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Very good reproducibility of the first five vibrational transitions of phenol in the gas phase by the MP2/
6-31G** potential for O-H bond stretching was found. The vibrational levels were calculated by a program
for variational solving of the time-independent Schro¨dinger equation in one dimension. Relative intensities
of particular transitions were determined on the basis of the function of the dipole moment. The substituent
effects on theνs(OH) transitions and on the intensity of these transitions, as well as on the structure of eleven
phenols, was analyzed as a function of the pKa values.

1. Introduction

Phenols form with various bases very convenient model
systems in the study of the nature of hydrogen bonding.1 They
are especially useful because of the very wide range of pKa

values available. One of the interesting features of these systems
is the anharmonicity of theνs(OH) vibrations, which increases
with the strength of interactions and is responsible for modifica-
tion of the frequency and the intensity of theνs(OH) vibrations.
It is known that these vibrations are also anharmonic in phenol
itself,2 as well as in its derivatives.3,4

The quantum mechanical calculations now are very widely
applied to describe various properties of molecules, but it
appears that the available programs of Gaussian or Gammes
type, based on harmonic approximation, are not able to
reproduce the anharmonicity in the free phenol derivatives or
in their complexes.

There are a few recent papers on the properties and
spectroscopic force field of phenol.4-12 It was shown5 that the
DFT BLYP/6-31G** method only gives a 50-cm-1 higher
frequency of the 0f 1 transition in phenol than that measured
in CCl4 solution (3611 cm-1). However, this level of theory
leads to lower values of calculated frequencies than the
experimental ones for more than 50% of transitions.7 Other
methods elevateνs(OH) frequency about 200 cm-1. Several
studies4-10 demonstrate that quantum mechanical methods in
harmonic approximation cannot reproduce theνs(OH) frequency
even if one applies the frequency correlation factor, because
theνs(OH) transitions are more anharmonic than other modes.
Because of these reasons, the problem of proper description of
anharmonicity in phenol-type molecules appears to be very
important. It requires construction of a reliable potential, on
the basis of which one can properly reproduce the frequencies
of experimental transitions. The calculation of the potential
surface is a challenging task, mainly for many-atoms systems.
Such an approach, published recently, solves the problem by
pointwise calculations of the potential energy surface used for
the construction of a computationally inexpensive function
followed by solving the vibrational Schro¨dinger equation.

Calculations concerning systems composed from 15-21 at-
oms,13 revealing strong coupling of theνs(OH) mode with low-
frequency transitions,14 were performed by using this method.
A different approach to this problem has been proposed by
Chaban et al.15 and Del Bene and Jordan16 where force constants
were scaled. In tests, although on smaller systems, calculated
anharmonic frequencies presented satisfactory agreement with
the experimental data.

In this paper, we apply the one-dimensional numerical
potentials resulting from the energy calculations at different OH
distances with the aim of reproducing the anharmonicνs(OH)
frequency and intensity in phenol and its derivatives. Both ours
and the afore-mentioned calculations of the potential energy
distribution (PED)4-9 demonstrate clearly that the normal
coordinate ofνs(OH) vibration in phenol and its derivatives
consists predominantly of the OH-bond length changes. With
this method,13 we are able to reproduce up to the 6th
experimental vibrational energy levels of phenol using the one-
dimensional proton potential function calculated by the MP2/
6-31G** method. With the same procedure, we shall determine
the potentials for 11 derivatives of phenol in order to correlate
the experimentally determined frequencies and intensities of the
fundamental transitions and the first two overtones with the
calculated values. The structural parameters are also related to
the electronic interaction between the substituent and the reaction
center (the OH group in our case). We are going to correlate
the spectroscopic and structural consequences of such inter-
actions, obtained on the basis of the most reliable theoretical
methods, with the pKa values of phenols.

2. Methods

2.1. Experimental Section.The following 11 phenols have
been the subjects of the studies presented: 3,5-dichlorophenol
(35DClPh), 3,4-dichlorophenol (34DClPh), 3-bromophenol
(3BrPh), 4-bromophenol (4BrPh), 4-chlorophenol (4ClPh),
phenol (Ph), 4-methylphenol (4MPh), 2,5-dimethylphenol
(25DMPh), 2,3-dimethylphenol (23DMPh), 2,6-dimethylphenol
(26DMPh), and 2,4,6-trimethylphenol (246TMPh). All the
compounds and carbon tetrachloride were commercially avail-
able from Aldrich. Phenols were crystallized from a petroleum
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ether mixture, either sublimated or distillated. The solvent was
dried on molecular sieves.

Both the mid-infrared (MIR) and near-infrared (NIR) spectra
of these phenols in carbon tetrachloride solution, at a concentra-
tion of 0.05 mol/dm3, were measured on a Bruker 66 and a
Nicolet Magna 760 spectrometer at room temperature. The
following instrumental parameters were selected for the MIR
measurements: KBr beam splitter, Globar source, and DTGS
detector. The spectra were collected at 1-cm-1 resolution by
using KBr cells with path lengths selected from the 0.1-0.2-
mm range. During the NIR measurements, different detectors
were used on the two instruments (Bruker, cooled InSb; Nicolet,
cooled MCT/A), whereas all other parameters were the same
i.e., CaF2 beam splitter, tungsten source, 1-cm-1 resolution, and
quartz-infrasil cells with path lengths of 5 and 10 cm. Data
processing was aimed mainly at removing a fluctuating baseline
and noise; also, the evaluation of parameters of theνs(OH) bands
in a range of a fundamental, a first, and a second overtone
transition was performed by the Grams 32/AI software (Galactic
Ind. Corp.). To make sure that the observed differences in band
parameters are free of any instrumental artifacts, some selected
samples were measured on the two spectrometers in the same
spectral region. Moreover, the measurements in the range of
the second overtone were repeated at least three times for
separately prepared solutions of very similar concentrations.

2.2. Theoretical Section.The vibrational time-independent
Schrödinger equation for the OH coordinate was solved numeri-
cally using the two-boundary-conditions approach. It is based
on the Numerov algorithm and is described in detail in ref 13.
A related variational-theory-based program package is described
in ref 17. Both programs can be obtained free of charge from
one of the authors (J.M.). The first step of the method comprises
calculations of potential energy at 20 different fixed values of
O-H coordinates within the range 0.8-2 Å by using the
Gaussian 98v. A.11.1 program.18 Calculations for phenol were
carried out at the BLYP and B3LYP density functionals with
two different basis sets, 6-31G** and 6-31++G**. MP2
computations were done only with the 6-31G** basis set. For
10 derivatives of phenol, the B3LYP and MP2 methods with
the 6-31G** basis set were chosen. In the next step, the
pointwise surfaces were fitted to a form suitable for solving
the one-dimensional Schro¨dinger equation. Finally after solving
the equation, the eigenvalues (energies) and eigenfunctions
(wave functions) of the first 6 vibrational levels were directly

obtained. Furthermore, on the basis of the values of dipole
moments for particular OH distances, the intensities for the first
few transitions have been calculated.

3. Results and Discussion

3.1. Anharmonicity of the O-H Stretching Vibrations in
Phenol. According to the description giving in the preceding
section, the anharmonicνs(OH) frequency and intensity of
phenol were determined using the numerical, one-dimensional
potential for stretching of the O-H bond. However, before such
data are utilized, the calculation procedure should be verified.
It can be done in a test where computed transitions are compared
with the experimental ones. Such experimental information is
not common in the literature, but fortunately, the five lowest
levels for theνs(OH) vibrations of phenol in the gas phase were
determined in supersonic jet conditions.19 These very low
temperature measurements allow the avoidance of the complica-
tions arising from hot transitions. For the properly constructed
potential, at least a few of the lowest experimental vibrational
levels should be reproduced. Moreover, the gas-phase results19

are especially suitable for comparisons of the ab initio and DFT
data calculated with different basis sets. Thus, calculations for
the phenol were carried out at four different levels. A compari-
son of the numerical eigenvalues with measured frequencies
will let us test various quantum-chemical levels of theory in
the calculations of vibrational levels of the anharmonic potential.
It is a well-documented fact that calculated values of different
molecular properties strongly depend on the quality of the basis
set and the extent of electron correlation.16,20

The results of calculations together with the experimental
values are shown in Table 1. The value of the harmonic
frequency (ωe) and the anharmonicity constant (X) were obtained
from a fit of the energy of transitions (i.e., the differences
between successive eigenvaluesEn andE0) to the two-parameter
expression

determined from following formula

that describes energy of thenth vibrational level in a frame of

TABLE 1: Calculated and Experimental Characteristics of the Anharmonic νs(OH) Oscillator in the Phenol Molecule

method BLYP/ 6-31G** B3LYP/ 6-31G** B3LYP/ 6-311++G** MP2/ 6-31G** exp. 19

Eigenvalues (En) (kcal/mol)
E0 5.050 5.268 5.300 5.359
E1 14.780 15.462 15.547 15.709
E2 24.345 25.198 25.306 25.592
E3 32.838 34.467 34.611 35.005
E4 41.271 43.302 43.447 43.964
E5 49.727 51.897 52.005 52.652

Transitions (En-E0) (cm-1)
0 f 1 3411.3 3575.0 3593.4 3629.0 3656
0 f 2 6657.9 6989.3 7015.7 7095.4 7143
0 f 3 9745.3 10239.9 10278.9 10396.8 10461
0 f 4 12702.4 13338.2 13377.3 13538.5 13612
0 f 5 15668.0 16352.4 16379.0 16585.4 16590

calculated harmonic frequency (cm-1)a 3661 3826 3839 3878
anharmonicity constantX (cm-1)b -70.9 -76.9 -79.9 -78.7 -84.5
fitted harmonic frequencyωe (cm-1)b 3543 3725 3749 3784 3825
equilibrium OH distanceRe (Å)a 0.9775 0.9661 0.9628 0.9655
OH distance atn ) 0 R0 (Å) 0.9846 0.9722 0.9687 0.9713

a Direct output fromGaussian 98. b Obtained from eq 1.

ν0n/n) (En - E0)/n) nX+ (ωe+ X) (1)

En ) ωe(n + 1/2) + X(n + 1/2)
2 (2)
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the second-order perturbation theory.21 Table 1 shows that
among the tested methods the BLYP/6-31G** potential is much
less suitable for calculations of the energy of transitions. The
frequencies calculated from this anharmonic potential are∼200
cm-1 lower than the experimental frequencies. The anharmonic
potentials obtained by the B3LYP/6-31G** and B3LYP/6-
311+G** methods present substantial improvement in the
calculations. However, the potential constructed on the MP2/
6-31G** method appears to be the best for reproducing the
experimental frequencies. Underestimation of the experimental
values by calculations, expressed simply as∆ν0n ) νexp

0n -
νMP2

0n , is the smallest for the MP2/6-31G** method. The
difference for the 0f 1 transition has a value of 27 cm-1 and
successively increases up to the 0f 4 transition (∆ν04 ) 74
cm-1), whereas for the 0f 5 transition, it drops to 5 cm-1. It
is worth mentioning that such a small difference between
experimental and theoretical data for the 0f 1 transition has
not been achieved in any earlier ab initio calculations for
phenol.4-10 A comparison of the results obtained with the
B3LYP functional and different basis sets shows that the
6-31G** results are not seriously worse than the much more
time-consuming calculations with the extended basis set
6-311++G**. Because the MP2/6-31G** potential faithfully
reproduces the experimental energy levels for phenol in the best
way, the MP2/6-31G** method has been selected to perform
the calculations of the 10 various derivatives of phenol.

Similar conclusions that BLYP results underestimate both the
harmonic and anharmonic frequencies and that B3LYP and MP2
methods give results of comparable quality were obtained in
the calculation of the anharmonic vibrational states22 by means
of the other approach.15 It can be expected that reparametrization
of the B3LYP functional should improve the results, as it was
obtained in calculations at the harmonic level.23

The calculated potentials also allow the determination of the
equilibrium length of the O-H bond. Ther(OH) values taken
at the minimum of obtained potentials are higher than the value
given in an electron diffraction experiment24 (0.956 Å) and that
directly extracted from Gaussian output; see Table 1. The
differences indicate that further study of this problem is
necessary, perhaps also from the experimental point of view.
Nevertheless, the differences are within the limits of experi-
mental uncertainty.

As was mentioned in the computational section, for each
calculated vibrational level (En) its own eigenfunction (æn) was
obtained that can be used for computation of other quantities.
Among them, the most important for us are IR transition
intensities. Anharmonicity of theνs(OH) vibration, examined
primarily by the relation between frequencies of the fundamental
and the overtone transitions, can also be monitored through

analysis of their intensities. Unfortunately, the experimental
intensities even for the few first overtones are rare. Therefore,
there is special interest in approaches that are able to predict
the vibrational intensities.25-28 To solve the problem by a
theoretical method, the vibrational wave functions and the
dipole-moment function of the molecule have to be known. The
wave functions obtained for anharmonic levels allow the
examination of an effect of the mechanical anharmonicity on
the intensity of subsequent transitions, while knowledge of the
function that describes the dipole moment versus bond displace-
ment allows the analysis of spectral consequences of the
electrical anharmonicity. The two types of anharmonicity
together contribute to the intensity of overtones, however not
simply additive. It was found that for an isolated C-H
chromophore mechanical anharmonicity is more important than
electrical anharmonicity, especially for the intensity of higher
overtones.26 The quantities that contribute to the two types of
anharmonicity have been also determined by the software17 used
for the calculation of the anharmonic potentials. For the intensity
computations, the vibrational matrix elements,Rij, of the
νs(OH) vibrational transitions according to the general formula-
tion have to be determined.

To perform the comparison with numerous works discussing
the role of particular derivatives of the dipole moment in the
intensity of the main transition and overtones, one can expand
the dipole moment function into a series going thus beyond the
electrical harmonicity approximation

and obtain the expression for the vibrational matrix element of
an ij transition

whereq ) r(OH) - re(OH).
The program gives the possibility of automatic calculations

of the vibrational matrix elements for deuterium-substituted
(OD) molecules. The results of such calculations for the two
isotopomers are given in Table 2.

TABLE 2: Vibrational Matrix Elements, Rij (debye), Calculated forνs(OH) and νs(OD) Stretching Vibrations in the Phenol
Molecule

Phenol (OH)
R01 ) + 0.067313‚0.711+ 0.002306‚0.17+ 0.001008‚(-1.266)
R02 ) - 0.007456‚0.711+ 0.006070‚0.17+ 0.000416‚(-1.266)
R03 ) + 0.001370‚0.711- 0.001595‚0.17+ 0.000597‚(-1.266)
R01 ) + 0.047850+ 0.000392- 0.001276) +0.046975 (R01)2 ) 2.21 10-3

R02 ) - 0.005300+ 0.001032- 0.000527) -0.004796 (R02)2 ) 2.30 10-5

R03 ) + 0.000974- 0.000271- 0.000756) -0.000053 (R03)2 ) 2.81 10-9

Phenol (OD)
R01 ) + 0.056398‚0.711+ 0.001057‚0.17+ 0.000567‚(-1.266)
R02 ) - 0.005301‚0.711+ 0.004360‚0.17+ 0.000172‚(-1.266)
R03 ) + 0.000828‚0.711- 0.000994‚0.17+ 0.000385‚(-1.266)
R01 ) + 0.040099+ 0.000180- 0.000718) +0.039561 (R01)2 ) 1.56 10-3

R02 ) - 0.003780+ 0.000741- 0.000218) -0.003257 (R02)2 ) 1.06 10-5

R03 ) + 0.000589- 0.000169- 0.000487) -0.000067 (R03)2 ) 4.49 10-9

Rij ) ∫æiµ(r)æj dr (3)

µ ) µre
+ (∂µ

∂q)
re

‚q + (∂2µ
∂q2)

re

‚q2 + (∂3µ
∂q3)

re

‚q3 + .... (4)

Rij ) (∂µ
∂q)

re

‚∫æiqæj dq + (∂2µ
∂q2)

re

‚∫æiq
2æj dq +

(∂3µ
∂q3)

re

‚∫æiq
3æj dq + .... (5)
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It is important to notice that the particular components of
matrix elements for the first and higher overtones have different
signs (while for the 0f 1 transition, all the signs are the same)
that causes a drastic falloff of intensity with increasing overtone
level. For the effect, the decreasing values of particular parts
of the integrals are also responsible. Comparison of the intensity
for the two isotopomers shows that, similarly to the experimental
data,3b the main transition and the first overtone for theνs(OD)
vibration are less intensive than their OH counterpart. Analysis
of Table 2 reveals that the differences arise from smaller values
of the components correlated with the mechanical anharmonic-
ity. Our earlier results from MIR-NIR measurements for
phenol-OH and phenol-OD in CCl4 point out on a similar
relationship as the parameterX has 84.5 and 45.7 cm-1,
respectively.3b More experimental materials concerning the
intensity of higher overtones measured for both isotopomers in
the gas phase are necessary to verify the applicability of the
presented approach to reproduce intensities of higher overtones.

3.2. Substituent Effect on Anharmonicity and the Struc-
ture of Phenol Derivatives. From the FT-IR spectra of 11
derivatives of phenol measured in the range of the main
transition and the first two overtones in CCl4 solutions, the band
positions (νs

0n) and their intensities (Int0n) were determined.
Figure 1 presents the relation between the parametersνs

0n for
the first 3 transitions and the pKa values measured in aqueous
solution at 25°C.29 The numerical pKa values and theνs

0n

values are listed in Table 1S (Supporting Information). The plots
in Figure 1 show that for each transition there exists a precise
(R ≈ 0.99) curvilinear correlation between theνs

0n and pKa

parameters. Moreover, it also reveals that because of the
mechanical anharmonicity for transitions characterized by a
higher order of excitation the curvatures become larger. Only 2
points for each series are located outside the correlation. For
the 2 phenols, steric repulsion between the methyl groups in
the ortho positions and the OH group gives a larger frequency
increase than can be expected from the obtained correlation.
Acceptable correlation of the experimental OH-stretching
frequencies with the aqueous pKa values reveals that the spectral
properties and acidity of these phenols depend on an effect of
common origin. A similar conclusion has been obtained by Han
et al.12 where the parameters of the molecular structures of a
series of 19 chlorophenols were correlated with the aqueous
pKa values.

For each of analyzed phenols, the numeric potentials for the
O-H bond undergoing stretching vibration were calculated, and
anharmonicνs

0n(OH) frequencies were determined at the MP2/
6-31G** and B3LYP/6-31G** levels (Table 2S and 3S,
respectively, in Supporting Information). Correlations between
the pKa parameters and theνs

0n(OH) values obtained from
experiment and calculations are compared in Figure 2. As one
can see for all three transitions, the MP2 calculations (for the
gas phase) give values higher than the experimental ones (in
CCl4 solutions) that are higher than the B3LYP results. Figure
2 shows that the slope of the dependence on pKa is reproduced
much better by MP2 than B3LYP calculations. The points which

Figure 1. Positions of experimental band maxima of the fundamental
(a), the first (b), and the second (c) overtone ofνs(OH) transitions vs
pKa (data marked by * were excluded from correlation).

Figure 2. Positions of experimental and calculated band maxima of
the fundamental and the first two overtones ofνs(OH) transitions vs
pKa (data marked by * were excluded from correlation).
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belong to 2,6-dimethyl derivatives have the same discrepancies
from the correlations as was observed for experimental data.

Figure 3a shows the computedνs
01 frequencies correlated

with the pKa parameters when different possible conformers
have been accounted for in the MP2 calculations. For all
asymmetric phenols, with substituents at meta and ortho
positions, different energy minima for cis and for trans
conformations appear. A detailed analysis of the influence of
the halogen position on the features of theνs(OH) fundamental
vibration has been given elsewhere.4,12 The slightly lowerνs

01

values for cis than for trans halogenated conformers result from
a weak attraction between O-H and Cl or Br atoms. Addition-
ally, two notable configurations have been found for 2,6-
dimethyl derivatives related to different conformations of the
o-CH3 group. In the OH-t-CH configuration, there is direct
H‚‚‚H contact between hydrogen atoms from theo-methyl and
hydroxyl groups (see Scheme 1), whereas in the OH-b-CH
structure, the H(OH) atom is positioned between two H(CH3)
atoms. For the two configurations, different electrostatic repul-
sion exists between the H(OH) and H(CH3) atoms. For OH-t-
CH, the repulsion is larger than for OH-b-CH, and thus, the
frequency of theνs(OH) mode for the first structure is almost
20 cm-1 higher than for the second one. A very similar effect
was found for the compounds with mono-o-methyl groups where
cis conformers also give bands shifted ca. 20 cm-1 to higher
frequencies. For the cis form, the OH-b-CH and OH-t-CH
configurations were considered, and in Figure 3a, only the
average value is given, similar to Figure 2. They were calculated
according to the Boltzmann distribution at a room temperature.
Recently, the splitting of the frequency of theνs(OH) mode due
to the conformational isomerism was analyzed in detail both
for phenols4,30and for alcohols.31 Comparison of the calculated
values with the experimental ones reveals that in real systems
“average spectra” over different conformers are measured.
Further analysis of theνs(OH) overtones where because of

anharmonicity the differences between the conformers are larger
has been undertaken, and results will be published.

One can also mention that the theoretical values for the 3-Br
derivative are remarkably separate from the correlation lines.
A possible explanation is an inadequate quantum chemical
description of the Br atom; a larger basis set should improve it.
Generally, the experimentalνs(OH) and that calculated at the
MP2 level show a strong tendency to increase with pKa. For
the more-electron-donating substituent, both the measured and
calculatedνs(OH) frequencies are higher. Similar conclusions
have been given elsewhere.4,30 B3LYP calculations predict the
tendency (Figure 2) that is in contradiction with the experiment.

The character of the correlation between the calculated
vibrational frequencies and the pKa values to a great extent
depends on the fact that the two quantities relate to different
media. The pKa values are measured in aqueous solutions and
reflect properties of the whole system with the interaction
between phenols and water molecules, whereas the calculated
vibrational frequencies relate to the gas phase and express
intrinsic properties of the isolated molecules. Therefore, instead
of the pKa parameters, the intrinsic acidities of the phenols for
the gas phase seem to be more appropriate in such a correlation.

The intrinsic gas-phase acidity (GPA), defined as the standard
Gibbs’ free-energy changes, GPA) ∆Gacid

0 (PH)32 for the
reaction PHdP- + H+, has been evaluated from energies of
the neutral phenols (PH) and corresponding phenoxide ions (P-)
calculated at the MP2/6-31G** level of theory. Figure 3b
presents the correlation between the vibrational frequencies and
GPA parameters calculated for different possible OH conform-
ers. Generally, the correlation between two intrinsic parameters
(Figure 3b) is of a similar trend and quality as that betweenνs

01

and pKa parameters (Figure 3a). Figure 3b confirms the well-
documented fact30 that theνs

01 bands of more acidic phenols
have a larger red-shift effect. A more detailed analysis of Figure
3b allows us to state that the gas-phase calculated frequency
depends on the contacts between O-H and C-H groups.

The O-H groups in ortho methyl derivatives, being in close
proximity to the C-H groups, vibrate within the potential built
of the intrinsic OH-bond stretching energy as well as the

Figure 3. MP2/6-31G** calculatedνs
01 transitions for different OH

conformers, plotted vs the pKa (a) and GPA (kJ/mol) (b) values.

SCHEME 1: Two Conformations of the OH Group in
2,4,6-Trimethylphenol

Anharmonicity of Phenol Derivatives J. Phys. Chem. A, Vol. 109, No. 10, 20052321



nonbonded interaction with the CH group that depends strongly
on conformation of the methyl group (cf., for example, Scheme
1). On the other hand, the gas-phase acidity is related to
phenolate energy, where the contacts between the O-H and
C-H groups do not exist any more. Therefore, the calculated
νs

01 frequencies do not correlate better with the GPA than with
the pKa values. The exact numerical GPA values are given in
Table 4S (Supporting Information). The obtained results reveal
that whenever the acidity of phenols in the gas phase is
controlled by steric and inductive effects, which are partially
included in the GPA values, neither the GPA nor the pKa

parameters can be straightforwardly correlated with vibrational
frequencies of the OH groups.

Figure 4 shows the structural changes (from MP2/6-31G**
calculations) in phenols resulting from the electronic influence
of substituents. The points for 2,6-dimethyl derivatives, where
steric effects are also important, show more pronounced
deviations from the correlations. One can mention the opposite
effects of the substituents on the C-O and OH bond lengths.
The substituents’ withdrawing electrons increase the OH bond
length and the COH angle, but decrease the C-O bond length.
The electrons’ withdrawal from a ring increases the C-O bond
strength and weakens the OH bond, which was manifested by
the shifts of theνs(OH) bands to lower frequency (Figures 1
and 2).

The observed trends are similar for the spectroscopic and
structural effects of the increasing strength of hydrogen bonds.
However, if one compares, for example, the correlation of
r(C-O) on pKa with changes of the C-O distance in phenol
forming hydrogen bonds33 (the pKa scale in this part of Figure
4 is arbitrary), it appears that all the observed consequences of
the substituents’ influence are within the range characteristic
for weak hydrogen bonds.

It was interesting to which extent the proposed model of
intensity calculations is able to reproduce the experiment. One
of the possible verifications is to compare the relative intensity
of the 0f 2 to 0 f 1 transition as well the 0f 3 to 0 f 1
transition obtained in the experiment and by calculations. The
verification will be done using average values of the intensity
for all the 11 compounds studied.

Calculations give Int0f2/Int0f1 ) 1.69‚10-2 ( 1.42‚10-3 and
Int0f3/Int0f1 ) 6.22‚10-4 ( 4.6‚10-6. The corresponding
experimental values are 3.73‚10-2 ( 7.7‚10-4 and 1.88‚10-3

( 1.66‚10-6 for the 0f 1/0 f 2 and 0f 1/0 f 3 transitions,
respectively. It is seen that the calculations properly describe
the order of intensity changes. The intensity of the 0f 2
transition is∼102 times weaker than the fundamental ones, while
for the 0f 3 transition, it is about 103 times weaker.

The experimental values are about two times larger than the
calculated ones. One has also to consider that the calculations
were performed for the free molecules, while the experimental
values were obtained in CCl4 solutions where some increase of
the intensity is due to polarization of CCl4 molecules. The
difference could also arise from the fact that in the applied
approach the intramolecular couplings of theνs(OH) mode are
neglected. Recently, it was shown that in a real system the OH-
stretching vibration relaxes through the “doorway states”
composed of the CH-stretching10 and OH-bending34 vibrations
that significantly enhance intensity of theνs(OH) mode.

The experiment shows a decrease of the intensity of the 0f
1 transition with growing pKa (see Figure 5). The results of
calculations present a similar correlation with pKa. However,
the spread of the results is much larger than in the experiment.
It is well-known that the calculated dipole moment is a very
sensitive quantity with respect to the applied quantum-chemical
level of theory.35 The calculated derivatives of dipole moments
depend not only on a charge flow but also on many specific
features of the particular substituents. With respect to experi-
mental correlations, one can mention some kind of smoothing
due to hydrogen-bonding interactions with CCl4 molecules,
which is proportional to the acidity of the OH groups, and
therefore to pKa values (see also ref 30).

The dispersion of the intensity values could suggest that there
are essential differences in the shapes of the potentials and
dipole-moment functions for these phenols. Therefore, the

Figure 4. The structural parameters of phenols in functions of pKa.

Figure 5. MP2/6-31G** calculated and experimental intensity of the
0 f 1 transition.
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calculated potential for each derivative was compared with the
one obtained for phenol together with the calculated eigenfunc-
tions shown in Figure 6a. Comparison of the two phenols having
substituents of very different properties is shown in Figure 6b.
For 35DClPh, the electron-withdrawing substituents cause the
potential to become steeper on the side of lowr(OH) and
shallower on the side of larger(OH) values, whereas the
electron-donating methyl groups act in a reverse manner. The
numerical results support a hypothesis that the increase of the
slope of the inner wall leads to an increase of the intensity.
While changes observed for 246TMPh reveal that for less
intensive bands in this compound the potential becomes more
harmonic (i.e., the slope of the inner wall decreases and of the
outer increases). A similar conclusion that the intensity is
extremely sensitive to small changes in the potential energy
function has been obtained by Lehmann and Smith.26 Moreover,
they demonstrated the exponential decrease of the intensity of
the overtones with the overtone level.

4. Conclusions

Theνs(X-H) stretching vibrations are characterized by high
anharmonicity, which strongly depends on hydrogen-bonding
interaction. On the other side, the anharmonicity is responsible
for the interaction between high- and low-frequency
modes, which is a source of wide, characteristic bands of
νs(X-H‚‚‚Y) vibrations. This information is not known for
many systems, and theoretical calculations would be useful in
that circumstance. These calculations, however, should be
verified for the systems with very well documented anharmo-
nicity. This is the case for phenol, where five transitions were
determined in the gas phase at very low temperatures. These
results were taken by us to verify the single-point calculations
of the potential energy of phenol in the function ofr(OH)
distance. The harmonic calculations show that theνs(OH) mode
consists exclusively of the O-H-stretching vibration. Conditions
of the afore-mentioned experiment and calculations are very
similar, and direct comparison seems to be appropriate. In
calculations performed at the MP2/6-31G** level, it was shown
that such an approach reproduces theνs(OH) transitions very
well up to the fourth overtone.

Using the expansion of the dipole moment as a function of
the r(OH) parameter, we were able to estimate the relative
intensities of transitions and the influence of particular deriva-
tives of dipole moments into the intensity of specific transitions,
as well as the deuterium effect.

The frequencies ofνs(OH) for the fundamentals and the first
two overtones, for examined phenols, were determined from
measurements in CCl4 solution. It was found that these values
correlate curvilinearly with pKa. The curvature of the depend-
encies grows with the order of excitation. The results of the
MP2/6-31G** calculations are in better agreement with experi-
ment than the corresponding B3LYP values.

In the calculations ofνs
0n(OH) frequencies, the possible

conformational equilibria with respect to rotation of the-OH
and -CH3 groups were considered, and averaged values
resulting from the Boltzmann distribution were applied in the
correlations.

The influence of substituents on structural characteristics of
phenols was presented as a function of pKa. The equilibrium
O-H distance increases upon substitution of electron-withdraw-
ing groups, similarly to the C-O-H angle, while the C-O
distance decreases. It was found that the calculations properly
describe the trends in relative intensities of 0f 2 and 0f 3
transitions, with respect to the 0f 1 transition. Similar slopes
of dependency of the 0f 1 transition intensity on pKa in
calculations and experiment were demonstrated. The observed
tendencies in intensity changes were related to the changes of
shape of the potential for the proton vibrations.
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