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Abstract

The vibrational features characterising the hydrogen-bonded interaction between PhOH and H,O have been
studied. The vibrational spectra for free and complexed PhOH and H,O have been predicted by ab initio calculations
at different levels: 3-21G/SCF, 6-31G/SCF and 6-31G/MP2. The changes in the vibrational characteristics
(vibrational frequencies, infrared intensities and Raman activities) upon hydrogen bonding have been estimated. It
was established that the most sensitive to the complexation is the stretching O—H vibration of the phenol site. In
agreement with the experiment, its vibrational frequency is shifted to lower wavenumbers. The magnitude of the
wavenumber shift is indicative of a relatively strong OH--H hydrogen-bonded interaction. The ab initio calculations
at different levels predict an increase of the IR intensity up to 50 times and of the Raman activity up to four times.
The remaining vibrations (stretching, bending and torsion) are less sensitive to the hydrogen bonding. Their

vibrational characteristics are changed to a less extent. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The hydogen-bonded phenol complexes with
simple solvent molecules are important models for
investigation of H-bonding and proton transfer in
proteins and nucleic acids.

In recent years, the experimental studies on
vibrational spectra of phenol and clusters with
water, methanol, and ammonia have gained much
interest [1-10]. The vibrational spectra in the
ground state of the complexes are of particular
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importance, in order to examine the complex
structure, because vibrational frequencies are de-
termined by the force field which is directly re-
lated to the structure. It is anticipated that the
normal modes of phenol which involve stretching,
bending, and torsion vibrations of the OH group
undergo substantial changes in the frequencies
due to hydrogen bonding. The frequency shifts of
these modes give direct information on the H-
bond interaction. Especially, the frequency change
of the phenolic OH stretching vibration closely
correlates with the H-bond strength which de-
pends on the basicity of the acceptor. The obser-
vations of vibrational spectra of acceptors are
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quite important to characterise their coordination
in the complex.

Phenol (PhOH) is the simplest aromatic acid as
it is well known, in aqueous solution the molecule
is hydrated. The study of the phenol-water com-
plex PhOH--(H,O)n is a natural first step for
understanding molecular interactions in organic
acids. In recent cluster chemistry IR spectroscopy
has been extensively used for obtaining informa-
tion on cluster structures which are otherwise
difficult to be determined directly. Recently, the
Mikami and Ebata group succeeded in observing
the IR spectra of PhOH---(H,0), (n <4) [11,12].

The combination of ab initio calculations and
experimental data leads to a better knowledge of
the nature of hydrogen bonding. Burgi et al. [13]
determined a ring structure of PhOH---(H,0); us-
ing the 6-31G**/SCF basis set, and examined the
intermolecular vibrations. The intermolecular and
intramolecular vibrations of a ring structure of
PhOH---(H,0), have been investigated by ab ini-
tio calculations using different basis sets [14].

It is known that hydrogen bonding leads to
substantial changes in the vibrational characteris-
tics of the stretching vibrations for the monomer
bonds involved in the hydrogen bonding. In our
previous studies [15—17] the shifts in the vibra-
tional frequencies of formaldehyde and proton
donors of  varying strengths: N=COH,
NH=CHOH and H,O upon formation of the hy-
drogen-bonded complexes have been predicted us-
ing ab initio calculations at different basis sets.
The predicted frequency shifts are in good agree-
ment with the experimental shifts. It was estab-
lished that the stretching frequencies for monomer
bonds involved in hydrogen bonding are shifted
to lower frequency corresponding to bond weak-
ening. The remaining frequencies are either un-
changed, or shifted to higher frequency.

The aim of the present study is to investigate
the solvent shifts in the vibrational characteristics
(vibrational frequencies, infrared intensities and
Raman activities) upon hydrogen bonding for the
hydrogen-bonded complex PhOH---H,O using ab
initio calculations at different levels. The first step
in our study is to optimise the geometric parame-
ters for the monomers (PhOH and H,O) and for
the complex PhOH--H,O at different levels of ab

initio MO theory: 6-31G/SCF, 6-31G/MP2,
DZP/SCF and DZP/MP2. The calculated values
of the geometric parameters are compared with
the corresponding experimental data. The second
step is to predict the vibrational characteristics
(vibrational frequencies, IR intensities and Ra-
man activities) of the monomers and of the com-
plex by ab initio calculations at different levels:
3-21G/SCF, 6-31G/SCF and 6-31G/MP2, and
finally to estimate the changes in the vibrational
characteristics from monomers to a complex.

2. Results and discussion

2.1. Geometries

In a previous our study [18] the structures and
stabilities of the hydrogen-bonded complexes of
phenol with 1-4 water molecules have been inves-
tigated employing ab initio calculations at differ-
ent levels. The most stable structures of the
phenol-water complexes have been determined.
The dissociation energy has been estimated em-
ploying basis set superposition correction, zero-
point  vibrational contribution and MP2
correlation contribution.

The object of the present study is the complex
of phenol with one water molecule, which has a
planar structure (see Fig. 1). For the complex
studied full geometry optimization has been per-

13 T 12

Fig. 1. Optimized structure at 6-31G/MP2 level end atomic
numbering for the complex PhOH---H,O.
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Calculated and experimental geometric parameters for free and complexed PhOH and H,O

Parameter® 6-31G/SCF 6-31G/MP2 DZP/SCF DZP/MP2 Exp!
Monomer Monomer Monomer Monomer Monomers
complexation complexation complexation complexation

Bond length®

C,0, 1.377 1.365 1.415 1.401 1.353 1.345 1.376 1.366 1.364

C5C, 1.385 1.388 1.409 1.114 1.389 1.391 1.402 1.406 1.398

C,C;4 1.389 1.388 1.413 1.413 1.391 1.389 1.403 1.402 1.398

CsC, 1.385 1.386 1.411 1.411 1.386 1.386 1.401 1.402 1.398

C.Cs 1.391 1.391 1.415 1.415 1.392 1.392 1.404 1.404 1.398

C,Cq 1.384 1.384 1.408 1.408 1.385 1.385 1.399 1.399 1.398

H;0, 0.949 0.960 0.980 0.991 0.943 0.949 0.966 0.974 0.956

H,C, 1.074 1.073 1.093 1.092 1.077 1.076 1.087 1.085 1.076

H,,C, 1.073 1.073 1.091 1.091 1.075 1.076 1.085 1.085 1.076

H,,Cs 1.072 1.073 1.090 1.091 1.074 1.075 1.084 1.085 1.082

H,,C, 1.073 1.073 1.091 1.091 1.075 1.076 1.085 1.085 1.076

H,;C, 1.071 1.071 1.089 1.089 1.074 1.075 1.084 1.084 1.076

0,,0, - 2.773 - 2.781 - 2.894 - 2.807 -

H,s0,, 0.949 1.949 0.975 0.977 0.944 0.944 0.962 0.963 0.957¢

H,;0,, 0 949 0.949 0.975 0.973 0.944 0.945 0.962 0.963 0.957

Angle®

C;C,0, 122.5 122.6 122.8 123.0 122.3 122.6 122.6 122.6 122.5

C,C,C, 119.5 119.7 119.2 119.6 119.6 119.8 119.6 119.8 -

CsC,C4 120.4 120.6 120.4 120.5 120.7 120.9 120.4 120.8 -

C¢CsC, 1194 119.2 119.6 1194 119.1 118.9 119.4 118.9 -

C,CcCs 120.6 120.6 120.5 120.5 120.8 120.9 120.6 120.9 -

H;0,C, 114.8 115.9 110.9 111.9 110.9 112.0 108.4 111.9 109.0

H,C;C, 120.3 119.9 120.5 120.0 120.2 119.9 120.1 119.9 -

H,,C,C; 1194 119.3 119.4 1194 119.2 119.2 119.3 119.2 -

H,,CC, 120.3 120.4 120.2 120.3 120.4 120.6 120.3 120.5 -

H,,C(Cs 119.9 119.9 120.0 119.9 119.8 119.8 119.9 119.8 -

H,;C,Cq 121.7 121.7 121.8 121.7 1214 121.3 121.5 121.3 -

0,,0,C, - 121.7 - 117.4 - 121.0 - 121.0 -

H,5;0,,0, - 137.0 - 137.3 - 139.8 - 139.9 -

H,,0,,0, - 110.6 - 111.8 - 112.7 - 112.8

H,s0,,H,¢ 111.5 1124 109.3 110.8 106.6 107.4 104.6 107.3 104.5¢

# See Fig. 1 for numbering of atoms.

®In angstroms.

¢ In degrees.

¢ [40]
‘4]

formed at different levels of ab initio MO theory:
6-31G/SCF, 6-31G/MP2, DZP/SCF and DZP/
MP2. The optimum values of the geometric
parameters for the monomers (PhOH and H,O)
and for the complex PhOH---H,O are given in
Table 1. The calculated values for the monomers
are compared with the corresponding experimen-
tal data.

As can be seen from the results presented in
Table 1, the calculated bond lengths and angles
with the DZP basis set are in better agreement
with the experimental data than the correspond-
ing parameters calculated with the 6—-31G basis
set. The calculated bond lengths are longer than
the corresponding values calculated at the SCF
level. The angles, calculated at the MP2 level are
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Table 2

Net atomic charges (¢;) and changes of the atomic charges (Ag;) from monomers (PhOH and H,O) to complex (PhOH--H,O)

calculated at the different levels of ab initio MO theory

No* Atom 6-31G**/SCF 6-31G**/MP2 DZP/SCF DZP/MP2
4q; AgP qi AgP 4q; Ag® 4q; AgP

1 O —0.6905 —0.0348 —0.6364 —0.0599 —0.5245 —0.0201 —0.5499 —0.1016
2 C 0.3995 0.0092 0.3213 0.0080 0.4116 0.0003 0.4112 0.0659
3 C —0.2223 —0.0024 —0.1595 —0.0073 —0.2742 0.0022 —0.2659 —0.0154
4 C —0.1281 —0.0008 —0.1294 —0.0017 —0.0548 0.0017 —0.0610 0.0177
5 C —0.1800 —0.0045 —0.1265 —0.0029 —0.1716 0.0082 —0.1705 —0.0400
6 C —0.1294 0.008 —0.1303 —0.0022 —0.0508 —0.0003 —0.0567 0.0165
7 C —0.1886 —0.0069 —0.1357 —0.0033 —0.2373 —0.0126 —0.2337 —0.0345
8 H 0.3963 0.0483 0.3837 0.0515 0.3921 0.0473 0.4079 0.0757
9 H 0.1359 —0.0028 0.0986 —0.0129 0.0905 0.0026 0.0938 0.0031
10 H 0.1431 —0.0082 0.1133 —0.0081 0.0913 —0.0062 0.0932 —0.0026
11 H 0.1400 —0.0067 0.1136 —0.0060 0.0982 —0.0050 0.0997 0.0005
12 H 0.1456 —0.0065 0.1167 —0.0029 0.0968 —0.0052 0.0987 —0.0005
13 H 0.1569 0.0048 0.1304 0.0083 0.1173 —0.0055 0.1192 0.0010
14 (@) —0.6833 —0.0126 —0.6594 —0.0184 —0.7081 —0.0315 —0.7209 —0.0632
15 H 0.3510 0.0156 0.3481 0.0276 0.3591 0.0208 0.3665 0.0378
16 H 0.3541 0.0187 0.3515 0.0310 0.3608 0.0225 0.3686 0.0397

2 See Fig. 1 for numbering of atoms.
b Aql q;:omplex_qimonomer

in better agreement with the experiment than the
results at the SCF level.

It is interesting to investigate the changes in the
geometric parameters from free monomers to a
complex. The most sensitive to the formation of
the hydrogen bond is the hydrogen-bonded OH
bond (HgO,) and the angle HO,C, The remain-
ing geometric parameters of the monomers are
either unchanged or changed with small values
upon formation of the hydrogen bond.

2.2. Charge distribution

In order to determine the influence of the hy-
drogen bonding on the charge rearangement for
the studied phenol-water complex, the Mulliken
population analysis has been used in this work.
The charge distribution for the monomers (PhOH
and H,0) and for the complex PhOH---H,O has
been evalueted by ab initio calculations at differ-
ent levels: 6-31G**/SCF, 6-31G**/MP2, DZP/
SCF and DZP/MP2. The calculated net atomic
charges (¢;) and the changes of the atomic charges
(Ag;) from monomers to a complex are presented
in Table 2.

The data for ¢; and Ag; (see Table 2) show that
as a result of hydrogen bonding between PhOH
and H,O a charge rearrangement occurs. The
most sensitive to the complexation are the atoms
O, and Hg (from PhOH), and O,, (from H,O).
The negativity of the oxygen atoms O, and O,
increases upon hydrogen bonding, while the hy-
drogen atom Hg releases positive charge change.
It can be concluded that the oxygen atoms O, and
0O,, act as an acceptor of electric charge in the
process of the complexation. At the same time the
positivity of the hydrogen atom Hy increases.

The changes of the electric charges of the other
atoms in the complex PhOH--H,O are smaller or
low insignificant.

2.3. Vibrational frequencies and intensities

A molecule surrounded by a small number of
other molecules represents a molecular model of a
solute-solvent system in condensed phase. Solvent
effects in bulk systems can be used for elucidation
of the structure of clusters. Since phenol is a
prototype among many hydrogen-donating aro-
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matics, spectroscopic studies of clusters of phenol
with hydrogen-accepting molecules will contribute
to the investigation of the structure of these
systems.

In recent years the prediction of the vibrational
characteristics (vibrational frequencies, infrared
intensities and Raman activities) of the hydrogen-
bonded systems by ab initio calculations at differ-
ent levels [15-17,19-29] has become widely
employed in order to elucidate the influence of the
hydrogen bonding on the vibrational spectra of
the complexes.

It is known that certain ab initio predicted
values of vibrational frequencies and IR intensi-
ties are not expected to be accurate. The frequen-
cies from calculations with larger basis sets give
reasonable prediction to the experimental values,
if the vibrations have small anharmonicity. Thus
the combination of ab initio calculations and
experimental data leads to a better knowledge of
the nature of hydrogen bonding.

In order to predict the vibrational frequencies,
infrared intensities and Raman activities, charac-
terizing the interaction between PhOH and H,O,
ab initio calculations at different levels: 3-21G/
SCF, 6-31G/SCF and 6-31G/MP2 have been
performed for free monomers (PhOH and H,O)
and for the dimer PhOH---H,O.

Table 3 presents a detailed description of the
normal modes of phenol and water (vibrational
assignment) based on the potential energy distri-
bution (PED) obtained from the 6—31G/SCF cal-
culations. The calculated values of the vibrational
frequencies, infrared intensities and Raman activi-
ties at the 3-21G/SCF, 6-31G/SCF and 6-31G/
MP2 levels for free monomers are presented in the
Table 3. The calculated vibrational characteristics
are compared with the corresponding experimen-
tal data [30—34]. As can be seen from the results
in Table 3, the 3—21G/SCF and 6-31G/SCF basis
sets overestimate the values of the vibrational
frequencies of the order of 10%. The average scale
factors for the stretching, bending and torsion
vibrations for the 3—21G/SCF calculated frequen-
cies is 0.8997, and for the 6—31G/SCF calculated
frequencies is 0.8944. The calculated vibrational
frequencies with the 6-31G/MP2 level are in best
agreement with the experimental data. The accu-

rate prediction of the vibrational characteristics
for hydrogen-bonded complexes by extended basis
sets in the MP2 level was extensively discussed
recently [35,36].

For the complex of phenol with one water
molecule, shown in Fig. 1, the vibrational fre-
quencies, infrared intensities and Raman activities
are predicted by ab initio calculations at 3-21G/
SCF, 6-31G/SCF and 6-31G/MP2 levels. The
potential energy distribution (PED), obtained
from 6-31G/SCF calculations is used for a de-
scription of the normal modes. The predicted
vibrational characteristics and PED’s elements for
the complex PhOH--H,O are shown in Table 4.
Different PED’s elements obtained with the MP2
method for free and complexed PhOH and H,O
are indicated in the end of the second column of
Tables 3 and 4.

As can be seen from the results for approximate
description (PED) presented in Table 4, most of
the intramolecular vibrations of the dimer can be
correlated with normal modes of the monomers,
described in Table 3. The hydrogen bond forma-
tion in the complex leads to the changes in the
percentage contributions (PED’s elements) of lo-
calized modes to each normal mode. In addition
to the 33 and three frequencies obtained for the
monomers (PhOH and H,0) (see Table 3), there
are six more intermolecular vibrations (see Table
4, modes v, — v¢), which arise from the complexa-
tion of phenol and water: the stretching O-H
vibration (v,), the torsional vibrations (v,, v; and
vs) and in plane bending vibrations (v, and vy).

The ab initio calculations predict O-H stretch-
ing vibration in the range: 177.5-189.3 c¢m !,
with medium IR intensity. Bearing in mind, that
the predicted vibrational frequencies at the 6—
31G/MP2 level are in best agreement with the
experimental data, we can conclude that the
stretching O-+-H vibration appears at 189.3 cm 1.
The other intermolecular vibrations (modes vy, v,,
v, Vs, and vg) are predicted at the 6-31G/MP2
level in the range 40.0-240.2 cm ~ 1.

The accuracy of ab initio prediction of the
vibrational frequencies can be increased by the
utilization of scaling procedures [37,38]. In order
to improve the estimates of the frequency shifts



Table 3
Experimental vibrational characteristics (v, cm~'; A, km mol~') and calculated vibrational characteristics (v, cm~!; A, km mol~!, R.a., A* amu~") at different levels
of ab initio MO theory for PhOH and H,O

Mode Approximate description® Exp°® 3-21G/SCF 6-31G/SCF 6-31G/MP2
(PED)® v A v A R.a. v A R.a. v A

PhOH

" 7,(68) +75(28) @ 244.5 - 265.3 8.4 1.9 261.5 4.1 22 222.7 0.1
v, TOH(100) 309.2 47 315.1 187.1 5.7 3239 2128 42 307.7 181.6
V3 0CO(81) 403.1 5 426.9 13.5 0.6 431.8 14.7 0.5 394.6 13.1
V4 73 (43)+174(43) 408.5 0.0 482.6 0.1 0.0 4754 0.1 0.0 399.5 0.6
Vs 73(50)+7CO(30) + yCaH(11) ® 502.8 26 588.3 7.2 0.0 574.8 7.8 0.0 431.6 1.8
Ve 0,(47)+0,(24)+vC-0 (13) 526.6 5 590.6 2.5 5.2 585.2 2.9 0.5 483.1 0.6
Vs 6,(90) © 618.7 - 709.9 0.2 43 701.6 0.3 4.8 535.0 2.6
Vg 7,(71) @ 685.9 50 807.4 41.8 0.1 789.4 25.7 0.0 641.7 0.3
Vo yC,H(28) +7yCsH(25)+ yCH(18) © 750.6 52 888.9 98.4 0.8 875.1 114.2 0.4 701.3 101.0
Vio 65(52)+vC-0(28) ® 817.2 0.0 893.9 27.5 16.1 892.2 27.0 16.8 770.2 2.9
Vi yCO(38)+yC,;H(27) 4+ yCsH(20) 4y C,H(14) 823.2 20 978.1 0.1 5.6 963.7 0.0 3.9 804.3 0.0
Vis yCO(32)+yC;H(30)+yCsH(28) 881.0 12 1072.6 27.0 1.9 1047.5 17.2 1.7 813.7 26.1
Vi3 vCs—Cs(30)+04(30)+vCs—Cy(21) 958.04F 0.0 1104.7 9.8 279 1110.3 6.7 294 850.1 0.4
Via 05(47)+04(46) 972.5 1.0 1132.1 0.1 0.1 1137.5 0.0 0.1 860.3 0.5
Vis yCH(32) +yCcH(25) +yC;H(15) 4+ yC3H(12) 999.3¢ 5.0 1156.4 0.1 0.1 1137.9 23 1.6 1026.5 5.9
Vie yCsH(24) +yCH(24) + yC,H(16) 1026.1° 8 1179.5 2.0 1.7 1169.4 1.4 0.2 1050.3 2.7
Vi7 vC—C4(16)+vC,—Cy(14) + 0 CsH(10) + 0 C,H(10) 1072.4 10 1185.6 23.8 0.3 1189.7 239 1.4 1104.1 19.7
Vig 0OH(37)+ vCs—C,(14) +vC,—C5(12) + vC—Cy(10) 1150.7 38 1227.7 78.9 0.7 1254.7 127.9 0.7 1186.2  208.7
Vio 0CsH(28) + 0 CcH(19) +vCs—Cy(12) +vCe—Cs(12) 1168.9 70 1296.9 121.3 0.5 1299.3 58.7 4.5 1225.1 1.4
Voo 6 C,H(22) +8C,H(22) + S C3H(18) + s C¢H(11) ©® 1176.5 80 1319.6 114 4.9 1313.4 13.2 5.9 1229.6 2.4
Vay vC-0(40)+vC5-C,(16) +vC,—C(13) 12617 62 1365.4 63.4 3.6 1385.8 80.6 5.9 1280.8 8.5
Vs vC,~C5(21)+5OH(17)+ 6 C;H(13) ™ 1277.4 - 1398.7 3.7 3.7 1399.6 0.7 1.1 1387.3 2.0
Vas 6C,H(23)+ 6 C5H(21)+ 5 CgH(18) + 6 C,H(13) @ 1343.0 31 1520.6 23.4 0.7 1512.5 18.6 0.6 1397.9 25.1
Vou 0CsH(30)+ 0 C,H(15)+ vCy—C5(12) +vC,—Cy(12) 1472.0 23 1638.8 26.1 0.5 1644.7 20.7 0.7 1508.2 22.8
Vas 0CsH(21) 4 05(20) + 6 C,H(14) + 6 C;H(17) 1501.0 54 1678.0 38.2 1.5 1682.1 53.3 1.2 1540.4 26.2
Vag vC3—C5(36)+ 05(12) + vCy—Cs(11) + vCs—C,(10) 1603.04" 70 1762.1 32.1 0.7 1797.7 36.5 13.2 1627.3 31.2
Vg vCs—Cy(34)+vC—Cy(25)+ 0 (28) + 0,4(18) 1610.0%5 1784.8 46.6 0.7 1814.3 41.5 12.7 1648.2 12.5
Vog vC;-H(66)+ vC,—H(26) 3027.0 - 3346.2 9.4 49.0 3347.0 12.4 55.8 3165.5 12.2
Vag vCs—H(58)+vCs-H(23)+vC,—H(13) 3049.0 - 3360.0 0.7 85.8 3362.2 1.5 87.9 3184.7 0.3
V3o vC,~H(57)4+vCs-H(21) 3074.5¢ - 3369.5 20.9 53.8 3373.5 30.0 61.4 3195.4 23.4
Vi vCe—H(74)+vCs—H(13) 3070.0° 3387.0 15.4 116.6 3390.5 24.4 124.8 3210.9 22.9
V3s vC,~H(91) 3086.6° - 3403.7 2.5 144.7 3406.8 5.1 166.8 3221.1 6.7

V33 vO-H(100) 3656.7° 50 3916.1 53.2 35.8 4047.8 68.2 339 3643.8 31.1

001

0101—666 (6661) SS V 1i0d P12y Do1uily20.122dS' / pao.uiq "X



Table 3 (Continued)

Mode Approximate description® Exp°® 3-21G/SCF 6-31G/SCF 6-31G/MP2
(PED)® v A v A R.a. v A R.a. v A

H,O

Vi4 0HOH(100) 1589.1¢ - 1799.6 79.9 11.5 1737.6 1229 10.6 1666.3 923

Vs vYM(O-H)(61) + v*¥™(O-H)(38) @ 3638.08 - 3814.0 0.0 95.6 3992.9 29 89.9 3651.1 3.8

V36 vaYM(O-H)(61) + v*Y™(O-H)(38) ® 3734.3¢ 3947.5 9.2 44.1 4149.5 54.1 40.1 3829.0 8.4

2 Abbreviations: v, stretching; d, J,, d,, 05 and d, in plane bendings, J, is J(C,C;5C,), J, is 0 (C5sC,C5), I5 is 0 (C¢CsC,), and J, is 6(C,C4Cs); 7, out-of-plane bending;
T, Ty, Ty, T3 and 7,4, torsions; 7, is 7(C,C5C,0,), 1, is 7(C5C,C50,), 15 is 7(C4CsC,405) and 74 is 7(C,C4C50,).

® PEDs elements lower than 10% are not included. PEDs elements obtained with 6-31G/SCF are given in the Table 3. Different PEDs obtained with the MP2
method are indicated in the end of the second column:

@ 73(58) +7,(28) + 75(19);

®) 7,(32) + 1,(26) + y CO(40);

© §5,(47)+ 5,(24)+vC-0O(15);

@ 0,(92);

© »C;H(46) + yCsH(20)+yC,H(14) + yC,H(13);

@ »C3H(45)+yC,H(27)+yCsH(12) +yCcH(10);

® §C,H(35)+ 6 C;H(21)+ 5 CsH(19);

My C~C(22) + vC4~C5(20) + § C3H(15) + vCys—Cs(12);

O §C4H(22)+ 5 OH(18) + 5 C,H(13) + vC3-C,(11);

@ yym(O-H)(59) + v*¥™(O-H)(41);

() yasym(Q-H)(59) + v*™(O-H)(41).

¢ The experimental frequencies for PhOH are taken from Ref.[30], otherwise as indicated:

4 Ref. [31];

¢ Ref. [32];

fRef. [33];

£ Ref. [34].

0101—666 (6661) SS V 1i0d P12y Do1uily20.122dS' / pao.uiq "X
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Table 4
Calculated vibrational frequencies (v, cm '), infrared intensities (A, km mol~') and Raman activities (R.a., A* amu~"') for the
complex PhOH--H,O at different levels of ab initio MO theory

Mode Approximate description® 3-21G/SCF 6-31G/SCF 6-31G/MP2
(PED)® y A Ra v A Ra y A
" 7(0,40,C,C5)(98) 342 20.1 4.8 36.1 19.9 4.2 40.0 14.8
vy (0,4,0,C,)(41) 584 232 9.8 59.2 8.6 0.0 66.1 12.8
vy 7(H,50,,0,C,)(100) 77.4 2.8 0.5 115.7 4.1 0.8 70.6 6.0
Vg v(O---H)(96) 177.5 8.9 0.0 183.3 4.2 0.0 189.3 5.7
Vs 7(H,60,,0,C,5)(100) 217.6 7.7 0.1 212.1 7.2 6.9 2223 6.1
Ve 0(H,50,,0,)(40)+6(H,50,,0,)(40) 268.9 0.8 3.0 264.6 0.1 2.5 240.2 285
v, 7,(65) +15(30) @ 309.3 59.3 2.5 304.1 64.8 1.9 330.1 56.7
Vg 75(44) + 74(44) 484.2 0.1 0.0 476.3 0.1 0.0 398.4 1.1
Vo 3CO(61)+6,(29)+6(0,4,0,C,)(10) 488.6 9.1 0.9 479.9 14.8 0.5 414.0 12.2
V1o 75(83) +yCcH(10) ® 591.9 9.9 0.0 577.2 4.7 0.1 449.8 19.0
Vi1 0,(45)+0,(13)+vC-0O(11) 596.7 0.7 6.4 589.9 0.8 4.9 483.3 0.0
Vi 65(92) © 710.4 0.6 4.5 702.2 0.5 4.9 540.9 0.5
Vi3 ©(HgO,C,C5)(97) 807.4 2.5 0.5 741.9 6.1 2.0 642.5 0.5
Vig 7,(71) +yCsH18)W 8247 822 14 791.5 514 0.0 696.4 0.8
Vis yC,H(26) +7CsH(26) + 7,(24) + yCcH(18) @ 8939 1359 0.7 873.7 131.5 0.3 707.5 404.5
Vie 65(52) +vC-0(26) © 897.3 19.3 174 899.6  20.8 17.8 774.3 12.9
Vig yCO(37)+7yC,H(28)+yCeH(20)+ yC,H(15)  977.2 5.1 6.1 963.7 2.1 42 797.0 0.6
Vig yCO(32)+7yC,H(30)+yCsH(29) 1065.8 434 1.9 1041.6  24.6 1.8 821.6 19.4
Vio 04(34)+ 0,(28) + vCs—C5(27) + vCs—C,(20) 1104.9 9.9 284  1109.5 7.4 29.9 842.4 0.1
Va0 0,(42) +0,4(45) 1129.9 0.1 03 11341 0.0 0.2 854.9 0.2
Vo1 yC4H(32)+yCcH(24)+yC,H(14)+yC;H(13)  1153.5 0.1 0.2 11370 1.6 2.1 1026.6 6.5
Vo yCeH(25) +yCsH(22) + yC,H(16) + 14(14) 1180.3 5.8 0.6 1163.1 1.9 0.3 1050.2 1.7
Va3 vC,—C5(19)+ 1186.2 4.7 2.1 11935 7.2 1.6 1106.9 6.8
vC,—Ce(17)4+ d CsH(10)+ 0 C,H(10)
Vou 0OH(35) +vCy-C,(18) + vC,—C5(14) + 12479  28.6 1.8 12783 218 2.6 12209 17.9
vC,—Cy(11)
Vs 0C,H(21)+ 0 C;H(19)+ 5 C,H(18) + 1316.6 8.4 5.0 1311.0 6.1 6.1 12273 7.0
SCH(17) @
Voo SCsH(18)+dCcH(17)+5OH(14)+6,(13) @ 1338.7  34.1 2.1 13469 109.8 1.4 12583 196.1
Vyy vC-0(43)+vC,—C¢(13) +vC5-C,(10) 13923 1794 7.1  1400.3 139.5 6.7 13237 15.2
Vs 0OH(29)+3C5H(28)+vC,—Cy(15) @ 1456.0 215 1.1 14444 344 1.1 14082 4.2
Voo 0OH(32)+0CH(21)+0C,H(11)+0CsH(10) 1561.3  93.1 0.7 15350 8l1.1 0.6 1441.8  84.1
V3o 0CsH(27)+ 0 C,H(15)+vC—Cy(11) + 1646.7 953 0.5 16479 539 0.6 1514.1 74.3
vC,~C5(11)
Vi 0CsH(20) + 05(18)+ 0 C;H(18) + 0 C,H(12) 1688.5 7.5 2.5 1687.1 334 1.5 15518 3.7
Vis 0(H,;50,,0)(41)+6(H,40,,0,)(41) 1757.7  58.6 149 1754.1 88.5 11.1 16257 484
Vi3 VC3—C5(35) 4 04(18) + 05(13) + vCs—C4(10) 1780.8  48.9 13.6  1799.7  47.1 141  1656.7  44.8
Vaa vCs—C,31)+0,27)+ 17920 914 13.5 18164 504 144  1682.6 102.6
vC,—Cy(24)+ 0 C;H(19) + 0,4(16)
Vis vC,—H(66)+vCs—H(24) 3347.8 3.6 42,5  3349.0 4.4 40.7 31714 5.8
Vie vCe-H(52)+vCs-H(24)+ vC,~H(13) + 3357.1 10.9 99.9  3359.6 7.6 118.5  3181.1 3.6
vC,—~H(10)
Vig vCs-H(39)+vCe—H(35) + vC5;-H(22) 33748 357 283  3371.6 457 353 31917 392
Vag vCy-H(64)+vC,~H(14)+ vCs—H(12) 3384.3 16.8 147.8  3385.7  28.8 1448 32055  30.1
V3o vC,~H(100) 3400.0 4.0 154.0  3402.0 7.3 1742 32164 9.0

Vao vO-H(100) 3620.5 977.7 169.2 38479 677.0 149.9  3457.8  666.5
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Table 4 (Continued)

Mode Approximate description® 3-21G/SCF 6-31G/SCF 6-31G/MP2
(PED)® y A Ra 1 A Ra y A

Vap VH;5-0,4(58)+vH,;s0,4(40) @ 3859.7 12.3 101.0  4003.8 17.2 86.8  3655.7 2.8

Var VH60,4(58)+vH,s-0,,4) ® 3991.8  68.9 60.4 4152.5 1104 50.0 38279  64.8

& Abbreviations: v, stretching; o, J,, J,, 05 and J, in plane bendings, J, is J(C,C5C,), 5 is I(CsC,C5), 05 is 3(C¢,CsCy), and J,
is 0(C,C¢Cs); y, out-of-plane bending; 7, 7, 75, 75 and 1y, torsions; 7, is 7(C,C5C,0)), 1, is 7(CsC4C5C,), 15 is (C4CsC4C5) and 74
is 7(C;C4CsCy).

® PEDs elements lower than 10% are not included. PEDs elements obtained with 6-31G/SCF are given in the Table 4. Different

PEDs obtained with the MP2 method are indicated in the end of the second column:

@ 75(48) +7,(31) + 75(22);

® 7,(52)+ yCOQ25) + 75(16);

0,(44)+ 05(14) +vC-O(15);

@ 5,(94);

© »C;H(26)+yCsH(18) +yC,H(12) + yC,H(10);
® »C,H(46) +yCsH(19)+ yC,H(14);

® §C,H(38)+dCsH(23)+5C5H(17);

® yCO(38)+6,(20) + 55(20) + vC,—C5(13);
@ vC—Ce(22)+vC,—C5(19) + 0 C5H(14);
O vH;5-0,4(75) + vH,6-0,4(24);

0 yH,;0,4(75) +vH; 50, 4(24).

(c

from monomers to a complex, in our study the
‘optimal’ scale factors for the stretching, bending
and torsion vibrations are used. The ‘optimal’
scale factors of the monomers are determined
using the ratio v*®/y°¥¢ The concept of the ‘opti-
mal’ scale factor has been proposed by Destexhe
et al. [39] in order to obtained an estimation of
the anharmonicity of the modes in H-bonded H,O
with pyridine. This procedure could only be ap-
plied for modes which are experimentally accessi-
ble in the spectral region.

The shifts in the vibrational frequencies (Avs')
of phenol and water upon formation of the hy-
drogen-bonded complex have been calculated at
different levels of ab initio MO theory: 3-21G/
SCF, 6-31G/SCF and 6-31G/MP2 by using the
corresponding scale factors. For each vibration
the predicted frequency shift is:

Av scal _ ki(vg:omplex _ V}nonomer)’

where k; is the corresponding ‘optimal’ scale
factor.

The ‘optimal’ scale factor for the stretching OH
vibration for free phenol at the SCF level is
smaller than the corresponding scale factor for the

complex. This is connected to the increase of
anharmonicity of the bonded OH group of phenol
by the H-bond interaction.

The changes in the vibrational frequencies Av,
infrared intensities A4 and Raman activities
AR .a. from free to complexed PhOH and H,O are
shown in Table 5.

In our previous studies [I15-17] it was estab-
lished that the stretching vibrations of the
monomer bonds, involved in the hydrogen bond-
ing are most sensitive to the complexation. For
the complex studied here (see Fig. 1) these vibra-
tions are: the stretching O—H vibration (v;5) of
phenol and the symmetric and asymmetric O—-H
vibrations (modes vys and v,;¢) of water.

The O-H stretching vibration vy of free phe-
nol (see Table 3, mode v;;) is predicted at the
6-31G/MP2 level at 3643.8 cm ! with medium
IR intensity. In agreement with the experiment
[12], for the complex of phenol with one water
molecule PhOH---H,O, the O—H band is shifted
to lower wavenumbers. The predicted frequency
shift with the 3-21G/SCF basis set is —274.3
cm~!, with the 6-31G/SCF basis set is — 180.5
cm~! and with the G-31G/MP2 is —186.0
cm L
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Table 5

Changes in the vibrational frequencies Av (in cm~'), infrared intensities AA (in km mol~') and Raman activities AR.a. (in A*
amu~!) from monomers to the complex PhOH--H,O calculated at different levels of ab initio MO theory: 3-21G/SCF, 6-31G/SCF

and 6-31G/MP2

Monomer Dimer mode 3-21G/SCF 6-31G/SCF 6-31G/MP2
mode
Ayvoseal/Ayseal AA AR.a. Ayunseal/Apseal AA AR.a. AyunsealjApseal AA
v v, 44.0/40.5 50.9 0.6 42.6/39.6 60.7 —-0.3 107.4/117.1  56.6
Vs Vo 61.7/58.2 —4.4 0.3 48.1/45.1 0.1 0.0 19.4/19.8  —0.9
V4 Vg 1.6/1.3 0.0 0.0 0.9/0.8 0.0 0.0 —1.1/—-1.1 0.5
Vs Vig 3.6/3.1 2.7 0.0 2.4/2.1 —-3.1 0.1 18.2/21.1 17.2
Ve Vit 6.1/5.4 —1.8 1.2 4.7/4.2 -2.1 4.4 0.2/0.2 —0.6
v, Vis 0.5/0.4 0.4 0.2 0.6/0.5 0.2 0.1 5.9/6.8 —2.1
Vg Via 17.3/14.1 —404 1.3 2.1/1.8 25.7 0.0 54.7/58.5 0.5
Vo Vis 5.0/4.2 37.5 —0.1 —14/—-12 173 —0.1 6.2/6.6 303.5
Vio Vie 3.4/3.1 —8.2 1.3 7.4/6.8 —6.2 1.0 4.1/4.3 10.3
Vi1 Vig —0.9/-0.7 5.0 0.5 0.0 2.1 0.3 —-73/—74 0.6
Vis Vig —6.8/—5.6 164 0.0 —5.9/-5.0 7.4 0.1 7.9/8.5 —6.7
Vi3 Vig 0.2/0.2 0.1 0.5 —0.8/—0.7 0.7 0.5 —-7.7/-8.6 —0.3
Via Va0 —-22/-19 0.0 0.2 —3.4/-29 0.0 0.1 —54/—6.1 —-0.3
Vis Vo —2.9/=-25 0.0 0.1 —-0.9/—0.8 —0.7 0.5 0.1/0.1 0.6
Vie Vo 0.8/0.7 3.8 —1.1 —6.3/—5.5 0.5 0.1 —0.1/=0.1 —1.0
Vig Va3 0.6/0.5 0.9 —19.1 3.8/34 —16.7 0.2 2827  —129
Vig Vo 62.3/58.3 4.8 1.5 88.6/81.2  —2.1 1.2 116.8/113.3 —1.8
Vao Vas —3.0/-2.6 —=3.0 0.1 —24/-21 =71 0.2 —2.3/-22 4.6
Voy Vay 26.9/24.8  116.0 3.5 14.2/12.9 58.9 0.8 42.9/42.0 6.7
Voo Vg 57.3/52.3 17.8 —2.6 44.8/40.9 0.4 0.0 20.9/20.5 22
Vo V3o 7.9/7.0 69.2 0.0 3.2/2.8 332 —0.1 5.9/5.4 51.5
Vs Va1 10.5/94  —30.7 1.0 5.0/45 —199 0.3 11.4/11.1 =225
Vag Vi3 18.7/17.0 16.8 12.9 2.0/1.8 10.6 0.9 29.4/28.8 13.6
Vg Vag 7.2/6.5 44.8 12.8 2.1/1.7 8.9 1.7 34.4/33.7 90.1
Vg Vag 38.1/34.5 7.4 98.8 38.7/35.0 16.4 89.0 40.0/38.4 17.9
Voo V37 14.8/13.4 35.0 —57.5 9.4/8.5 44.2 —52.6 7.0/6.7 38.9
V3o Vs —21.5/—19.1 —17.3 —11.3 —24.5/-22.3-25.6 —20.7 —24.0/—23.0 17.6
Vi Vie —29.9/-27.1 —45 —16.7 —30.9/—28.0—16.8 —6.3 —29.8/—28.6 —19.3
V3o V3o —3.7/-33 1.5 9.3 —4.8/—4.3 2.2 7.4 —4.7/—4.5 23
Vi3 Vao —295.6/ 924.5 168.9 —199.9/ 608.8 46.0 —186.0/ 635.4
—274.3 —180.5 —186.0

V35 Vay 45.7/43.6 12.3 5.4 10.9/9.9 14.3 -3.1 4.6/4.5 —-1.0
Va6 Var 44.3/41.9 59.7 16.3 3.0/2.7 56.3 9.9 —1.1/—-1.1 564

The experimentally observed red shift for the
O-H stretching vibration in PhOH--H,O is 133
cm ~ !, The ab initio calculations at different levels
overestimate the magnitude of the experimentally
measured red shift. The magnitude of the
wavenumber shift is indicative of relatively strong
OH--‘H hydrogen-bonded interaction. The calcu-

lated values of the binding energy with various
basis sets, corrected for the basis set superposition
errors (BSSE) and MP2 correlation contribution
for the complex PhOH---H,O (planar structure)
confirm also relatively strong hydrogen-bonded
interaction (see Table 6).

As a result of the hydrogen bonding the IR
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intensity and Raman activity of the stretching OH
vibration of phenol increase significantly. As can
be seen from he results in Table 5, the ab initio
calculations at different levels predict an increase
of the IR intensity to 50 times and of the Raman
activity to four times.

The stretching O—H vibrations for free water
molecule (see Table 3, modes v55 and v,) appear at
3638.0-3734.3 cm ~! [34]. The ab initio calcula-
tions at the 6-31G/MP2 level predict the stretch-
ing O—H vibrations of water at 3651-3829.0 cm ~!
with low IR intensity and medium Raman activity.

As can be seen from the results in Table 4, the
V4, and vy, vibrations of PhOH---H,O are very
close to the corresponding vibrations of pure
H,O0, although they are slightly shifted by only a
few wavenumbers (Table 5). In the same time the
IR intensity of the modes v,; and v,, increases
significantly in the complex to seven times, while
the Raman activity of the same modes increases
by about 20%.

The data for the changes of the vibrational
characteristics of the stretching OH vibration of
the phenol site and of the O—H stretching vibra-
tions of the water side indicate that the force field
of the O—H bond of PhOH is substantially re-
duced by the hydrogen bonding, but only a little
change of the force field occurs in the O—H bonds
of the proton accepting H,O site.

The remaining vibrations (stretching, bending
and torsion) are less sensitive to the complexation.
Their vibrational characteristics are changed to a
smaller extent.

Table 6

Ab initio calculated total energy in a.u. and binding energy AE
(uncorrected and corrected), basis set superposition error
(BSSE) and MP2 correlation contribution  E(MP2) in cm ™!
for free and complexed PhOH and H,O

6-31G**/SCF  6-31G**/MP2 DZP/SCF

H,0 —76.023615 —76.222449  —76.046861
PhOH —305.573753 —306.575492  —305.623614
PhOH-~H,0 —381.607594 —382 809981  —381.690055
AE (uncorr) —2244.2 —2643.6 —2102.6

AE (corr)  —2011.9 —2179.8 —2004.9
BSSE 2322 463.8 97.7
SE(MP2) - ~399.4 -

3. Conclusions

In the present study the changes in the vibra-
tional characteristics (vibrational frequencies, in-
frared intensities and Raman activities) upon
hydrogen bonding for the hydrogen-bonded com-
plex PhOH:--H,O have been investigated using ab
initio calculations at different levels of ab initio
MO theory: 3-21G/SCF, 6-31G/SCF and 6-
31G/MP2. The main results of the present study
are as follows:

1. The complexation between PhOH and H,O
leads to changes in the geometric parameters of
the monomers. The most sensitive to the forma-
tion of the hydrogen bond is the hydrogen-
bonded OH bond (H;O,) and the angle H;O,C,.
The remaining geometric parameters of the
monomers are either unchanged or changed with
small values upon formation of the hydrogen
bond.

2. The changes of the atomic charges (Ag;)
from monomers (PhOH and H,O) to a complex
PhOH:--H,O show that as a result of the hydro-
gen bonding between PhOH and H,O a charge
rearrangement OCCUurs.

3. The most sensitive to the complexation is
the stretching O—H vibration of the phenol site.
In agreement with the experiment its vibrational
frequency is shifted to lower wavenumbers. The
magnitude of the wavenumber shift is indicative
of relatively strong OH---H hydrogen-bonded
interaction. The ab initio calculations at different
levels predict an increase of the IR intensity to 50
times and of the Raman activity to four times.

4. The remaining vibrations (stretching, bend-
ing and torsion) are less sensitive to the complexa-
tion. Their vibrational characteristics are changed
with smaller magnitude.
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