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IR spectra of 24 structural isomers of (HF), (n = $—8) clusters were calculated in the
framework of semiempirical theory of polyatomic molecule vibrations. Based on the results
obtained and available experimental daw it is proposed that (HF), associates comprising 3—
S-membered cycles with attached monomeric HF units are present in molecular beams and
gas phase. Ab initio calculations performed by the SCF mecthod show the existence of
local minima corresponding to such structures on the potential energy surface of (HF),

clusters (n = 4—6).
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Clusters of hydrogen fluoride molecules have been
the subject of active theoretical and experimental inves-
tigations for several decades.!~1® Being simple enough,
these systems are very convenient for studying the prop-
erties of hydrogen bonding. In addition, the high degree
of self-association in the HF vapor provides its unusual
thermodynami-~ proprrties.

The results of experimental investigations3—% permit-
ted reliable determination of the geometric structures of
the HF dimer and trimer, which were supported by the
ab initio calculations.” 8 According to the measurements
of molecular beam depletion in an electric field,? the
clusters consisting of more than two HF molecules are
non-polar, i.e., can have a cyclic structure. The ab initio
calculations on the c¢yclic and open {chain) configurations
of the (HF), clusters demonstrated that the cyclic isomers
are more stable enerzetically at least for n < 63712 These
findings served as a foundation for the concept of HF gas
phase, which takes into account only the cvclic (HF),
isomers.

Until recently, there was no experimental technique
that would allow one to assign the observed spectral
features to a cluster of definite mass. For this reason,
theoretical results obtained for the particular (HF}),
associate were usually compared with arbitrarily chosen
experimental frequencies. Moreover, the calculated val-
ues of AvHF frequency shifts for the same clusters
reported in different works markedly differ from each
other.8714 In this situation neither the understanding of
the nature of these shifts. nor the interpretation of the
observed spectra were unambiguous. Some authors
rationalized the large frequency shifts in the (HF),

spectra by the cooperativity effects,!3 while the others
tend to explain them by the vibrational anharmonicity. !4
In the latter case the key role is played by the hypothesis
that the intense bands belonging to the combination
transitions in the cyclic associates exist in the observed
spectra.

Interpretation of IR spectra of the (HF), polymers
has became reliable since the advent of the size-selective
cluster vibrational predissociation technique in molecu-
lar beam.!5:'6 The molecular-beam depletion spectros-
copy with size-selection makes it possible to determine
the size of a cluster that absorbs a photon at each point
of the measured spectrum. In the experiments on vibra-
tional predissociation!5-16 an optical parametric oscilla-
tor (OPO) with pulse energy of 4 mlJ and linewidth [ <
0.25 cm™! was used as a tunable source of infrared
radiation. The properties of the OPQO nonlinear element
(LiINbO; crystal) made it possible to perform spectral
measurements in the whole region of vHF stretching
vibrations except the 35903470 cm™! interval.

With the help of the molecular-beam depletion spec-
troscopy with size-selection, it was possible to make
justitied assignment of observed absorption bands to the
(HF), oligomers of definite size for n < 8. It was found
that if the number of molecules in a cluster increases,
the shift of stretching vibrational frequency AvHF steeply
grows from 94 cm™! for the dirmer to 740 em™! for the
octamer. 16

None of the ab initio methods was able to reproduce
the measured values of AvHF for the clusters of different
masses. It might be explained by the fact that the
adiabatic approximation tends to overestimate signifi-
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cantly the vibrational frequencies of any molecular sys-
tem. 1718 Thus, the matching of experimental frequen-
cies by means of non-empirical quantum-chemical cal-
culations is complicated by the necessity to apply expen-
sive methods of electronic correlation treatment as well
as by difficulties with scaling of the calculated frequen-
cies by a single parameter.!® It is therefore expedient to
compare the experimental data on the IR spectra of the
(HF), clusters!® with those predicted by the semi-
empirical theory of polyatomic molecule vibrations.

In this paper we attempt to carry out such a calcu-
fation to obtain information on the structure of the
(HF), polymers in molecular beams and dynamical
properties of the HF bonds. In the calculations on IR
spectra of the (HF), clusters the greatest attention was
paid to the hydrogen bond cooperativity* effect, which
was taken into account according to the mechanism
suggested in Refs. 19—-21.

To study the possibility of the formation of different
(HF), (n = 3—6) structural isomers, the ab initio calcu-
lattons were also carried out for the configurations cor-
responding to the local minima on the cluster potential
energy surtaces {(PES).

Semiempirical calculation of the vibrational spectra
of the (HF), clusters

It is known that anharmonic corrections to the vXH
stretching vibrations of the hydrogen-bonded bridge
X—H..Y amount ca. 2—35% and do not correlate with
the H...Y bond strength.22:23 For this reason the vibra-
tional spectra of all clusters studied here were investi-
gated within the harmonic approximation?* using the
program.

The geometric parameters of (HF), dimer (#HF =
0.922 A. rH..F = 1.780 A, «F..H—F = 165° and
<H—F _H = 122°) were taken from Refs, 4 and 5. For
simplicity, other (HF), ciusters were assumed to have
planar configurations and their bond lengths were cho-
sen to be the same as in the dimer. This choice of
geometric parameters did not affect the accuracy of
calculated vHF frequencies discussed below since both
kinematic and dynamical couplings between stretching
vibrations appear to be small enough for the cluster of
anv structure.19.25

Therefore, it is reasonable to assume that the variety
of vHF values observed experimentally arises only from
the difference in the force constants Kyg of the HF
molecules involved in the cluster. The lowering of the
HF molecule force constant aAKyp = K'ee — gbound
characterizes the strength of the hydrogen bond formed
by the molecule. The cooperative effects (mutual en-

*Cooperativity. {.¢., the dependence of the strength of each H-
bond on their number and mutual orientation, manifests itscif
in the changes of the force constants, and, in turmn, of the
vibrational frequencies of the HF molecules participating in
these bonds.

hancement of H-bonds in a system) increase AKyp,
whereas the deformation (i.e,, weakening) of the H-
bond decreases it.

The evaluation of the (HF), force constants needed
for the calculations took into account the non-additivity
of interactions between different H...F bonds and the
degree of their deformation. These effects were de-
scribed within the semiempirical model of dynamical
and electrooptical parameters of molecular com-
plexes'9.2% and by the method allowing for the H-bond
cooperativity and deformations.?!

The calculated vibrational frequencies of the cyclic
(HF), (n = 4—8) polymers, which are thought to be the
most probable component of HF vapor and molecular
beams (see above), are presented in Fig. 1. The com-
parison with experimental datal® shows that the fre-
quency of degenerate (IR-active) tetramer vibration
(3492 cm™!), which, according to the calculations, falls
in the region of OPO nonlinear element absorption
(35503450 cm™!), differs from the experimentally ob-
served frequency (3636 cm™') by ca. 150 em™! (Fig. 1).
For the cyclic pentamer, the results of the calculations
(3451 cm™!) and experiments (3453 cm™!) are in very
good agreement. The difference between observed and
calculated frequencies monotonically increases and
reaches hundreds wave numbers with further increase of
the (HF), cluster size (n = 6—8); see Fig. I.

Such a gradual deviation of the calculated frequen-
cies of the (HF), (n = 4, 6—8) polymers from the
measured ones*® and, more importantly, the monotonic
dependence of Av, on the cluster size cannot be ex-
plained by the approximate nature of vibrational calcu-
lations or by the inaccuracy of input parameters. As was
noted above, the results of other works, whose authors
restricted themselves to a consideration of the cyclic
(HF), structures only, did not agree with the assignment
of the frequencies in the mass-selective measurements
despite the fact that strong vibrational anharmonicity
and scaling factors were taken into account (see, for
instance, Ref. 14). It is therefore reasonable to suggest
that this disagreement is related to the formation of the
clusters of distinct, non-cyclic, structures at low tem-
peratures and non-equilibrium conditions in molecular
beams. This hypothesis was also supported by the data
on the cooperativity of hydrogen bonds, which reveal
that the vibrational frequencies of unstrained cyclic
clusters can drop significantly only upon the attachment
of outer ("tail”) molecules.!?23 It should be noted that
the formation of specific structures consisting of the
(HF),_,, cycles and the fragments of the (HF),, chains
upon sudden cooling of HF vapor was first predicted by
the Monte-Carlo method in Ref. 13. Hereafter we will
call such structures of the (HF), polymers branched.

In order to check the above hypothesis, the IR
spectra of 19 branched (HF), (n = 4—8) isomers con-
sisting of 3—b6-membered rings with one or more "tails”
of various lengths were calculated here in addition to
those of five cyclic associates; see Table | and Fig. 1.



416 Russ.Chem. Buil., Vol 46, No. 3, March, 1997

Yukhnevich et al.

S (T
P ]
n—4?

A o
T3 ]

N ]

3100 3300 3500
Fig. 1. The absorption regions of the various (HF), (n =
1—8) clusters: g — experimentul.‘6 b — calculated.

The frequencies of two of these branched structures
were calculated previously. 13
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Analysis of calculated data shows that the attach-
ment of the first "tail” molecule to the cycle leads to the
lowering of the mean value of vHF vibrational frequen-
cies of the cycle by ca. 100 cm™!. The attachment of
each next "tail” molecule at any site further lowers the
"center of gravity” of cycle absorption by 80—100 cm™!
(Table 1). This correlation between the absorption fre-
quencies of the cyclic part of the cluster and the number
of "tail” molecules is a consequence of the hydrogen
bond cooperativity. The cooperativity effect also mani-
fests itself in the non-equivalence of the force constants
{and, in tum, the vibrational frequencies) of different
members of the cvcle upon the attachment of "tail”
molecules. The less uniform is the distribution of "tail”
molecules around the (HF), cycle, the larger is the
difference of these frequencies (60—240 cm™!).

Hence, owing to these features of branched isomer
spectra, the bands of hexamer and larger clusters are
shified toward the very same region (3460—3100 ¢cm™!),
in which the absorption of the (HF),, (n = 6—8) associ-
ates were detected.!® These data (Table I, Fig. 1) also
allow us to explain the experimental fact that several
absorption bands with significant energy separations may
be due to the vibrations of one or several clusters of the
same mass.

Comparison of the calculated and measured vibra-
tional frequencies of the (HF),, polymers indicates that
the pentamer (HF)s has the cyclic structure in the
molecular beam, while the larger clusters have the
branched one. It is also found that the branched isomers
having the ™ails” of one HF unit should absorb in the
3850—3800 cm™! range. If the "tails” consist of two or
three members, additional absorption should be ob-
served in the 3750—3700 cm ™! range and nearby
3650 cm™!. The question of the tetramer (HF), struc-
ture remains less clear, According to the calculations,
the frequency of the cyclic isomer (~3490 cm™!) lies in
a region so far inaccessible for experimental measure-
ments, whereas the frequencies of branched isomer (3648,
3624, and 3583 cm™!) are in reasonable agreement with
the doublet (3636 and 3625 cm™!) observed for the
four-membered cluster. !

Let us now consider the spectral density distributions
of the (HF), polymers under study. The vibrational tran-
sition intensities needed for their simulation were calcu-
lated using the following initial data. The values of bond
dipole moments were taken from the literature.26 The
values of particular combinations of the dipole moment
derivatives with respect to the natural coordinates
ouX...HF/eqHF — cuX.. HF/8gX...H, which determine
the band intensity of each stretching vibration, were evalu-
ated from the experimental dependence (Fig. 2) taken
from Refs. 27 and 28. This procedure made it possible to
take into account contribution of the hydrogen bond
cooperativity effect (whose magnitude varies depending
on the mutual orientation of the H-bonds) not only to the
vibrational frequencies, but also to the intensities of the
HF vibrational bands in the clusters under study.
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The spectral density distributions for all (HF), struc-
tural isomers were simulated under the assumption that
the absorption bands have Gaussjan profile with the
half-width ¢ = 20 cm™!. Several most characteristic
examples of such spectra are presented in Fig. 3. They
exemplify the main features of the spectra of different
(HF), 4 < n < 8) structural isomers as well as the
characteristic regions where the clusters of differcnt
masses absorb.

Obviously, the overlapping of neighboring absorption
bands reduces the number of maxima on the spectral
density distributions. If the spectra arc recorded under

conditions of significant line broadening (¢ > 20 cm™!),
the number of resolved spectral features should decrease
further. [t is worth noting that the intensity of isolated
vibraticnal bands of the "tail” HF molecules is an order
of magnitude smalier than the integrated intensity of the
molecules in the cycle. [t is likely the reason why the
vibrational bands of "tail® molecules have not been
detected so far.

Calculated spectra of different (HF), isomers allow
one to simulate the observed vibrational predissociation
spectrum of clusters in molecular beam!® (Fig. 4, q). To
model this spectrum, the relative contents of the clusters

Table 1. Frequencies of the stretching vibrations of the (HF), clusters calculated within the framework of semiempirical theory of

molecular vibrations

Cluster (HF), v/em™! Cluster (HF), v/em™!
n lsomer n lsomer
%
4 {) 3494 3492 3492 3490 7] J'b 34550
.
g Vs
A 3837 3648 3624 3589 SRR 3426 3418 3401 3386 3356 3322
&b %
3
s {3 3453 3451 3451 3447 3447 ¢ 38260 3361 3325 3275 3271 3204
be-
I N
Oy 383 3433 3411 3381 3340 3 3826° 3340 3312 3296 3256 3235
e °:'O
g §
A 38370 3562 3524 3499 ¢y 3826 37243386 3361 3325 3275 3205
S d
.
7 S
A 3830 3740 3603 3559 3499 s ¢ 3 3455+
& Nood’
%
6 {”"x 3436 3454 3454 3449 3449 3447 { P 386" 3394 3366 3337 3292 3286 3225
o o-e
! >
S 382 3413 3398 3378 3350 3310 o\j\m 3826 3376 3351 3330 3306 3286 3253
e d
: P
Cpeo I8V 33553302 3281 3227 ¢ 3826 3725 3407 3393 3366 3337 3286 3223
Oe
. g
oed oo 3332 3324 3324 3258 3258 °‘<z'°}°'° 3826 3287 3221 3217 3165 3127
O
P 3
e “uy
& 38323735 3393 3355 3302 327 .5 38267 3258 3237 3195 3179 3149
" S %
Q
¢ hady
A 3863 3432 3432 3432 °':j,3 3826 3724 3367 3333 3287 3221 3127
& d

3650

*Several "tail”

molecules in the cluster have the same frequency.

**All molecules of the cyelic part of the cluster have frequencies ciose to this frequency.
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Fig. 2. Dependence of the electrooptical parameter of the
X..H—F hydrogen bridge on the strength of the hydrogen
bond (according to Refs. 27 and 28).

of different masses in a beam at 7 = 5 K were sstimated
from the percentage of beam depletion at the mass 21.
The estimations point out that the main fraction in such

a beam consists of hexa- and heptamers, whereas the
pentamer concentration is quite insignificant.!$

The attempts to model the experimental spectral
density distribution revealed that it can be simulated
from the spectra of a definite set of (HF), clusters. The
equally good fits can be obtained with several sets of the
clusters, which differ from each other both in the sizes
and the concentrations of isomers. It is, however, neces-
sary that the polymers forming the main fraction in each
set consist of cycles no larger than five molecules and
"tails" no longer than one molecule. It is interesting to
note that all the considered sets of clusters, which
provide the best fit to experimental data, almost com-
pletely (by ~95%) consist of the branched isomers.

Let us discuss for example the integrated spectral
density distributions obtained for two such sets (Fig. 4,
p). It is evident that the experimental positions and
relative intensities of absorption maxima are reproduced
quite correctly in both cases. The main difference is that
the calculated spacing between two bands of 3630 cm™!
doublet is four times greater than the measured one.

To summanze, the consideration of the branched
structures of the (HF), polymers permitted an adequate
explanation of the features of cluster molecular beam
vibrational predissociation spectrum?$ including the large
red shifts of HF stretching vibrational bands, the existence
of several bands assigned to the clusters of the same size,
the characteristic spacings between the maxima of spectral
density distribution (~30—100 cm™'), and the coinci-
dence of frequencies for some clusters of different size.
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Fig. 3. Spectral density distnibutions of some isomeric (HF), clusters.
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Fig. 4. Vibrational predissociation spectra of the (HF), (n < 8)
clusters in molecular beam (7 = 5 K); a — cxperimt:mal;16
b — simulated:
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The calculated data and their good agreement with
the measured results suggest the following. The unex-
pectedly low cyclic pentamer concentration (relative to
that of the larger clusters) detected experimentally!®
may be caused by the effective formation of branched
(HF), (n = 6—8) isomers from the pentamer units. It is
likely that for this reason as well as because of the shift
of relative cluster stability from n = 4 under the equilib-
rium conditions to #n = 5—6 in a molecular beam,?!-2?
the concentration of cyclic tetramers may be also rela-
tively low.
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Fig. 5. IR spectra of the (HF), clusters in the gas phase (T =

273 K): a — experimental;!? 4 — simulated:
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Assuming that the branched (HF), polymers also can
be formed in the equilibrium systems, we attempted to
apply a similar description to the IR spectrum of HF
vapor at the temperature 273 K obtained in Ref. 12.
According to the theoretical estimations,2? the cyclic
(HF), tetramer should have the maximum concentra-
tion under these conditions. Indeed, the spectrum of
this cluster allowed us to explain the most intense band
at ~3300 ecm™}; see Fig. 5, a. In the higher frequency
range, where, as follows from our calculations, the
bands of the branched tetramer take place, the authors
of Ref. 12 predicted the absorption not only due to the
{HF), clusters. but also to the H,O—HF ones (see
Fig. 5, a). Hence, in this range the most striking dis-
agreement between simulated and measured spectra
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should be expected {and really exists). The absorption in
the rest of the frequency region can be successfuily
described by the ser of the spectra of cyclic pentamer
and branched clusters formed from the former upon the
attachment of one, two, or three "tails®. The resulting
spectral density distribution, in which the widths of all
bands were set to 40 ¢cm™! (Fig. 5, b), provides a quite
acceptabie description of the experimental curve.

Thus, the hypothesis of the coexistence of the
branched (HF), clusters with their cyclic isomers as well
as consideration of the cooperativity of conjugated hy-
drogen bonds provide an explanation for the specific
features of hydrogen fluoride spectra in the gas phasel?
and in molecular beams!® and indicate which structural
isomers and why are formed under the equilibrium and
non-equilibrium conditions.

This hypothesis is supported not only by the results of
Monte-Carlo simulations.!3 The special calculations on
the thermodynamic functions of the (HF), clusters based
on the data of this spectroscopic study demonstrated the
relative stability of the branched isomers.21 It is likely that
the stabilities of some of them (in which the numbers of
molecules in the cvcle and in the "tails” are in the ratios
3:1,4:2and 5: 1) is comparable to those of pure
cvclic structures. This observation make it interesting to
perform the direct search for the branched (HF), (n =
4—6) structures within the gb initio methods.

Ab initio SCF calculations on the stable configurations
of the (HF), clusters

The calculations were performed by the self-consis-
tent field (SCF) method in the double-zeta atomic

orbital basis augmented by the polarization orbitals us-
ing the GAMMES program package.3? The energies at
the stationary points of a system were calculated within
the second-order Moller-Plesset perturbation theory
(MP2). 1t should be noted that this approximation does
not reveal rigorous quantitative conclusions since the
latter require more grounded treatment of electron cor-
relation effects.

The results of the calculations demonstrated that the
branched clusters with the ratios of cycle to "tail” units
3:1,3:2,3:3,4:1,4: 2,and 5 : 1 are really
stable. None of the stable clusters with the dimeric "tail”
was observed. The geometry optimization always trans-
forms such configurations to structures corresponding to
either cycle or a cycle with a monomer "tail”.

Table 2 shows the total energies of the global and
local minima on the PES of the (HF), (n = 1—6) clus-
ters as well as the energies of local minima with respect
to those of the global ones. In keeping with the calcula-
tions by other authors, the minimum energies correspond
to the cyclic structures. The local minima corresponding
to branched structures with one or two "tails" lie higher in
energy by 58 and 12—14 kcal mol™!, respectively. The
energy of the unigue configuration with three "tails” (for
n = 6) exceeds that of the prime isomer by more than
20 kcal mol™'. It is evident that the application of the
more accurate ab initio methods will affect the absolute
AE values but not the conclusions on the relative stabili-
ties of the conformers.

Special attention should be paid to the fact that the
calculated values of the harmonic frequencies for the
cyclic and the stable branched (HF), conformers fall
within the same spectral region (Table 3). It provides
implicit evidence that the local minima are relatively

Table 2. Total £ {a.u.) and relative AE (kcal mol™!) energies of isomers calculated within the SCF and MP2 approximations

n lsomer SCF MP2 n lsomer SCF MP2
(HF), £ AE E AE (HF), I3 AE £ AE
b
I o —100.037825 ~100.229575 5 :3,\ -500.273623  14.22  —S501.191041 17.90
P
1 ema, -200.103354 —200.468430 6 0._0.0} —600.357382 0.0 —601.465065 0.0
b
1 f 300167257 ~300.718827 }o ~600.348997 526  —601.455413  6.06
ot
4 P -400.253202 0.0 —400.971298 0.0 v PO ~600.338472 1187  -601.442421 1421
b
£y T900.221200 753 -400.955829  9.71 (}.o ~600.338008  12.16  —601.441991  14.48
be
5 }°~500.296279 00 =501.219566 0.0 B -600.324592 2058 601424715  25.32
= TS

{), -300.286284 627 —301.207439 761
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Table 3. IR spectra of the (HF), clusters

n lso- viem™! (I (%)) n Iso-
mer mer
(HF}, (HF),

vicm™ (fe (%))

1 e 45114

v}

p

1 =oa 4473(4), 4427(11) 6
b
3£y 4343014), 4344(14). 4275(0) &y
bed
rQ
4 Qf;\ 4255(0). 4208(32), 4208(32), 4103(0) ovd P
: e
£y, 41T, 4395(12), 4324(11), 4199(12) q.?,,,o
7
5 ‘i:}’ 4199(0). 41990, 4124(51), 4124(51), 4015(0) &N
& %

3
q{} 4453(7), 4309(12), 4236(21), 4167(20), 4030(16)

4461(4), 4459(10), 4392(11), 4318(16), 4205(1 1)

4194(1), 4168(0), 4168(0), 4085(67), 4085(67). 3983(0)

4457(7), 4264(9), 4199(13), 4142(31), 4080(32). 3947(21)

4364(0), 4463(14). 4288(0), 4284(30), 4122(43). 4066(0)

4470(6), 4467(8), 4328(12), 4210(32). 4194(10), 4008(19)

4477(D), 4475(10), 4475(10), 4332(18), 4332(18), 4276(0)

deep and, in turn, that the corresponding isomers are
relatively stable.

Leaving aside the analysis of the absolute values of
calculated vHF frequencies, we consider the main trends
of their variations from one cluster to another. It is
evident from the data of Table 3 that the ab initio
results support the following trends found in the
semiempirical studies of the spectra of the (HF), clus-
ters (Table 1). The frequencies of the "tail” molecules in
all branched clusters are close to cach other, being
similar to the (HF), dimer vibrational frequency. The
band intensities associated with the vibrations of "tail”
molecules are much weaker than those associated with
the HF bonds in the cycles. The attachment of "tail”
molecule to the cycle strongly splits out its stretching
vibrations.

To summarizz, the results of our calculations and
critical analysis of the published data indicate that the
association of HF molecules in the gas phase and mo-
jecular beams can form a significant fraction of the
branched clusters. However, the existence of such struc-
tures can be rigorousty proven only by the experimental
detection of the bands of iarge (n 2 4) (HF), clusters in
a 3850—3800 ¢m™! where, according to the calcula-
tions, the absorption by the "tail” molecules should take
place.
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