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COMBINATORIAL BROADENING MECHANISM OF O-H STRETCHING BANDS
IN H-BONDED MOLECULAR CLUSTERS

G.A. Pitsevich,”* L. Yu. Doroshenko,b V. E. Pogorelov,b UDC 535.34;539.194
L. G. M. Pettersson,® V. Sablinskas,? V. V. Sapeshko,®
and V. Balevicius?

A new mechanism for combinatorial broadening of donor-OH stretching-vibration absorption bands in molecular
clusters with H-bonds is proposed. It enables the experimentally observed increase of the O—H stretching-vibration
bandwidth with increasing number of molecules in H-bonded clusters to be explained. Knowledge of the half-width
of the OH stretching-vibration absorption band in the dimer and the number of H-bonds in the analyzed cluster is
sufficient in the zeroth-order approximation to estimate the O—H stretching-absorption bands in clusters containing
several molecules. Good agreement between the calculated and published experimental half-widths of the OH
stretching-vibration absorption bands in MeOH and PrOH clusters was obtained using this approach.
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Introduction. Hydrogen bonds (H-bonds) are attractive to research scientists around the globe [1-11] because
they play key roles in many physical, chemical, and biochemical processes. Molecules are known to be combined through
H-bonds into complexes and clusters that are highly interesting even today [12—14]. H-bond energies are intermediate
between covalent bonds and van der Waals interactions. The simplest alcohols can associate into various clusters through
H-bonds and can be considered convenient models for studying cooperative effects and structural changes in molecular
clusters [15]. Significant research results were achieved using vibrational spectroscopy in combination with matrix isolation
[16—-19] and cooled jets [20—24], mainly because spectra of isolated clusters at very low temperatures are observed as narrow
absorption bands. Furthermore, the probability that they will overlap is very low because such spectra contain almost no hot
bands. Therefore, the spectral characteristics of separate clusters of different sizes can be studied. Nevertheless, several bands
associated with O—H vibrations remain rather broad. Their half-widths reach tens or hundreds of inverse centimeters even
under the aforementioned conditions. Therefore, determination of the factors responsible for the formation of such broad
bands remains critical.

Understanding of the band-broadening mechanisms in condensed phases is an especially complicated problem [25—
28] despite the progress in this area [7, 29-37]. Interest in analyzing the band-broadening mechanisms in the gas phase also has
not waned [38—40]. Information that is important for constructing a theory can be obtained experimentally during research on
small H-bonded clusters that can be separated according to size. Unfortunately, systematic studies of the band half-width as
a function of H-bonded cluster size are practically unknown in the literature. Such studies were recently performed for PrOH
clusters in Ar matrices [41] where the half-widths of OH absorption bands increased smoothly with increasing cluster size.
An analogous conclusion was drawn [20] during a study of IR and Raman spectra of small MeOH clusters in cooled jets. The
results [20] indicated that bands due to vibrations of various symmetries and even bands belonging to different conformers of
clusters containing identical numbers of molecules had practically the same half-width. Such experimental results contradict
traditional concepts associating large half-widths of donor OH stretching vibrations (voy) with a high probability of breaking
H-bonds. Today, it is generally recognized that the force and strength of H-bonds calculated per bond increase with increasing
cluster size [5, 42, 43]. This more likely reduces the probability that they will break. Another dubious hypothesis associated
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large band half-widths with a high probability of transferring vibrational energy from one equivalent elemental oscillator
to another. Modern quantum-chemical calculations of IR spectra of alcohol clusters showed that O—H vibrations were not
localized on individual groups but were collective in nature with practically equivalent contributions to the potential-energy
distribution (PED) [20, 23]. Therefore, the search for universal mechanisms capable of explaining the increase of band half-
width with increasing molecular cluster size is critical.

The goals of the present work were to use combinatorial elements to analyze the mechanisms by which the half-
widths of O-H stretching-vibration absorption bands increase with increasing molecular cluster size assuming that the
probability of breaking each individual H-bond is identical and practically independent of the cluster size and to compare the
band half-widths of enlarging clusters that were predicted by the combinatorial approach with existing experimental data.

Mathematical Model Describing the Increased Broadening of O-H Stretching-Vibration Absorption Bands
with Increasing Molecular Cluster Size. Several different broadening mechanisms that can contribute simultaneously
to the experimentally observed absorption-band half-width are known. The actual contribution of each known broadening
mechanism depends on the experimental conditions. We supposed during an analysis of combinatorial broadening factors that
the voy absorption-band half-width increased with increasing number of molecules in the cluster because the average lifetime
of the excited vibrational state (1) decreased. Let us assume that donor OH groups are being discussed. Then, a dimer with
a single H-bond would be the smallest molecular cluster under investigation. We assumed during the analysis of the donor-
OH excited vibrational state that it could relax by several mechanisms such as natural broadening due to the occurrence of
spontaneous transitions into the ground state; redistribution of vibrational energy into low-energy modes within the cluster
[44—46]; high anharmonicity of O—H stretching vibrations [47-49]; and cleavage of H-bonds. Each of these mechanisms
reduced the average lifetime of the excited vibrational state and could be regarded as homogeneous broadening. In turn, this
meant that all inhomogeneous absorption-band broadening mechanisms were excluded from the discussion. Furthermore,
it was assumed that the contribution of vibration dephasing mechanisms to the band broadening could be neglected. The
examination of the set Z of donor OH groups in a certain cluster as a collection of equivalent oscillators considered that they
formed Z normal modes of the cluster due to force interactions. All donor-OH groups in each of them moved with different
phase differences. Each donor group was viewed as a channel through which the collective stretching vibration of cluster
donor-OH groups could relax through one of the aforementioned mechanisms. Therefore, the increased half-width of voy
bands with increasing cluster size could be associated with the increased probability that the collective voy normal mode
would relax because of the increased number of channels through which this could occur.

Let us designate p; as the total relaxation probability of vy per unit time per single OH group; p, the relaxation
probability of a collective vy vibration per unit time per cluster containing Z H-bonds. Let us consider that the relaxation
probability of a collective vibration in a cluster with several H-bonds is the same over all channels in the zeroth approximation
and independent of the cluster size. Let p; = 1/100 for the dimer (which is possible considering the arbitrary choice of unit
time) so that p, in the trimer chain must be found. For this, we examined the equivalent mathematical problem of casting
dice with 100 faces, each of which was numbered from 1 to 100. If the appearance of a "1" was considered a positive event,
then the dimer behavior was modeled by casting one die. The probability of just a single "1" appearing if two dice were
thrown simultaneously had to be found for the trimer chain. The probability is known to be determined by the ratio of the
number of positive events (S) to their total number (7). The number of positive events was determined as S =1 + 1-99 +
1-99 = 199. Here, the first term is the simultaneous appearance of "1" on both dice; the second, appearance of a "1" on the
left die multiplied by the 99 numbers (all except the "1") on the right die; the third, appearance of a "1" on the right die
multiplied by the 99 possibilities on the left die. The total was 199 possibilities. The total possibilities was 7' = 100, Then,
the probability of the desired event p, = 199/ 100%. Let us examine the instance of three equivalent H-bonds. This could be
a cyclic trimer or a tetramer chain. Now, we have three dice analogous to the preceding ones and find the probability that
at least one "1" appears. The number of positive events was S =1+ 1-99 + 1-99 + 1-99 + 1:99-99 + 1:99-99 + 1-99-99 =1 +
3-99 +3-:99-99 = C; 1+ C32 99 + (3 -99-99. Here, the first term is the appearance of a "1" on all three dice; the next three te
rms, appearance of a"'1" on two dice; the final three terms, appearance ofa 1" on one of the dice. As usual, C,' =n!/m!(n—m)!.
In the more general instance, p = m/k. Now, the die had & faces. As before, a positive event was the appearance of a "1".
However, there were now m "1" digits on k faces and (k — m) digits different from unity. For Z H-bonds (Z dice),

S= CEZm“k—m)’+ CZ ' m" N k—m)' + CZ72m" 2k —m)* + ...+ Cim(k—m)* >+ Cylm" (k — m)*!
=& - Comk—m)".
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Fig. 1. Dependence of p on Z for p; = 0.001 (1), 0.01 (2), and 0.1 (3).

The total number of possibilities was . Then, the probability of just a single "1" appearing was
pr=1-Comk—m)? K> =1~ (k—m)“IK* =1~ [(k—m)k* =1 — (1 —mlk)’ =1 — (1 —p,)*. (1)

The form of Eq. (1) indicated that it could be derived by an alternate method. The resulting formula could be
analyzed by plotting p, as a function of Z for various p; values. Figure 1 shows that p; increased practically linearly with
increasing Z for small p; values. However, the function p,(Z) became nonlinear as p; increased.

Analysis of the Shape and PED of OH Stretching Vibrations in MeOH Clusters. The constructed model assumed
that all O—H vibrations in clusters with H-bonds were collective. This assumption could be justified theoretically by calculating
the shape and PED [50] of normal modes of various MeOH clusters. The calculations were performed in the B3LYP/cc-pVTZ
approximation [51-54] using the GAMESS quantum-chemical software [55] for MeOH clusters containing from three to six
molecules. According to the calculations, off-diagonal force constants due to second derivatives of the potential energy over
O-H valence coordinates of various molecules in the cluster were different from zero. This confirmed that force interaction
occurred among OH vibrations. The fact that O—H vibrations were collective could be clearly demonstrated by using calculated
contributions to the PED (Table 1) of O—H stretching vibrations in the clusters.

Table 1 shows that individual OH oscillators could be assumed not to contribute to several collective vibrations.
However, degenerate (3411.9 and 3412 cm! in the tetramer) or quasi-degenerate (3575.3 and 3581.4 cm! in the trimer)
vibrations due to the high symmetries of the corresponding clusters are actually being discussed. In these instances, the PED
of both vibrations should more likely be summed. For example, we obtain for the tetramer

50.51 g™ +49.7 ¢ +49.69 ¢PM +50.64 g1 .

However, combinatorial broadening of absorption bands in molecular clusters could also be analyzed using an approach
where the involvement of each equivalent oscillator was considered in more detail based on the shape and PED of the
analyzed collective vy vibration.

Establishment of the Function for the Increase of Absorption-Band Half-Width Due to O-H Stretching
Vibrations with Increasing Number of Cluster H-Bonds. Because each molecular-cluster channel that is involved in
combinatorial absorption-band broadening and the mechanism in general are related to the decreased lifetime of the excited
vibrational state vgy, the well-known relationship between the absorption-band half-width (Av) and the average lifetime in
the excited vibrational state (t) can be used [20, 56-59]

Avt=12x. 2)
It is noteworthy that the probability of deactivating the vibrational state per unit time is [59]

The quantity p and the average vibrational state lifetime t are related by [59]
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TABLE 1. Potential Energy Distribution for OH Stretching Vibrations in Clusters Containing from Three to Six MeOH Molecules

Cluster Mode, em™! PED, %
3509.7 31.84¢7" +27.57¢9" +42.54 ¢
Trimer 3575.3 22.05¢™" +20.08¢8" +58.25¢"
3581.4 4744977 +52.11¢51
3313.6 2627 g +24.86 g5 +27.2¢9M +25.72490
3411.9 49.7¢5" +49.69¢"
Tetramer
3412.0 50.51 ¢ +50.64 g9
34517 251147 +24.855" +2521¢2% + 259"
3261.3 25212 + 24,449 + 25415 +17.39" +12.76 ¢
3347.0 456995 +32.3¢5" +18.46 ¢
Pentamer 3360.6 373890 +8.77¢5" +283249" +26.5¢M
3406.9 36.89 2" + 1524 +33.71 ¢ +13.97¢"
3420.0 14.34 g +23.9¢9" +59.39¢9"
3246.4 17.75¢™ + 175145 +19.85¢5™ +17.84¢9" +15.83¢5" +16.2¢"
3324.6 18.98 ™ +31.45¢5" +16.3298" +29.5¢5"
Hoxamer | 30.560™ +16.18¢9" +17.3¢8" +31.8845"
3387.8 248245 +23.6¢0M +27.264" +24.58¢5"
3390.3 36.069°" +8.05¢5" +9.91¢9" + 6339 +32.27¢M +7.99 ¢
3410.4 16.05¢% +15.79¢5" +14.4¢2" +16.68 45" +19.55¢M +17.67¢"
Note. ¢ y e q?H are OH stretching coordinates in a cyclic cluster containing Z MeOH molecules.
pr=1. (4)
Let us switch to the dimensionless average lifetime in Eq. (4)
T=1/¢t. 6]
By substituting Eq. (5) into Eq. (4), we obtain
pot =1 . Q)

In order that the dimensionless quantity pf, coincided with the probabilities of a "1" appearing on the dice, i.e., in order that

Py =p, )
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to had to be set equal to the O—H stretching-vibration period in the MeOH dimer. In fact, in this instance, T turned out to be
equal to 7, the average number of OH vibrations in the excited state and, according to Eq. (6), only in this instance would the
certain event (p = 1) correspond as expected to # = 1. Because the wavenumber of the OH stretching vibration in the MeOH
dimer was 3575 cm™ ! [21-24], its period was T=1/¢cv = T = 10" s. Thus, ty = 10* 5. Then, we obtain from Eqgs. (6)
and (7)

pi=1. (®)

Let us switch to wavenumbers in Eq. (2)

AV=Av/c = Avi=Avetr=1/2n = 2mcAvt =1 . )

Also, let us switch to the dimensionless average lifetime in Eq. (9)

2ncAVT = 2ncAVTt / T = 2ncAVTT . (10)

Then,
2ncTAVT = 1. (11)

By comparing Egs. (11) and (8), we obtain

p = 2ncTAV = 2AAV = 27AV / v . (12)

Here and henceforth, AV, means the voy absorption-band half-width in a cluster containing Z H-bonds. Then, Eq. (12) can
be rewritten as

pZ = ZTCA{(/Z /{/Z or AOZ = Ozpz /275 (13)
By substituting Eq. (1) into Eq. (13), we obtain
AV = Vzpz[2m =V, (1-(1 - pl)z)/ZTc =v, (1-0- 27:A\71/\71)Z)/2n . (14)

Equation (14) enables the half-width of absorption bands due to O—H stretching vibrations in clusters containing Z H-bonds
(Avy) to be calculated from the known absorption-band half-width due to donor OH stretching vibrations in the dimer (Av,)
and the wavenumber (Vv ;) of these bands. However, the number of H-bonds in the cluster can be estimated if the experimental
values of Av,, Vv, AV, and v, are known

Z =In(1-2nAV;/v)/In (1= 27AV, /V,) . (15)

Comparison of Calculated and Experimental Half-Widths of Absorption Bands Due to O-H Vibrations in
Clusters of Various Sizes. The combinatorial mechanism proposed above was assumed to be the main contributor to the
tendency of the half-width of O—H stretching-vibration absorption bands to increase with increasing number of molecules
in the alcohol clusters although several alternate mechanisms for the absorption-band broadening could appear under the
experimental conditions. PrOH clusters in matrix isolation were systematically studied earlier [41]. In particular, half-widths
of voy bands for variously sized clusters were determined.

Table 2 presents the absorption-band half-widths for the trimer chain (Z = 2), the cyclic trimer (Z = 3), and the
cyclic tetramer (Z = 4) that were calculated according to Eq. (13) with Av; =47 cm™! for the PrOH dimer. The experimental
values for the corresponding absorption bands agreed well with those predicted theoretically and are also presented. The
experimental data for MeOH clusters could be compared using previous results [20] where several bands that were assigned
to variously sized clusters were observed. The dimer band had a half-width of 6 cm !, A band of half-width 14.7 cm™' with
two maxima separated from each other by 4.7 em ! was assigned to the cyclic trimer. This band resulted from overlap of
two bands of approximately identical intensity but smaller half-width. The half-widths of these bands were modeled as
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TABLE 2. Half-widths of O—H Stretching-Vibration Bands for PrOH and MeOH Clusters Calculated Using a Combinatorial
Broadening Model and Their Comparison with Experimental Values

z PrOH MeOH
AV em™ | AVE® em ! [41] | VSR em T [41] | AVE®, em T | AVS®, em ! [20] | 9SP, em ! [20]
1 47 55(3) 3521 5.0 6.0 3575
2 88 83(5) 3444 - - -
3 124 118(7) 3376 14.4 8.5 3472
4 154 145(4) 3264 18.2 21.0 3294

Note. Z is the number of H-bonds.

8.5 cm™'. The band assigned to the cyclic tetramer (3294 cmfl) had a half-width significantly greater than that of the trimer.
Furthermore, it overlapped with neighboring bands. This made it complicated to find its half-width. The half-width of the
tetramer voy band was determined as follows. The unperturbed low-frequency part of the envelope of the lower frequency
band was mirrored along a vertical line passing through its maximum. Then, the intensity of the reflected tail was subtracted
pointwise from the intensity of the tetramer band. This formed an intermediate envelope for the analyzed band that was still
broadened on the high-frequency side. The final band envelope was obtained by reflecting the low-frequency part of the
intermediate contour along a vertical line passing through the band maximum. The half-width of this envelope was 21 em L.
Table 2 presents the absorption-band half-widths of the cyclic trimer (Z = 3) and tetramer (Z = 4) using Eq. (13) with
AV, =5 cm™! for the MeOH dimer. It can be seen that the combinatorial band-broadening mechanism described satisfactorily
the experimentally observed tendency of Av, to increase with increasing Z.

The proposed broadening mechanism was rather universal. However, the accuracy of the calculations for clusters
with many molecules depended mainly on the accuracy of half-width Av; of the stretching-vibration absorption band for
donor OH groups in the corresponding dimer.

The AV, value should be obtained under the same experimental conditions required to find Av, or Z. Furthermore,
one should be convinced that inhomogeneous broadening can be neglected under these conditions. With this condition, an
attempt was made to apply this approach to pure liquid MeOH in order to estimate how much the H-bonds in the liquid are
localized or delocalized. The IR spectrum at 203 K [60] had an absorption band at 3300 cm ! of half-width 230 cm™. Setting
Av, =5 cm”! (absorption-band half-width of the MeOH dimer in the gas phase at 3575 cmﬁl) [20], we obtained Z = 65.
This indicated that the interaction in the condensed phase was highly delocalized. However, Z = 11-12 was obtained for the
liquid by using 27 cm™! for the half-width of the absorption band at 3525 cm™! for the MeOH dimer in an Ar matrix [60]
at temperatures below 30 K. Obviously, the result depended strongly on the Av, value. It was concluded that broadening
associated with condensation in the solid phase dominated over broadening associated with the temperature because the
absorption-band half-width of vy of the gas-phase dimer was significantly less than that in an Ar matrix. Assuming that
broadening in the condensed phase associated with matrix effects could be used to estimate the half-width of a hypothetical
MeOH dimer in the liquid, it was concluded that clusters in the liquid contained from 10 to 20 molecules. However, this was
clearly a rough estimate and referred not to specific structures in the liquid but more likely to the effective range of H-bonds.
It would have been very useful to study this phenomenon in more detail using, in particular, previous results [61]. However,
this was beyond the scope of the present work.

Conclusions. A new model for a universal homogeneous absorption-band broadening mechanism was proposed. It
was based on combinatorial relaxation of donor-OH collective stretching vibrations. An equation relating absorption-band
half-widths of collective vibrations to donor-OH absorption-band half-widths in the dimer and the number of elemental
oscillators was obtained by using probability theory techniques for a series of combinatorial problems modeling the increased
probability of relaxing collective vibrations with an increasing number of elemental oscillators involved in forming them.
Band half-widths calculated using this equation and experimental band half-widths due to OH stretching vibrations in
variously sized PrOH and MeOH clusters were compared. The voy band half-widths of MeOH cyclic trimer and tetramer were
modeled using experimental data [20]. The calculated and experimental values were in satisfactory agreement. The presented
combinatorial broadening mechanism was rather universal and described satisfactorily the tendency of the absorption-band
half-width to increase with increasing number of cluster H-bonds.
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