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The ultrafast dynamics of solutions of phenol and two phenol derivativesshydroquinone (1,4-benzenediol)
and pyrocatechol (1,2-benzenediol)shave been studied with Optically Heterodyne-Detected Optical Kerr-
Effect (OHD-OKE) spectroscopy. The solvents, methanol and acetonitrile, were selected to provide strong
and weak solvent-solute hydrogen-bonding interactions, respectively, while pyrocatechol features an
intramolecular hydrogen bond. Together these provide a series of model systems for polypeptides such as
polytyrosine, which facilitate the direct study of inter- and intramolecular hydrogen bonding. A broad
contribution to the Raman spectral density of the methanol solutions at frequencies between 150 and 300
cm-1 has been observed that is absent in acetonitrile. This contribution has been assigned to solvent-solute
hydrogen-bond stretching vibrations. The OHD-OKE response of poly-L-tyrosine has been measured and
was found to contain a similar contribution. Density functional theory geometry optimizations and normal
mode calculations have been performed using the B3LYP hybrid functional and 6-311++G** basis set.
These have yielded a complete assignment of the low-frequency Raman and far-infrared spectra of pyrocatechol
for the first time, which has provided information on the nature of the intramolecular hydrogen bond of
pyrocatechol.

I. Introduction

Hydrogen bonding in liquids plays an important role in the
structure and chemistry of biomolecules. From stabilizing of
biopolymer molecules into structures such as theR-helix or
â-sheet to the reversible bond formation that allows the action
of enzymes, the hydrogen bond is central to all biological
processes. Understanding the dynamics of these interactions is
therefore crucial to our exploitation of such systems. Despite
much study, however, this understanding remains incomplete.

Studies of intermolecular hydrogen bonding in the gas phase
have been performed with clusters of the form phenol(water)n,1

phenol(methanol)n,2 and phenol(ammonia)n
3,4 in supersonic jet

expansions. These experiments, which employed resonance
enhanced multiphoton ionization (REMPI) techniques, showed,
for small n, a range of narrow transitions in the 0-250 cm-1

spectral region that were assigned to vibrational modes involving
the intermolecular hydrogen bond of the clusters.

While such studies are useful in determining the frequencies
of modes attributable to hydrogen bonds, they cannot fully
replicate the behavior of such modes in the liquid phase where
all biological processes take place. Furthermore, the presence
of a solvent background and transitions due to the backbone of
large, complex biomolecules often make the direct spectroscopic
observation of hydrogen-bond vibrations problematic. As a
result, many studies have been made of hydrogen bonds
indirectly via the effect of changes in hydrogen-bonding
interactions upon the O-H or O-D stretching modes of solute
molecules in water.5-12

One exception to this is the 1967 study of Ginn and Wood,13

which used far-infrared spectroscopy to observe hydrogen-bond
stretching vibrations of liquid-phase complexes of phenol with
trimethylamine, triethylamine, and pyridine. Transitions were

observed in the 120-150 cm-1 region. In addition, there are
several theoretical studies on a wide range of hydrogen-bonded
systems.14-16

The aim of this study is to determine directly the contribution
of hydrogen bonding to the ultrafast dynamics and low-
frequency Raman spectrum of the polypeptide poly-L-tyrosine.
This is achieved through the use of model systems featuring a
range of phenol derivatives: phenol, hydroquinone (1,4-
benzenediol), and pyrocatechol (1,2- benzenediol) (see Chart
1) dissolved in the two solvents methanol and acetonitrile. The
phenolic side group of the tyrosine molecule makes these an
obvious choice of model system. The solvents have been chosen
to provide strong and weak hydrogen-bonding interactions with
the solute molecules, respectively, while avoiding the broad low-
frequency absorptions that hinder aqueous studies.

The technique used is Optically Heterodyne Detected-Optical
Kerr Effect (OHD-OKE) spectroscopy.17-27 This method has
been used extensively to study the dynamics of pure liquids
and binary mixtures28-30 and is increasingly being employed
in investigations of more complex liquid-phase systems. Ex-
amples of the latter include microemulsions,31-34 sol-gel
confined liquids,35-38 and of direct relevance to this study liquid
crystals,39-42 polymers,43-45 biopolymers, and proteins.46,47 In
particular, Giraud et al.47 studied a range of samples including
di-L-alanine, poly-L-alanine, and four globular proteins to
determine the effect of local structure on the low-frequency
vibrational modes of these molecules. To date, however, no
direct experimental study of the spectroscopy of hydrogen
bonding in a biologically relevant liquid-phase system exists.

In addition to intermolecular hydrogen bonding, pyrocatechol
is thought to feature an intramolecular hydrogen bond, which
will enable the study of the effect of these interactions on the
low-frequency modes of the molecule in question. To this end,
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the spectroscopic investigation has been augmented by the use
of density functional theory (DFT) calculations of the equilib-
rium structure and vibrational modes of the phenol derivatives.
This is particularly relevant as, despite much study,48-52 there
remains some confusion over the assignment of the low-
frequency modes of the hydroxybenzenes, in particular that of
pyrocatechol.

The remainder of this paper is organized as follows: section
II deals with the experimental and theoretical methods employed
while section III relates the results of the study and analysis of
the data recovered. These are discussed in section IV and
conclusions are drawn in section V.

II. Experimental Section

a. OHD-OKE Experiments. The OHD-OKE setup employed
in this work has been described elsewhere.53 The ultrafast light
source is a Kerr-lens mode-locked titanium-sapphire laser
operating at 800 nm with a bandwidth of 35 nm and repetition
rate of 80 MHz. The pulse duration, measured by second-order
autocorrelation at the sample position, was<30 fs. Because of
the low solubility of poly-L-tyrosine, some improvements to the
spectrometer were necessary to improve sensitivity and signal-
to-noise ratio. These include the use of dielectric mirrors to
increase laser power at the sample position in conjunction with
achromatic lenses to improve the quality of the beam focus. In
total, the S:N improvement was in the region of an order of
magnitude.

All chemicals have been purchased from Sigma-Aldrich
(purity >99%) and used without further purification. All samples
have been filtered with 0.2-µm filters (Millipore) to remove dust
and allowed to equilibrate for 24 h at the laboratory temperature
prior to use. Pyrocatechol is somewhat light sensitive and
therefore all samples containing it were stored in the dark as
far as possible to prevent degradation. Each of the three phenol
derivatives were dissolved to 1 M concentration in methanol
and acetonitrile. In addition, the OHD-OKE responses of
samples of 1 M hydroquinone with 0.5, 1, and 2 M methanol
dissolved in acetonitrile were also recorded to establish the
concentration dependence of any observed methanol-related
effects.

To characterize the samples further, mid- and far-infrared
spectra have been recorded with a FTIR spectrometer (Bruker
Vertex 70).

b. DFT Calculations. All DFT calculations have been
performed with the Gaussian 0354 suite of computational
chemistry programs. Gas-phase DFT geometry optimizations
have been performed for each phenol derivative with use of
the B3LYP hybrid functional and the 6-311++G** basis set.
For all of the molecules, the starting point for the optimizations
was a geometry with no symmetry. This allowed the molecule
to relax to the global minimum with no externally imposed
symmetry constraints. The optimized structures were then used
as the basis for vibrational normal-mode calculations (DFT/

B3LYP/6-311++G**), which also included the generation of
infrared absorption and Raman scattering intensities.

III. Results

a. FTIR Spectra. The mid-infrared absorption spectra of all
1 M samples dissolved in deuterated methanol (MeOD) and
acetonitrile have been recorded in the O-H stretching region.
MeOD was chosen as a solvent for the FTIR studies to prevent
the hydroxyl group stretch of the phenol derivatives being
obscured by that of the solvent. As an example, Figure 1 displays
the spectra of the pyrocatechol samples.

Qualitatively, the hydroxyl-stretching band of all samples is
broadened and red-shifted when dissolved in MeOD as opposed
to when acetonitrile is the solvent. These effects are character-
istic of increased solvent-solute hydrogen bonding in methanol
as would be expected. The spectra of the acetonitrile samples
show an additional absorption band to the blue side of the main
O-H stretching band. By analogy with previous studies of
phenol dissolved in the non-hydrogen-bonding solvent chloro-
form12 this can be assigned to non-hydrogen-bonded phenol
molecules. While it is to be expected that some exchange will
occur between the deuterated solvent and the solute, only the
O-H stretching band of the solute is of relevance here and it
is clear that any exchange is sufficiently slow as to allow this
observation to be made.

The FTIR spectra in this region can be examined more
quantitatively by fitting Gaussian profiles to the recorded
absorption bands. The fit results for all six 1 M samples are
presented in Table 1 with examples shown in Figure 1. For all
three phenol derivatives dissolved in MeOD, the O-H absorp-
tion profile can be fit well by a single Gaussian line shape with
a band center close to 3340 cm-1 and a width of∼250 cm-1.
In contrast, when acetonitrile is used, a second Gaussian line
shape is required for a good fit. This second band is centered
near 3550 cm-1 with a width of∼60 cm-1. The main line shape
is centered near 3400 cm-1 with a width of 150 cm-1 in the
phenol and hydroquinone samples and 216 cm-1 when the solute

CHART 1: Equilibrium Structures of Phenol,
Hydroquinone, and Pyrocatechol Calculated with DFT
(see text)

Figure 1. Pyrocatechol FTIR data (black line) and fits to Gaussian
absorption profiles (red line). The individual components of the fit are
also shown (blue line).
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is pyrocatechol. In each case, the area of the lower frequency
Gaussian profile was found to be a factor of 40( 1 greater
than the high-frequency component.

These results confirm the qualitative assessment of the FTIR
spectra and provide evidence that the solvent-solute hydrogen-
bonding interactions in methanol are stronger than those in
acetonitrile because the main O-H stretching absorption band
of the hydrogen-bonded solute molecules occurs at lower
frequency in methanol.55 There is also evidence of non-H-
bonded phenol groups in acetonitrile via the smaller, high-
frequency band observed in these samples. The narrower profile
of which further supports this latter assignment. Furthermore,
the lower frequency band of pyrocatechol in acetonitrile is
different from that of phenol and hydroquinone, being slightly
red-shifted and∼40% broader. This can be interpreted as the
effect of intramolecular hydrogen bonding between adjacent
hydroxyl groups, which is not present in the other two
derivatives. That this difference does not manifest itself so
strongly in the methanol samples may suggest that pyrocatechol
H-bonds preferentially to the solvent in this case.

b. OHD-OKE Results: Time Domain. The OHD-OKE
responses of the samples studied are presented in Figures 2 and
3. On short time scales (<2 ps, Figure 2) each sample displays
a sharp spike near zero delay between the pump and probe
pulses. This is due to the electronic hyperpolarizability of the
samples and yields no dynamical information. The fact that this
is significantly larger for acetonitrile samples is because the
solvent possesses a larger polarizability than that of methanol
and hence gives a greater response. To quantify this, the 1 M
samples contain a solvent:solute molecular ratio of 25:1 in
methanol and 20:1 in acetonitrile. Even under these conditions,
the response of methanol is significantly smaller than that of
the solutes, the large response of the latter originating from the
benzene ring. In the case of the acetonitrile solutions, the solute
response is also clearly visible, despite the solvent giving a much
larger signal than that of methanol.

At pump-probe delays of between 50 and 300 fs, each
sample shows a strong shoulder that can be attributed30 to
nuclear dynamics, specifically to librational motion. All samples
exhibit an oscillatory component to their OHD-OKE response
due to under-damped vibration of intramolecular vibrational
modes. Those due to the phenol derivatives are more clearly
seen in the methanol samples where the solvent response is
negligible while in acetonitrile they are somewhat obscured by
the large-amplitude oscillation due to the solvent.

As these samples are solutions, it can be instructive to separate
the responses from the solvent and solute (though it should be
noted that in the case of strong solvent-solute interactions this
procedure may become invalid). In the case of methanol, the
solvent response is small in comparison to that of the solute
though this is not the case for acetonitrile. Both subtraction of

the solvent response and further analysis are facilitated by
Fourier transformation of the data into the frequency domain
(see below).

When studied over longer time scales (Figure 3), the OHD-
OKE responses reveal a slower exponential decay taking place
over tens of picoseconds. This can be assigned28-30 to diffusive
molecular rotational relaxation and can be examined quantita-
tively by fitting the OHD-OKE response beyond 1.5 ps to the
sum of two exponential decays as

TABLE 1: Results of Fitting the Mid-Infrared Spectra in
the O-H Stretching Region to Gaussian Profiles as Defined
in Eq 4

sample a1 ω1

(cm-1)
σ1

(cm-1)
a2 ω2

(cm-1)
σ2

(cm-1)

methanol-d
phenol 0.357 3346.3 246.5 - - -
hydroquinone 0.72 3340.0 261.1 - - -
catechol 0.70 3338.7 267.2 - - -

acetonitrile
phenol 0.37 3400.7 149.3 0.02 3548.3 65.4
hydroquinone 0.48 3414.9 155.0 0.03 3567.2 63.1
catechol 0.44 3387.8 216.2 0.04 3528.9 59.9

Figure 2. OHD-OKE data for 1 M solutions of phenol (black),
hydroquinone (red), and pyrocatechol (blue) in methanol and acetoni-
trile. Data for the neat solvents (pink) are also shown. All data have
been normalized to the signal at zero pump-probe delay.

Figure 3. Semilogarithmic plots of OHD-OKE data for 1 M solutions
of phenol (black), hydroquinone (red), and pyrocatechol (blue) in
methanol and acetonitrile. Data for the neat solvents (pink) are also
shown.
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This function has been found to describe the picosecond
dynamics of several liquids and solutions accurately.28-30 The
slower of the two relaxation times can often be ascribed to
orientational diffusion. The shorter relaxation time is generally
too fast to be attributed to molecular reorientation, but does, in
general, appear to scale with the slower relaxation time. The
results of fitting the data in Figure 3 to eq 1 are presented in
Table 2.

The picosecond dynamics of all the 1 M concentration
samples are well described by eq 1. Those in methanol showed
a short decay time scale of 1.17( 0.05 ps and a longer decay
ranging from 5.4 ps for phenol to 8.2 ps for hydroquinone. In
acetonitrile, the shorter decay was 1.4( 0.15 ps while the longer
one ranged from 4.2 to 6.7 ps, again in phenol and hydro-
quinone, respectively. It is apparent that the rotational time scale
of each of the phenol derivatives is slower when dissolved in
methanol than in acetonitrile. This can be ascribed to the greater
viscosity (Table 2) of the solvent, which in turn is due to the
increased hydrogen bonding that is present in methanol. This
effect is observed clearly by the almost 3-fold increase in the
rotational decay time scale of neat methanol over neat aceto-
nitrile, a result that is in good agreement with previous
studies.36,56Rotational diffusive motion of binary mixtures can
often be well described by the Debye-Stokes-Einstein relation,

in which τ2 is the collective reorientation time measured by
OHD-OKE (and other Raman techniques),g2 is the static
orientational pair correlation parameter, which scales between
the collective and single molecule relaxation times (as measured
by NMR, for example), andV is the hydrodynamic volume.57,58

In the case of acetonitrile and methanol, the slightly larger size
of the former and the slightly larger viscosity of the latter suggest
that similar rotational relaxation times would be expected. The
observed difference is therefore due to the extra hydrogen
bonding present in methanol.

As the rotational diffusion time scales of the neat solvents
are shorter than those of the solutions it is reasonable to assume
thatτ2 of the solutions is largely due to the solute. The rotational
times of the individual phenol derivatives, though similar, scale
asτphenol < τpyrocatechol< τhydroquinonewhich can be rationalized
in terms of molecular shapesthe longer, para-substitued,
hydroquinone exhibiting slightly more hindered rotational
behavior than the more compact pyrocatechol and smaller
phenol.

When small quantities of methanol (up to 2 M) were added
to hydroquinone in acetonitrile, the time-domain response was
changed little although a small increase inτ2 was observed
within the errors of the measurement, which appears to scale
with methanol concentration.

c. OHD-OKE Results: Frequency Domain.As mentioned
above, to discuss the dynamics of these samples more fully, it
is desirable to transform the data to the frequency domain. A
detailed description of the Fourier transform deconvolution
procedure employed here can be found elsewhere.30,31 Put
simply, the Raman spectral density, undistorted by the finite
instrument response time, is obtained from the imaginary part
of the ratio of the Fourier transform of the OHD-OKE data to
that of the second-order autocorrelation of the laser pulse. To

focus on the ultrafast dynamics, the reduced spectral density
can be obtained by first subtracting from the data that portion
fit by eq 1. In this case, the procedure yields just the portion of
the Raman spectral density attributable to nondiffusive motion,
for example, librational and intermolecular (interaction-induced)
relaxation. The justification for this procedure is the assumed
time scale separation between ultrafast and diffusive dynamics.
Since this assumption is somewhat questionable, at least in the
case of the shorter exponential relaxation time, we present here
both complete and reduced spectral densities. These are
displayed in Figure 4.

A sharp spike at low frequency dominates the complete
spectral densities of the six 1 M samples (Figure 4), which is
due to the rotational diffusive dynamics. In all cases, the broad
band below 150 cm-1 that is assignable to librational motion59

is clearly observed. That the amplitude of the spectral densities
of the acetonitrile samples is greater than those of the methanol

rdiff ) [a1 exp(-t/τ1) + a2 exp(-t/τ2)][1 - exp(-2ωavt)]
(1)

τ2 ≈ g2Vη
kBT

(2)

TABLE 2: Results of Fitting Time-Domain OHD-OKE Data
at Pump-Probe Delays Larger than 1.5 ps to Eq 1a

sample a1 τ1 (ps) a2 τ2 (ps)

methanol
neat 0.0207 0.831 0.0056 5.025
phenol 0.0512 1.142 0.0276 5.399
hydroquinone 0.0307 1.207 0.0152 8.243
pyrocatechol 0.046 1.205 0.028 7.56

acetonitrile
neat 0.121 0.9365 0.1106 1.866
phenol 0.121 1.269 0.049 4.24
hydroquinone 0.1275 1.4508 0.0275 6.708
pyrocatechol 0.14 1.515 0.0427 6.27

hydroquinone(MeOH)n
n ) 0.5 0.133 1.42 0.031 6.89
n ) 1 0.123 1.41 0.033 7.00
n ) 2 0.126 1.40 0.033 7.05

a The samples are methanol and solutions in methanol; acetonitrile
and solutions in acetonitrile; and solutions of hydroquinone in aceto-
nitrile with the addition of 0.5, 1, and 2 M methanol. The viscosities
of the solvents are65 ηMeOH ) 0.547 cP at 298 K andηacetonitrile) 0.345
cP at 298 K.

Figure 4. Complete and reduced (inset) spectral densities of 1 M
solutions of phenol (black), hydroquinone (red), and pyrocatechol (blue).
Complete spectral densities of the neat solvents are also shown (pink).
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samples is again due to the larger polarizability of the solvent.
The contribution of the phenol derivatives is approximately
equal in each case because all samples are of the same
concentration. Observable at frequencies in excess of 200 cm-1

are low amplitude, narrow bands due to intramolecular vibrations
of the solute (except that at 380 cm-1 in the acetonitrile samples
which is due to the solvent). Both the librational line shape and
the intramolecular modes are more clearly observed in the tail-
subtracted spectral densities (Figure 4, insets).

The spectral densities of the methanol solutions containing
either phenol or hydroquinone show an additional contribution
between 150 and 300 cm-1. That of pyrocatechol shows a
broadband offset of the baseline that persists to beyond the scope
of the spectrometer at frequencies above 700 cm-1 (the latter
feature is both repeatable and scales with pyrocatechol concen-
tration). Neither of these features is present in the acetonitrile
samples.

As mentioned above, both of the solvents used exhibit
nonzero OHD-OKE responses and it is therefore instructive to
subtract the solvent response to ensure that these features are
not due to the solvent background. In the case of acetonitrile,
this was achieved by normalizing all spectral densities to the
solvent intramolecular mode at 380 cm-1 prior to subtracting
the contribution due to the neat solvent. In the case of methanol,
this approach was not possible but methanol has a significantly
weaker OHD-OKE response than acetonitrile and so the neat
solvent spectral density was simply subtracted with no prior
weighting. The results of this process for the complete spectral
densities are shown in Figure 5. It is clear from the figure that
these features are not solvent related. In systems such as these
where solvent-solute interactions are strong such a subtraction
is not necessarily valid, and as such it will not be used in any
subsequent analysis and is presented simply as a means to
emphasize the effect being reported.

The additional amplitude in the spectral densities between
150 and 300 cm-1 in the phenol and hydroquinone in methanol
samples is apparently due to some interaction between the
solvent and the solute (as is the broadband contribution to the

pyrocatechol spectrum, which will be discussed in more detail
below). It is instructive to study the dependence of the effect
on methanol concentration. This is shown in Figure 6 where
methanol was added to concentrations of 0.5, 1, and 2 M to a
1 M solution of hydroquinone in acetonitrile. Hydroquinone was
chosen for this experiment because it features no strong
intramolecular modes in the region of interest thereby greatly
simplifying any observations. All spectra were normalized to
the sharp, low-frequency rotational-diffusion feature although
similar results were achieved by normalizing to the acetonitrile
intramolecular mode and subsequent subtraction of the solvent
response. The latter approach was prone to some distortion of
the data due to the presence of an intramolecular mode of
hydroquinone at 375 cm-1. As can be clearly seen, the broad
component between 150 and 300 cm-1 persists for all methanol
concentrations studied. This result shows that the addition of
even small amounts of methanol leads to a modification of the
spectral density of hydroquinone in this frequency region that
can only be ascribed to solvent-solute interaction.

d. Librational and Intermolecular Dynamics. For further
analyses, it is advantageous to separate the Raman spectral
densities into two regions at this stage. The high-frequency
(>300 cm-1) portion, which is dominated by intramolecular
vibrational modes, will be discussed in a separate subsection.
Presented below is a more quantitative analysis of the low-
frequency portion, which is dominated by librational motions
and intermolecular interactions.

The broad and somewhat featureless nature of the low-
frequency spectral density of most liquids means that fitting of
the data is, to a certain extent, an arbitrary process. Some groups
fit to a set of Brownian oscillators27,47,60-62 while others claim
that the sum of anti-symmetrized Gaussian line shapes with an
Ohmic or Bucaro-Litovitz30 type line shape gives superior
results. In this work, the spectral densities of the 1 M solutions
of phenol and hydroquinone in methanol and phenol, hydro-
quinone, and pyrocatechol in acetonitrile were fit to the sum of
a Bucaro-Litovitz function

and a set of anti-symmetrized Gaussian (ASG) profiles, defined
by

Figure 5. Solvent subtracted spectral densities of 1 M solutions of
phenol (black), hydroquinone (red), and pyrocatechol (blue).

Figure 6. Spectral densities of 1 M hydroquinone dissolved in
acetonitrile with 0 (black), 0.5 (blue), 1 (green), and 2 M (red) methanol
added. The inset shows the result of subtracting the neat acetonitrile
spectral density from that of each of the solutions.

IBL(ω) ) aBLωR exp(-ω/ωBL) (3)

IG(ω) ) aG[exp(-2(ω - ωG)2

σG
2(2 ln 2)-1) - exp(-2(ω + ωG)2

σG
2(2 ln 2)-1)] (4)
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Fits to the sum of a Lorentzian line shape and a suite of
Brownian oscillators were also attempted but this approach
required a greater number of Brownian oscillators than ASG
functions to achieve the same quality of fit. In all cases, the
spectral density with the rotational tail subtracted but without
solvent subtraction was used for the fit. This approach removes
the need for an additional function to fit the rotational dynamics
and ensures that no artifacts from the solvent subtraction
complicate the fitting process. Furthermore, the solvent subtrac-
tion approach assumes separability of the solvent and solute
responses. This is not necessarily valid when considering
solutions that exhibit strong solvent-solute interactions and it
is thus more rigorous to consider the spectral density as a whole.
The spectra obtained for pyrocatechol in methanol were not
included in the fit due to the anomalous background component
in the spectral density.

Table 3 shows the results of the fits to eqs 3 and 4 and Figure
7 displays example fits for phenol dissolved in methanol and
acetonitrile. From the results it is clear that all of the spectral
densities can be fit by a similar range of functions: the broad

line shape at low frequency is well described by a Bucaro-
Litovitz line shape withωBL ) 11 ( 2 cm-1 and one ASG line
shape centered at 35( 5 cm-1 with a width parameter (σG) of
around 115 cm-1. In addition, the samples in methanol require
a second ASG function withω ∼ 90 cm-1 andσG ∼ 275 cm-1.
As a result of the similarity of the width and spectral range, the
standard deviation of this second ASG function is in the region
of (40 cm-1. Phenol and pyrocatechol also require a narrow
ASG profile to account for a low-lying intramolecular vibra-
tional mode.

It is noteworthy that the neat solvents are themselves also fit
by a similar range of functions (see Table 3). However, as is
conclusively shown in Figure 5, the extra component found in
the methanol solutions of phenol derivatives is not solely due
to the solvent. This result merely serves to accentuate the
similarity of the low-frequency spectral densities of many liquid
samples.

e. Intramolecular Vibrational Modes and DFT Calcula-
tions. Despite the mid-infrared spectra of phenol, hydroquinone,
and pyrocatechol being much studied48-52 and well understood,
some confusion still exists at low frequencies. While agreement
seems to have been reached in the cases of phenol and
hydroquinone, assignment of the low-frequency modes of
pyrocatechol remains unclear. One of the major complicating
factors is the state dependence of infrared and Raman transitions
with shifts of tens of wavenumbers being observed between
liquid and solid phases.49 To establish fully any effects of
hydrogen bonding on the low-frequency Raman spectral densi-
ties recovered here, it was first necessary to obtain a complete
assignment of all observed bands. See Table 4 for complete
lists of all observed bands and their assignments.

It is noteworthy that none of the modes showed a significant
solvent dependence. In the cases of phenol and hydroquinone,
assignment was relatively straightforward with use of existing
studies.49,52For pyrocatechol, however, specific problems existed
that related to the observed modes at 289 and 301 cm-1. These
appeared not to agree, even closely, with previous studies.52 It
seemed that the two modes were probably due to the symmetric
out-of-plane and in-plane bending modes of the two hydroxyl
groups; however, the latter was predicted to be Raman inactive
while the former had not been previously assigned.

To solve this problem, DFT calculations of the equilibrium
structure and vibrational modes of phenol, hydroquinone, and
pyrocatechol were performed. The equilibrium structures are
as shown in Chart 1 while the intramolecular modes and their
assignments are listed in Table 4. The fact that the phenol and
hydroquinone assignments were well established indicates the

TABLE 3: Results of Fitting Spectral Densities of 1 M Solutions to Eqs 3 and 4

methanol acetonitrile

neat phenol hydroquinone neat phenol hydroquinone pyrocatechol

aBL 0.01 0.05 0.07 0.09 0.06 0.04 0.03
R 1.39 1.27 1.09 1.08 1.10 1.28 1.36
ωBL (cm-1) 9.4 11.6 13.6 14.5 13.1 11.8 11.7

aG1 0.26 1.01 1.16 1.96 1.23 1.15 1.21
ωG1(cm-1) 28.0 32.9 31.1 32.0 36.3 40.1 36.5
σG1 (cm-1) 68.3 109.0 116.8 119.8 119.0 117.9 120.0

aG2 0.23 0.09 0.16
ωG2 (cm-1) 81.0 106.7 80.0
σG2 (cm-1) 117.7 273.0 275.0

aG3 - 0.06a 0.03a 0.027a

ωG3 (cm-1) - 238.3a 238.3a 200.8a

σG3 (cm-1) - 17.2a 17.9a 17.2a

a Intramolecular mode.

Figure 7. Fits (red dashed line) to reduced spectral densities (black
line) of phenol dissolved in methanol and acetonitrile. Solid red lines
show the component due to eq 3 and blue lines those due to eq 4.
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accuracy of the calculations. From Table 4, it is clear that the
agreement for phenol is impressive with accuracy generally
better than (5 cm-1 even though the calculations were
performed on gas-phase molecules. One exception is the O-H
group in-plane bend of phenol, observed here at 433 cm-1 and
predicted at 405 cm-1. This mode could also be assignable to
the ring deformation mode predicted at 417 cm-1. However,
the calculations indicate that the latter is both IR and Raman
inactive, hence the assignment given in Table 4.

The results for hydroquinone, while not displaying the same
impressive accuracy as those for phenol, are still generally
accurate to(30 cm-1. The discrepancies can be attributed to
solvent-solute interactions not accounted for when using DFT
methods. The case of the OH group asymmetric in-plane bend
of hydroquinone is worthy of note. Predicted at 447 cm-1 it is
assigned to the mode observed at 392 cm-1 despite the fact
that the ring hydrogen out-of-plane bend is predicted to lie closer
in frequency at 420 cm-1. The latter, however, is calculated to
be both IR and Raman inactive hence the assignment given in
Table 4.

In the case of pyrocatechol, the agreement with experiment
is also very good, to the extent that a complete assignment of
the low-frequency modes has been possible for the first time.
It is also apparent that the symmetric and asymmetric in-plane
bends, predicted to be Raman inactive,52 are in fact weakly
visible. This is due to the presence of the intramolecular
hydrogen bond in the equilibrium structure of pyrocatechol,
which lowers the symmetry of the molecule and which was
apparently neglected in previous studies.

Hydrogen torsional modes are predicted by the DFT calcula-
tions for all three phenol derivatives but not observed. These
modes are due to rotation about the C-OH bond and as such
would be expected to generate little change in the polarizability
of the molecule with vibrational coordinate and thus be weakly
Raman-active at best. The calculations predict, however, that
they should be of similar intensity to the observed intramolecular
modes. A possible reason for these modes not being observed
may lie in the fact that they are also predicted to have large
transition dipole moments. As such they will couple strongly
to the polar solvent bath and be strongly damped in the solution
phase, which is not accounted for in the gas-phase calculations.

It is interesting to compare the frequencies of these modes
in the different phenol derivatives. In phenol, the single OH
torsional mode is predicted to occur at 310 cm-1 while in
hydroquinone two modes appear close to 250 cm-1. In contrast,
the corresponding modes of pyrocatechol are calculated to lie
at 146 and 414 cm-1, the latter being assigned for the hydrogen
atom directly involved in the intramolecular H-bond. This
indicates that the intramolecular hydrogen bond is of appreciable
strength, which raises the energy change associated with
vibrational motion and increases the frequency.

Far-infrared (FIR) spectroscopy of the solutions of the phenol
derivatives in methanol has also been undertaken. Due to the
strong solvent absorption in this region, it was necessary to use
much higher concentrations of solute than for the OHD-OKE
studies; as such, far-IR spectra of the acetonitrile solutions were
not possible because the phenols are less soluble in this solvent
than in methanol. However, little solvent dependence of the
Raman active modes was observed and consequently little
frequency variation was expected in the far-IR case. Table 4
lists the far-infrared modes observed and there is good agreement
between the far-infrared spectra, Raman spectral density, and
DFT calculations. Once again, the O-H torsional modes were
not observed despite being predicted to possess a large IR
intensity; this may be due to the strong solvent background at
very low frequencies. However, a ring deformation mode of
phenol at 452 cm-1 not present in the Raman spectrum was
observed. This is in agreement with the DFT calculations, which
show this mode to be IR active only.

Finally, it is instructive to consider the line width of the
observed modes in both Raman and FTIR spectra. While those
assigned to librational motion, observed at very low frequency
(<150 cm-1), are very broad, the transitions due to intramo-
lecular modes are invariably much narrower (∼20 cm-1). This
can be explained by the greater damping of librational modes
due to the larger amount of solvent displacement associated with
the motion. It is interesting to note, however, that the modes
directly associated with the intramolecular hydrogen bond of
pyrocatechol, i.e., those involving in-plane or out-of-plane
motion of the substituent groups, are not broadened in the
manner of the O-H stretching and intermolecular H-bond
modes. As this effect is attributed to inhomogeneous broadening
due to a range of solvent-solute environments this would appear
to suggest that this is not the case for the intramolecular mode,
further indicating the relative strength of this bond. It would
also seem reasonable to suggest that this bond lacks the dynamic
nature of its solvent-solute counterpart.

f. Poly-L-Tyrosine. Figure 8 shows the OHD-OKE response
of poly-L-tyrosine (PLT) dissolved in water and in methanol.
In both cases, sodium hydroxide was added to a concentration
of 100 mM to facilitate PLT solubility. The PLT concentration
was ∼20 mg/mL in water and approximately twice that in

TABLE 4: Position and Assignments of Intramolecular
Vibrational Bands of Phenol Derivatives

assignmenta Gaussian03/cm-1 Raman/cm-1 FIR/cm-1

phenol

subs oop bend 228 238 255

O-H torsion 310

subs ip bend 405 433 417

asym ring def 417 452

ring def 509 508 509

ring subs ip bend 536 529 531
hydroquinone

subs sym oop bend 153 219 200

O-H asym torsion 247

O-H sym torsion 261

subs sym ip bend 341 316

subs asym oop bend 361 371

ring H oop bend 420

subs asym ip bend 447 392 400

sym ring def 471 467 470
pyrocatechol

O-H torsion, no H bond 146

subs oop asym bend 190 199

subs oop sym bend 292 289

subs ip sym bend 309 301

O-H torsion, H bond 414

subs ip assym bend 448 456 456

ring H oop bend 451 456

ring subs ip bend 559 558 559

a “Subs” indicates substituent or hydroxyl groups, oop and ip indicate
and out-of-plane and in-plane motion, respectively.
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methanol. In both cases, this was approaching a saturated
solution.

Due to the low concentrations of PLT (these weight percent-
ages equate to approximately 125-250 mM in terms of amino
acid residues), the time-domain OHD-OKE traces (not shown)
appear largely indistinguishable from those of the solvent;
however, the complete spectral densities of the PLT solutions
exhibit clear contributions from the polypeptide. In the basic
solutions used, PLT has been shown by vibrational circular
dichroism studies to assume a random coil rather thanR-helical
structure.63 Previous studies of polymers with large side groups33

have shown a tendency for a shift away from long rotational
relaxation time scales toward relaxation through low-frequency
intramolecular modes with increasing chain length. These
observations appear to hold for PLT (mol wt∼10-40 000),
which shows no apparent slow rotational decay but exhibits
many low-frequency vibrational modes.

It is also noteworthy that, when dissolved in methanol, the
PLT Raman spectral density displays nonzero amplitude be-
tween 150 and 300 cm-1 similar to that of the model systems
discussed above. While a convolution of low-frequency modes
could cause this effect it seems likelysin light of earlier resultss
that solvent-solute interactions between methanol and the
phenol side groups of the PLT chain are also at least partially
responsible. This qualitative assessment is further supported by
fitting the PLT spectral density using eqs 3 and 4. The result is
shown in Figure 8. In this case, five ASG functions were
required to accurately reproduce the spectral density of PLT in
methanol, one of which was centered at 120 cm-1 with a large
width of σG ) 300 cm-1, similar to the results obtained for the
model systems above. The other ASG functions were centered
at 43, 110, 205, and 290 cm-1 with σG values of∼60 cm-1

except for the 110 cm-1 mode, which was broader (σG ) 90
cm-1). Attempts to reproduce the experimental data without the
broad extra component were unsuccessful. The mode at 370

cm-1 has not been included in the fit. Due to the low
concentration of PLT in this sample the results of the Fourier
transform technique become noisy and the line shapes distorted
at these frequencies.

Though very complex, it is possible to assign some parts of
the PLT low-frequency spectrum by analogy with previous
work. The band close to 50 cm-1 is analogous to that observed
in the model systems above and can be attributed to librational
motion of the phenol side groups. The prominent shoulder at
around 110 cm-1 is similar to that reported in a recent study of
polystyrene.33 In that case, it was assigned to torsional motion
of the phenyl side groups about the polymer backbone, an
assignment that would also be applicable in this case.

Further, the mode centered at 205 cm-1 can be assigned to
the out-of-plane bend of the phenol hydroxyl group by direct
analogy with the experimental and theoretical studies above.
That this mode is broadened and slightly shifted from that of
phenol can be attributed to the large molecular weight of the
polymer leading to inhomogeneous broadening of this band. In
a similar fashion, the modes close to 400 cm-1 may be due to
the hydroxyl group in-plane bend, but this can only be tentatively
suggested without detailed simulations, which are difficult and
computationally expensive. Simulations of this nature are
planned for a future study.

IV. Discussion

It is important to consider the nature of the molecular systems
being studied. At the concentrations used the solvent-to-solute
molecular ratio is 25:1 in methanol and 20:1 in acetonitrile,
and it is thus possible that phenol-phenol interactions are
present in these samples, in addition to phenol-methanol
interactions, leading to dimer or cluster formation. These cannot,
however, be responsible for the additional feature observed in
the spectral densities of the methanol solutions because such
clusters would be expected to form in the acetonitrile solutions
also and the corresponding feature was absent in the spectra of
these solutions. Indeed such an effect would be expected to be
larger in acetonitrile solutions due to the reduced solvent-solute
interactions compared to those in methanol.

As mentioned above, studies have been carried out on gas-
phase clusters of the type phenol(methanol)n in supersonic jets
containing mixtures of phenol and methanol.2 A broad back-
ground feature superimposed upon lines assigned to the phenol-
(MeOH)1 cluster was reported in the laser-induced fluorescence
spectrum.2 This was attributed to the inhomogeneous spectral
congestion caused by the existence of different cluster sizes and
isomers in the jet. This feature is very similar to the broad feature
observed with our data and it seems reasonable to suggest that
this is in fact the high methanol concentration (largen) limit
for the clusters, or the signature of hydrogen bonding between
phenol and the bulk liquid. The fact that it is a broad feature is
analogous to the breadth observed in the phenol OH stretching
vibration by FTIR above, indicating the dynamic nature of
intermolecular hydrogen bonds.

This assignment has important implications for the study of
low-frequency modes in liquid systems in which hydrogen
bonding occurs. From neat water and methanol, to the phenol
derivative model systems discussed here, and polypeptides such
as PLT this feature is observed. Furthermore, OHD-OKE studies
of aqueous solutions of di-L-alanine, poly-L-alanine,R-lactal-
bumin, â-lactoglobulin, lysozyme, and pepsin show that a
similar feature was observed in all of the low-frequency Raman
spectral densities of these systems, even after careful subtraction
of the water background spectrum.47

Figure 8. Top: Complete (non-solvent-subtracted) spectral densities
of PLT dissolved in basic solutions of methanol (black line) and water
(blue). The red line shows the complete spectral density of methanol.
Bottom: Comparison of experimental (black dots) and simulated (solid
red line) spectral density of PLT dissolved in methanol using eq 3 (red
dashed line) and five ASG functions (eq 4, solid blue lines).
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The broadband contribution to the spectrum of pyrocatechol
in methanol has not been discussed in any detail so far. While
in no way contradictory to the above results, it is certainly
anomalous and the explanation unclear. As it appears only in
the spectrum of pyrocatechol dissolved in methanol it would
appear to be due to some kind of interaction between the solvent
and solute; however, it is markedly different from what is
observed in the cases of phenol and hydroquinone. The fact
that the feature extends to such high frequencies would seem
to rule out an assignment solely to inter- and intramolecular
H-bonds.

Studies have shown that the feature scales with pyrocatechol
concentration, which rules out an experimental artifact. Similar
broad background features have been observed in studies of
polymers64 and assigned to vibrational modes of the bulk
polymer. However, this assignment seems somewhat unlikely
in this case, unless, despite careful countermeasures some light
degradation of the sample has occurred leading to polymeriza-
tion or that pyrocatechol forms clusters/chains in solution. The
former is unlikely because the spectrum of the pyrocatechol in
methanol samples was not observed to change over time. The
latter seems unlikely for two reasons, first that such behavior
is not observed in the other phenol derivatives and second that
any such effect would also occur in acetonitrilesthis was not
observed. This sample is the subject of ongoing study including
simulations with instantaneous normal-mode methods, which
will be the topic of a forthcoming publication.

As mentioned above, there have been many indirect studies
of hydrogen-bonded systems using mid-infrared absorption
spectroscopy of the OH or OD stretching vibrations. The work
of Rezus et al.12 in particular used mid-infrared femtosecond
pump-probe spectroscopy to study phenol-d dissolved in
chloroform and acetone. In that work a 3.7 ps decay time scale
observed in the anisotropy of the transient absorption was
reported which was subsequently assigned to nutation of the
OD group about the C-O axis in conjunction with a longer
decay time (>30 ps) being observed when excitation on the
red side of the OD absorption profile was performed. In light
of the results of this study, however, this assignment seems
unlikely as the molecular rotational diffusion time for phenol
solutions in methanol was observed to be∼5 ps. This suggests
that the nutation time of the OD group would be expected to
be faster than 3.7 ps. In addition, no long time scale components
were observed out to 50 ps.

V. Conclusions

OHD-OKE studies have been carried out on a variety of
solutions of phenol derivatives in methanol and acetonitrile.
FTIR spectroscopy has been used to show that solutions
involving the former feature significantly stronger solvent-
solute hydrogen bonding than the latter. Analysis of the Raman
spectral density of these solutions has shown that an extra
component appears in the methanol samples that is not present
when acetonitrile is the solvent. This feature is a broad line
shape centered at around 100 cm-1 and is analogous to that
observed in gas-phase studies of phenol(methanol)n clusters for
large n. It is assigned to an inhomogeneously broadened
transition due to solvent-solute intermolecular hydrogen bonds.

The studies of phenol derivatives have been used as a model
system for an OHD-OKE study of poly-L-tyrosine. The low-
frequency Raman spectral density of this species dissolved in
methanol and water also shows a similar feature, as have
previous studies of other polypeptide and protein-based sys-
tems.47

The low-frequency intramolecular modes of phenol, hydro-
quinone, and pyrocatechol have been assigned, the latter for
the first time, with the aid of DFT calculations. It has been
shown that the equilibrium structure of pyrocatechol features
an intramolecular hydrogen bond, which significantly influences
the low-frequency vibrational Raman spectrum.
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