Considering the potentidl as explicit function of the
Cartesian coordinates of the individual atoms, its first orde

ment of the atoms along the normal coordinates is performed
according to the outlined principles. The optimum step hize
was found to be 0.001 Aone cannot take arbitrary low
discretization step sizes, without being faced with severe
round-off errors.

APPENDIX C: THE CLUSTER TRANSITION DIPOLE
MOMENT

The Cartesian components of the transition dipole mo-
ment of the cluster can be defined as:

Iu‘QZZ E qadg]ai a:vaaZy
m a

where q, is the charge associated with atgsite) a, and

derivatives in the space of the normal coordinates may by, represents the Cartesian displacement of atofrom

approximated by the simple finite difference scheme:

J. Chem. Phys., Vol. 103, N

moleculem along directione. Employing Eq.(B3), which
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