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Aromatic compounds with electron-donating or -accepting substituents exhibit interesting resonance effects
on a variety of chemical reactivities and optical properties. To understand such effects and the possible
relationship between vibrational energy dissipation pathways and resonance structures of aromatic compounds,
we studied ortho-, meta-, and para-substituted cyanophenols and their anionic forms in methanol by using
time- and frequency-resolved pump-probe and two-dimensional IR spectroscopy, where the nitrile group
acts as an IR probe. From the measured transient spectra and singular-value decomposition analyses, we
found that there is a combination band whose frequency is very close to that of the nitrile stretch mode. Due
to the difference in the lifetimes of these two mode excited states, the transient pump-probe spectra commonly
show notable blue-shifting behaviors in time. Comparing the vibrational lifetimes of neutral cyanophenols
and cyanophenoxide anions in methanol and carrying out quantum mechanical/molecular mechanical molecular
dynamics simulations to study hydrogen-bonding dynamics, we found that the vibrational energy of the nitrile
stretch mode initially relaxes to intramolecular degrees of freedom instead of solvent modes. Also, the
vibrational anharmonic frequency shifts, intrinsic lifetimes, and bandwidths of the nitrile stretch mode and
the combination mode in these molecular systems are fully characterized, and their relationships with resonance
structures are discussed. It is believed that the present work sheds light on the intrinsic vibrational relaxation
process of the nitrile stretch mode in cyanophenols, even in the case when their IR spectra are congested by
the spectrally overlapping combination bands, and the resonance effects of aromatic compounds on vibrational
dynamics and relaxation processes.
Introduction
Aromatic substitution reactions, various nonlinear optical
properties of donor-acceptor conjugated polyenes, and organic
light-emitting diodes are a few examples showing the importance
of resonance structures of aromatic or conjugate polyene
molecules.1–10 In particular, the chemical reactivity of aromatic
compound is strongly affected by the substituted electrondonating or -accepting groups.11–14 Such chemical reactions
involve a number of intra- and intermolecular processes, but
one of the early events in a given chemical reaction is the
dissipation of excess energy of the transition state to other
intramolecular modes or to bath modes that are anharmonically
coupled to the initially excited vibrational modes. Thus, in
addition to the intramolecular vibrational relaxation, it is critical
to understand how the energy accumulated in a reactive species
dissipates into bath degrees of freedom and particularly how
such processes are related to the resonance structure formation
and induction effects.
To understand the energy relaxation channels in disubstituted
aromatic compounds in solutions, we chose cyanophenols, where
nitrile and hydroxyl groups are the two substitutents (see Figure
1). Here, the n-cyanophenol and n-cyanophenoxide anions will
be denoted as nCP and nCX, respectively. Among them, we
recently studied nitrile stretching vibrations of 4CP and 4CX
in methanol solutions by using the integrated and dispersed
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photon echo methods and determined vibrational lifetimes and
overtone anharmonicities of the CN stretch modes in these
compounds.15 However, it is not possible to study the heterogeneous nature of vibrational states when there are spectrally
overlapping IR-active modes, and in such a case, one cannot
obtain the corresponding eigenspectra.
In cyanophenols, the nitrile group acts as an electronaccepting group, whereas the hydroxyl group is a weak electron
donor in these cases. If a given cyanophenol becomes an anion
in solution at a high pH, the phenoxide oxygen atom becomes
a strong electron-donating group so that 2CX and 4CX are
stabilized by the resonance structures,16 as shown in Figure 1.
In this paper, we shall present experimental results on these six
different compounds dissolved in methanol, where we used
transient infrared pump-probe spectroscopic techniques and
focused on the nitrile stretch vibrations. To obtain the timeresolved spectra, the pump-probe signal field was first dispersed, and then its spectrum was recorded with an array
detector. The nitrile stretch vibration has attracted a great deal
of attention recently because it can be an ideal IR probe for
studying conformational transitions of proteins,17–21 enzymeinhibitor binding to HIV-1 reverse transcriptase,22 and structure
determination of nitrile-substituted DNA oligomers.23 Furthermore, the hydrogen-bond forming and breaking in a acetonitrile/
methanol solution has been studied by using a two-dimensional
IR spectroscopic method.24–26
Although we have also measured the 2D IR spectra of a few
selected molecules in Figure 1, we found that the frequencyresolved pump-probe spectroscopy is enough to study the nitrile
stretching vibrations in the cyanophenols. A typical transient
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Figure 1. Molecular structures of n-cyanophenols. On the right-hand side of this figure, their anionic forms are shown with corresponding resonance
structures.

Figure 2. IR absorption spectra of the nitrile stretch mode. The solution
concentration is 0.1 M. Dashed lines are those of n-cyanophenoxides
in methanol, whereas the solid lines are those of neutral cyanophenols.

pump-probe (PP) spectrum of an anharmonic oscillator shows
both positive and negative peaks that are associated with 0-1
and 1-2 transitions, respectively.27,28 Here, the ground, first
excited, and second excited (overtone) states are denoted as |0〉,
|1〉, and |2〉, respectively. The positive peak originates from both
ground-state bleach and stimulated emission contributions,
whereas the negative peak is from excited-state absorption. The
frequency difference between the positive and negative peaks
is related to both an overtone anharmonic frequency shift and
the spectral bandwidth.27 In this work, we will present experimentally measured PP spectra of six compounds (2CP-4CX)
in methanol with respect to the delay time T from 0 up to tens
of picoseconds. Interestingly, depending on the relative position
of the substituent OH group with respect to the CN group, the
vibrational dynamics of the C-N stretch mode changes.
Furthermore, upon ionization of these cyanophenols at high pH,
their lifetimes and transient PP spectral line shapes show notable
features that can be related to the resonance effects mentioned
above.
Experimental Results
Infrared Absorption. In Figure 2, the CN stretch IR bands
(solid lines) of neutral cyanophenols in methanol solutions are
presented. Here, the solution concentration is 0.1 M. The peak
frequencies of 2CP, 3CP, and 4CP are 2230, 2236, and 2227
cm-1, respectively. The dashed lines in this figure are the IR

bands of their anionic forms, 2CX, 3CX, and 4CX, and their
peak frequencies are 2216, 2225, and 2214 cm-1. The cyanophenoxide solutions were prepared by adding excessive
sodium methoxide to the solutions. The peak frequencies already
show an interesting dependency of the nitrile stretch frequency
on the molecular structure. When the OH group in CP or the
O- anion in CX is substituted at the para position with respect
to the CN group, due to the resonance effects, the CN bond
strength becomes diminished so that the CN stretch frequency
is red-shifted. On the other hand, the meta-substituted OH or
O- group cannot be strongly stabilized by the resonance
structure formation. Thus, the magnitude of resonance effect
on the CN frequency is in the following order, para > ortho >
meta or 4CP > 2CP > 3CP and 4CX > 2CX > 3CX.
Second, the CN stretch frequency is strongly red-shifted when
the cyanophenol becomes an anion in a high-pH solution. The
frequency difference between 2CP and 2CX is 14 cm-1, and
those between 3CP and 3CX and between 4CP and 4CX are
11 and 13 cm-1, respectively. Furthermore, all of the line shapes
of the CN stretch bands appear to be asymmetric, and this
indicates a heterogeneity in solvation structures, such as those
with and without hydrogen bonds with methanol, or a possible
existence of other vibrational states in addition to the CN stretch
band. Furthermore, as will be shown below, the time-resolved
PP spectra reveal that there exist two different excited states in
the frequency region around the CN stretch mode for all six
cases. A detailed interpretation and the underlying origin of the
asymmetric line shapes of IR absorption spectra at the CN
stretch band will be presented below.
Aggregate Formation. Transient IR pump-probe experiments were performed for solutions with concentration of about
0.2 M. This is a highly concentrated solution sample; therefore,
it is necessary to examine the possibility of aggregate formation
of these compounds in methanol solutions. We thus measured
the UV-vis absorption spectra of 4CP/methanol solutions in
the concentration range from 0.0001 to 0.5 M as well as the IR
absorption spectra of the CN stretch mode of 4CP and 4CX for
varying concentrations from 0.005 to 0.2 M (see Supporting
Information). For the IR absorption measurements, the sample
cell used and the path length were CaF2 and 25 µm, respectively.
Neutral and anionic cyanophenol solutions were prepared by
dissolving the CPs in pure methanol and a 0.5 M methoxide
solution, respectively. For the UV-visible absorption measurement, the typical detector of the UV-vis spectrometer used for
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Figure 3. Two-dimensional IR spectra of 4CP (first column), 4CX (second column), and a mixture of 4CP and 4CX (third column) in methanol.
The waiting time T varies from 1 to 5 ps.

the present experiment was not saturated up to the 0.1 M
solution sample, but absorbance of a 0.5 M solution sample
was too large to be detected. We therefore used both 1 mm and
6 µm path length cells for such measurements. From the
normalized UV-vis absorption spectra and the IR absorption
spectra for varying concentrations, we found no dependency of
the spectra on solute concentration, and furthermore, the
integrated intensity was linearly proportional to the concentration. Second, we measured the proton NMR spectra of 4CP in
methanol with varying concentrations from 5 µM to 0.5 M.
Again, there was no notable concentration dependency of the
NMR spectra. These experimental results suggest that the
cyanophenol molecules form neither a dimer nor an aggregate
in the concentration range of interest.
Two-Dimensional IR Spectroscopy of Nitrile Stretch Mode.
For the six solution samples with concentrations of ∼0.2 M,
we carried out both 2D IR and transient pump-probe experiments, where, in the latter case, the probe beam is frequencyresolved to obtain the transient PP spectra. In order to carry
out these experiments, we used the same experimental setup as
that used to measure the integrated and dispersed photon echo
signals of 4CP in methanol.15 For both 4CP (low pH) and 4CX
(high pH) solutions, we first measured a series of 2D IR spectra
(see Figure 3). As usual, the positive diagonal peak representing
the 0-1 transition and the negative peak representing the 1-2
transition were observed, and they appear to be diagonally
elongated at a short time, which indicates short-time inhomogeneity of solvation structures.27,29
Next, we carried out the same 2D IR experiments for a 4CP
+ 4CX mixture solution, and the series of 2D IR spectra were
recorded. To prepare the solution containing both 4CP and 4CX
species, we used 1 M TEA (triethylamine) and 0.5 M sodium
methoxide solutions and properly added these solutions to the
4CP/methanol solution to eventually control the relative IR
absorption peaks of the 4CP and 4CX to be approximately equal
in magnitude. This is enough for the 2D IR experiment of the
solution with 4CP and 4CX in equilibrium. Due to the frequency

difference between the CN stretch modes of 4CP and 4CX (see
the blue solid and dashed lines in Figure 2), the FT-IR CN
stretch band of this mixture solution is a doublet. The forward
and backward reactions are the deprotonation of 4CP and
protonation of 4CX. If the acid-base reaction of the phenolic
OH group is fast in comparison to the vibrational population
relaxation time of the CN stretch mode, which is, in the present
case, the IR probe monitoring the reaction kinetics, one can
directly follow this acid-base reaction by carrying out the
chemical exchange 2D IR experiments.27,30–35

In Figure 3 (right panel), the three snapshot 2D IR spectra of
the mixture at T ) 1, 3, and 5 ps are depicted. Here, we could
find no notable cross peaks between the two CN bands of neutral
and anionic cyanophenols. This indicates that the acid-base
reaction in this case of the para-substituted cyanophenol in
methanol is much slower than the lifetime of the CN stretch
mode, ∼2 ps. Thus, despite that we could not precisely measure
the acid-base reaction rate constants in this case, they should
be at least longer than a few picoseconds.
Frequency-Resolved Pump-Probe Spectroscopy. Since the
broad-band PP measurements are comparatively easy and free
from technical difficulties of phase-controlled four-pulse 2D IR
spectroscopy, we modified the experimental setup to measure
the transient frequency-resolved PP spectra for varying
pump-probe delay times T from 0 to 32 ps. The contour plots
of the experimentally measured PP spectra, S(ω,T), are shown
in Figure 4.
Here, the x-axis represents the frequency of the dispersed
pump-probe signal field, and the y-axis is the delay time T on
a logarithmic scale. Since the polarization direction of the probe
beam is controlled to be the so-called magic angle (54.7°) with
respect to that of the pump beam, the measured PP signal decay
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Figure 4. Time-dependent frequency-resolved pump-probe spectra. The x-axis is frequency in cm-1, and the y-axis corresponds to the pump-probe
delay time T in fs (on a log scale). The sample cell used and the path length are CaF2 and 25 µm, respectively. CP solutions were prepared by
simply dissolving CP in methanol. However, CX/methanol solutions were prepared by dissolving CP in a 0.5 M MeONa/methanol solution.

is not affected by the rotational diffusion of the cyanophenol
molecule in solution.36 As mentioned in the Introduction, the
positive peak corresponds to the 0-1 transition contributions
such as ground-state bleach and stimulated emission, whereas
the negative peak in the low-frequency region is for the 1-2
transition contribution originating from the excited-state absorption. Without detailed numerical analyses, the overall decaying
patterns at first sight appear to be monotonic and exponential.
However, a close inspection of the time-dependent changes of
transient PP spectra reveals notable features and apparent
deviation from an exponentially decaying function.
First of all, the 1-2 transition (negative) peak maximum shifts
toward higher frequency. Second, the 0-1 transition (positive) peak
is slightly blue-shifted as the waiting time T increases. If only one
anharmonic oscillator is considered, such as the CN stretch mode
in all CPs and CXs, the transient frequency shifting behaviors found
in these T-dependent PP spectra cannot be easily explained. A
directly related observation is that the long-time PP spectra appear
to be notably different from those at a short time.
In Figure 5, we plot the normalized PP spectra, where the
normalized spectrum at a given time T is defined as

Sj(ω, T) )

S(ω, T)
max[S(ω, T)]

(1)

spectral shifting patterns. For instance, let us examine the 2CX
spectra (the top-right panel in Figure 5), that is, Sj(ω,T) versus
T. After a time T longer than a few picoseconds, the negative
peak position shifts toward higher frequency by about 20 cm-1,
and simultaneously, the positive (0-1 transition) peak also
undergoes a small blue shift. Even in the cases of CPs, such
long-time PP spectral line shapes are fairly different from those
at a short time. This suggests that there are at least two different
vibrationally excited states, that their relative contributions to
the PP spectrum change in time T, and that their lifetimes are
different from each other. In the following section, we shall
present detailed theoretical and numerical analysis results by
considering a few different possibilities.
Discussion
Line Shape of a Frequency-Resolved Pump-Probe Spectrum. The transient frequency-resolved PP spectroscopy has
been extensively used to study a number of ultrafast phenomena,
and the corresponding theoretical descriptions have been
presented before. From the theoretical work in ref 37, one can
find that the transient PP spectrum can be approximated as a
sum of two Gaussian functions, that is

{ (

S(ω, T) ∝ 2 exp Since these normalized spectra are corrected by removing the
population relaxation contribution, the spectral line shape
changes and peak frequency shifts are manifest in comparison
to the original data shown in Figure 4. For the sake of clarity,
we plot both the short- (T ) 100 fs) and long- (T ≈ 30 ps) time
PP (normalized) spectra in Figure 6.
Regardless of the molecular structure and charge state, the
normalized PP spectra in Figures 5 and 6 exhibit quite similar

(ω - ω10)2
2Ω2

(

C exp -

)

-

(ω - ω21)2
2∆2

)}

exp(-T/τ) (2)

Here, the short-time approximation to the line-broadening
function was used, and the vibrational spectral diffusion process
was ignored because its frequency shift is usually very small.

Ultrafast Vibrational Spectroscopy of Cyanophenols

J. Phys. Chem. A, Vol. 114, No. 8, 2010 2761

Figure 5. Normalized time-dependent frequency-resolved pump-probe spectra.

excited states. The second term in eq 2 represents the excitedstate absorption. After the first two radiation-matter interactions
with the pump field, the excited-state population is created.
Then, the absorption of the probe field by the excited-state
molecules occurs so that it contributes to the total PP signal as
a negative contribution. Note that the line width of the 0-1
transition, denoted as Ω, can be different from that of the 1-2
transition, ∆, in general. Due to the overtone anharmonic
frequency shift, δωanh, we have

ω21 ) ω10 - δωanh

Figure 6. The short (200 fs) and long (30 ps) time (normalized)
pump-probe spectra. Note that the PP spectrum shifts toward the
higher-frequency region with time.

The first term in eq 2 originates from the sum of ground-state
bleach and stimulated emission contributions that involve four
optical transitions between the vibrationally ground and first

(3)

Within the harmonic approximation, since the 1-2 transition
dipole moment is 21/2 times larger than the 0-1 transition dipole
moment, the relative weighting factor C of the excited-state
absorption contribution is 2. However, in a real molecular
vibration, due to the breakdown of the harmonic approximation
to the potential energy curve, the weighting factor C is slightly
different from 2, so that we shall consider it as a fitting parameter
in this paper.
Lifetimes Measured with Integrated Photon Echo Experiments. Before we discuss detailed results from component
analyses of experimentally measured PP spectra, the overall
decay constants can be determined by using the time-resolved
integrated photon echo signals. By using a single exponentially
decaying function, the integrated photon echo signals of the CN
stretch modes for all six molecular systems were fitted to SIPE(T)
) SIPE(T)0) exp(-T/τIPE). The resultant decay constants are
summarized in Table 1 (see the first row of this table).
The measured lifetimes of neutral cyanophenols are in the
order 4CP > 2CP > 3CP. This is in fact in the same order for
the resonance effects, which are manifest in the peak frequency
of the CN stretch IR bands. On the other hand, in the cases of
the anionic forms (2CX-4CX), the lifetime of 2CX is com-
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TABLE 1: Exponential Decay Constants, τIPE, (in
picoseconds) of the Time-Resolved Integrated Photon Echo
Signals, Decay Constants of the Low- and High-Frequency
Components, Denoted as τLF and τHF, 0-1 and 1-2
Transition Frequencies (cm-1), Gaussian Line Widths
(cm-1), and Relative Weighting Factors Ca
τIPE (ps)
τLF (ps)
τHF (ps)
ωLF,10
ωHF,10
ωLF,21
ωHF,21
ΩLF
ΩHF
∆LF
∆HF
CLF
CHF
NCN
NOH

2CP

3CP

4CP

2CX

3CX

4CX

1.9
1.8
2.1
2227
2233
2209
2222
15.5
8.8
12.9
17.3
2.6
1.2
0.22
0.73

1.3
1.0
2.1
2232
2240
2206
2223
14.7
20.5
9.3
7.4
3.8
1.6
0.18
0.74

3.1
2.8
4.1
2225
2229
2201
2221
19.5
15.1
11.2
8.7
2.8
2.0
0.27
0.73

3.1
3.1
4.8
2212
2219
2190
2209
21.5
15.8
10.6
8.8
2.4
2.6
0.77
2.66

1.2
1.2
1.5
2221
2233
2209
2217
20.5
7.1
14.5
12.9
2.2
1.4
0.38
3.1

1.6
1.4
1.6
2209
2217
2183
2205
19.4
19.4
13.7
11.1
2.6
2.4
0.71
2.8

a

The average numbers of H-bonded methanol molecules at the
CN and the OH groups are denoted as NCN and NOH, respectively.

paratively longer than the other two, but that of 3CX is again
the shortest one among the three cyanophenoxides. Although
there is a subtle dependency of CN stretch lifetime on the
molecular structure, the lifetimes show no strong correlations
with the charge state of the molecule. This already indicates
that the vibrational relaxation is determined by intramolecular
processes, not by the solute-solvent interactions.
Frequency-Dependent Decay Constant. If there is only one
anharmonic oscillator and the recovery time of the groundstate bleach is identical to the population relaxation time of
the vibrational excited state, the overall amplitude of the PP
spectrum should decrease exponentially. Consequently, the
decay constant τ would not depend on frequency. In such a
limiting case, the population relaxation measurement scheme
by using the set of integrated photon echo signals or by
carrying out a single exponential fitting to the transient PP
data is enough to fully characterize the vibrational relaxation
processes of cyanophenols. To test the validity of this singlespecies model, the time profile of the transient PP spectrum
S(ω,T) at each frequency ω is fitted to a single exponential
function as

S(ω, T) ) S(ω, T ) 0) exp(-T/τ(ω))

(4)

In Figure 7, the resultant decay constants τ(ω) obtained are
plotted.
One can immediately find that the decay constants are notably
frequency-dependent. This suggests that more than one excited
state (or band) is involved. In addition, we compared the decay
constant of the 0-1 transition peak with that of the 1-2
transition peak (see the open circles in Figure 7). The 0-1 peak
decays generally slower than the 1-2 peak does for all six cases,
indicating that a low-frequency component has a longer lifetime
in comparison to the high-frequency component, if there are
two components (or two excited states) contributing to the PP
signal.
Component Analysis with the Singular-Value Decomposition Method. In order to perform component analyses of timeand frequency-resolved PP spectra, which are functions of time
and frequency, we used the singular-value decomposition (SVD)

Figure 7. The frequency-dependent exponential decay constant. For
a given frequency, the time profile of the transient PP signal is fitted
with a single exponential function. Thus obtained decay constants are
plotted with respect to the probe frequency. The open circles correspond
to either the positive 0-1 peak or negative 1-2 peak. Usually, the
negative 1-2 peak decays faster than the 0-1 peak.

method.38,39 The singular-value decomposition of the S(ω,T)
matrix transforms it into a product of the time-dependent matrix
U(T), the singular-value matrix σ, and the frequency-dependent
matrix V(ω) as

S(ω, T) ) UσVT

(5)

Here, σ is a diagonal matrix, and the magnitude of the diagonal
matrix element, for example, σ(j,j) represents the weight of the
jth component. The eigenspectrum of the jth component is the
jth column of the V matrix, and its time dependency corresponds
to the jth column of the U matrix. For any given nonsquare
matrix, the singular-value decomposition analysis can thus be
performed to obtain the singular values and eigenspectra.
However, the resultant eigenspectra do not necessarily represent
the real spectra of involved chemical species. Thus, one should
rely on an independent set of criteria to judge whether thusobtained eigenspectra are reasonable and meaningful.
Bearing this aspect in mind, let us consider the transient PP
spectra of 4CX. From the direct SVD analysis of S(ω,T), we
found that the first two components account for 82%. The
relative weights are 0.73 and 0.09. In Figure 8a and b, the
corresponding eigenspectra and time profiles that are properly
weighted by the corresponding singular values are plotted. The
eigenspectrum of the major component, which will be denoted
as V1(ω), appears to be a typical PP spectrum exhibiting a
negative-positive peak pattern (see eq 2). However, that of the
minor component, V2(ω), shows a negative-positive-negative
peak pattern, and it cannot be considered as a pump-probe
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Figure 8. Singular-value decomposition analysis results of the transient PP spectral data S(ω,T) of 4CX. Considering the two major components,
the eigenspectra of these two components are plotted in panel (a). Their time profiles are shown in panel (b). After applying a proper rotation
procedure, the eigenspectra of the low- and high-frequency components are obtained (see panel (c)). The corresponding time profiles of the lowand high-frequency components are shown in panel (d). The exponential fitting constants are found to be 1.4 and 2.6 ps for the low- and highfrequency components, respectively.

spectrum of a single anharmonic oscillator. Furthermore, the
time profile of the minor component decays to a negative value
and then increases at a long time. This is again inconsistent
with an intuitive picture.
To resolve these seemingly conflicting results, one can apply
the rotation method to the SVD analysis. That is to say, by
introducing a unitary matrix R that satisfies RTR ) 1, one can
rewrite the singular-value decomposed matrix as

S(ω, T) ) UσRTRVT

(6)

In the case of the two-species model, an obvious choice for the
rotation matrix is

R)

(

cos θ -sin θ
sin θ cos θ

)

(7)

Considering θ as a parameter, one can obtain two new
component spectra, Ṽ1(ω,θ) and Ṽ2(ω,θ), which are given as
linear combinations of the original eigenspectra V1(ω) and V2(ω),
as

Ṽ1(ω, θ) ) V1(ω) cos θ - V2(ω) sin θ
Ṽ2(ω, θ) ) V1(ω) sin θ + V2(ω) cos θ

(8)

Then, the weighted time profiles are the column vectors of UσRT,

and they will be denoted as F1(T,θ) ) [UσRT]1 and F2(T,θ) )
[UσRT]2, where [M]j means the jth column of the matrix M.
Now, a set of criteria for determining the rotation angle θ is
needed. First of all, the two transformed spectra Ṽ1(ω,θ) and
Ṽ2(ω,θ) should have both negative and positive peaks that are
characteristic features of PP spectrum. Second, the corresponding time profiles should behave normally and decay monotonically since there are no intermediate or product species in the
present case. Third, the line shape of one of the two component
spectra should be the same as the experimentally measured longtime PP spectrum since all six molecular systems show that
their PP spectrum at a long time corresponds to that of the longlived component among the two. Using these criteria, we
determined the θ value, and it turns out to be π/4 in the case of
4CX, so that Ṽ1(ω,θ) ) 2-1/2{V1(ω) - V2(ω)} and Ṽ2(ω,θ) )
2-1/2{V1(ω) + V2(ω)}. These two transformed spectra are plotted
in Figure 8c, and their line shapes are in accordance with a
typical line shape of the PP spectrum. Second, the experimentally measured long-time PP spectrum (open circles in Figure
8c) of 4CX (shown in Figure 6 (the open triangles in the bottom
panel) is directly compared with one of the two transformed
spectra, Ṽ1(ω,θ) in this case; note that the overall amplitude of
the experimentally measured long-time PP spectrum is properly
scaled for the sake of comparison. The agreement is quantitative.
Third, the time profiles, F(T,θ), of the low- and high-frequency
components are also plotted in Figure 8d, and they are
exponentially decaying with decay constants of 1.4 and 2.6 ps,
respectively. Since the lifetime of the low-frequency component
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is comparatively short, it disappears rapidly, and the long-time
PP spectrum is thus dictated by the high-frequency component.
From the SVD analysis employing a proper rotation method,
we clearly identified the two components whose spectra and
time profiles are given in Figure 8c and d. In addition, the ratio
of the initial value of the low-frequency component time profile
to that of the high-frequency component, which was estimated
to be about 1.6, gives the initial fractions or dipole strengths of
the two components. The relative weights of the low-frequency
components are larger than those of the high-frequency components, and they are in the range from 1.5 to 2.1.
By using the procedure outlined above, we carried out the
SVD analyses for all of the other transient PP spectra, and the
corresponding component spectra and decay constants were fully
determined (see Supporting Information for detailed results for
the other five cases, 2CP-3CX). The exponential decay
constants of the low- and high-frequency components, denoted
as τLF and τHF, respectively, are summarized in Table 1. In
general, the low-frequency component, regardless of the relative
position (ortho, meta, or para) of the substituent, has a shorter
lifetime than the high-frequency component. This explains the
experimental observation that the six PP spectra in Figure 4
show blue-shifting behaviors. The average lifetimes 〈τ〉 ) (τLF
+ τHF)/2 for the three neutral cyanophenols are in the same order
as the resonance effect, that is, 4CP > 2CP > 3CP. However, in
the cases of anionic forms, the lifetime of 2CX is the largest
one among them, and the order is 2CX > 4CX > 3CX.
Furthermore, the vibrational relaxation rate is comparatively fast
when the substituent group is at the meta position. We shall
return to this issue after the assignments of the two components
are completed below.
Line Shape Analyses and Two Band Assignments. Now,
from the eigenspectra and time profiles of the two components,
the transient PP spectrum can be written as

S(ω, T) ) FLF(T)ṼLF(ω) + FHF(T)ṼHF(ω)

(9)

where the PP line shapes of the two components, for j ) LF
and HF, can be approximately described as

{ (

Ṽj(ω) ∝ 2 exp -

(ω - ωj,10)2
2Ω2j

)

(

- Cj exp -

(ω - ωj,21)2
2∆2j

)}

(10)

Using this approximate expression for the dispersed PP spectra
of the two components, we could determine the 0-1 and 1-2
transition frequencies ω10 and ω21, line widths Ω and ∆, and
relative transition strength C of the 1-2 transition contribution
to the PP signal in comparison to that of 0-1 transition
contribution. In Table 1, the fitting results are summarized.
Now, we shall address the question of what the two
components are. First of all, one can easily rule out the
possibility that the two components originate from dimer or
aggregate formation since the UV-vis absorption and NMR
spectra show no dependency on the solute concentration.
Second, from the values of 0-1 transition frequencies, ωLF,10
and ωHF,10, we found that the high-frequency modes are about
7 cm-1 blue-shifted from the low-frequency ones. From this
observation, one might suggest that the two components are
two solvation species differing from each other by the number
of hydrogen-bonded solvent methanol molecules at the nitrile
group. In refs 24 and 25, Hochstrasser and co-workers showed

that nitrile group in acetonitrile can form a single hydrogen bond
with methanol. The CN stretch frequency of the singlehydrogen-bonded species is typically 8 cm-1 smaller than the
one having no hydrogen bond. Recently, it was also shown that
the nitrile can form two different types of H-bonds with protic
solvent molecules. Depending on the H-bond angle (φ), the CN
stretch mode frequency can be either blue- (φ > 120°) or redshifted (φ < 120°). In solution, the H-bond angle has a
distribution, and on average, the H-bond interaction of nitrile
and protic solvent molecules has been found to induce a
frequency blue shift.40 This provided an explanation for why
the CN group with a single H-bonded methanol molecule has
an about 8 cm-1 larger frequency than that of the CN without
a H-bond with methanol. Thus, at a low temperature, the FTIR spectrum of the CN stretch of CH3CN in methanol is a
doublet; therefore, the chemical exchange 2D IR spectroscopy
has been used to measure the H-bond-forming and -breaking
rates. In our cases of the neutral and anionic cyanophenols, one
might consider the two species, referred to as low- and highfrequency components here, to be these two different solvation
species. However, this possibility can also be ruled out. From
the fitting results in Table 1, one can calculate the overtone
anharmonic frequency shifts, δωanh ) ω10 - ω21. For the lowfrequency components, we found that δωanh values are in the
range from 18 to 26 cm-1, except for the 3CX. On the other
hand, δωanh values of the high-frequency components are much
smaller than those of low-frequency components. If the highand low-frequency components are associated with the CN
stretch modes having one or zero hydrogen-bonded methanol
molecule, it is expected that the overtone anharmonic frequency
shifts of the two components should be almost the same as those
found in the acetonitrile/methanol solution. Thus, we can ignore
the possibility that the two components are related to the same
CN stretch modes differing from each other by the solvation
structure.
Third, we have examined the heating effects. In the
pump-probe experiments, it has been well-known that the
optical sample is heated by the repeated pump-field interactions. Fayer and co-workers studied the OD stretch of HOD in
water and found that the transient PP spectrum at a sufficiently
long time (∼30 ps) corresponds to the difference absorption
spectrum due to the temperature rise (<2 °C).41 However, in
our experimentally measured PP spectra for all six cases, we
could not find any notably different PP spectral feature that is
likely to be related to heating effects. For increasing temperature,
we measured and examined the temperature-dependent IR
absorption spectrum of CN stretch of 4CP in methanol and found
no notable frequency shift induced by the temperature increases
(15 < T < 55 °C), except for small line broadening. This indicates
that the heating effect cannot be the source of frequency shifting
behaviors found in our transient PP spectra.
After carefully examining the IR absorption and PP spectra,
we finally concluded that there exists a combination state whose
frequency is very close to the CN stretch frequency. An
important clue can be found by studying the IR absorption
spectrum of CH3CN liquid. The CN stretch mode (ν2) frequency
is at 2253 cm-1, but there is a strong combination band at 2293
cm-1, which is the sum of the symmetric C-H bend (ν3: 1372
cm-1) and the C-C stretch band (ν4: 918 cm-1).42 The frequency
difference between the CN stretch (ν2) and the combination (ν3
+ ν4) bands is about 40 cm-1. However, in our cases of
cyanophenols and their anions, the frequency differences
between the CN stretchs and the combination states are much
smaller than the line widths of the two bands so that they merge
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together and appear as a single peak in the IR spectra.
Depending on the molecular structure and ionic state, the
corresponding IR spectra appear to be slightly asymmetric or
show a notable shoulder band. In order to examine the possibility
of the existence of a combination band, we additionally
measured IR spectra of benzonitrile in various aprotic solvents
such as acetone, chloroform, and n-butanol. In all of these cases,
we could identify a shoulder peak to the high-frequency region
near the CN stretch peak (unpublished results). Furthermore,
we measured the nonresonant Raman scattering spectra of these
samples and found a notable shoulder band in the CN stretch
peak too (see Figure S3 in Supporting Information). In addition,
we carried out density function theory calculations (B3LYP/6311**G++) of cyanophenols to obtain normal-mode frequencies and the corresponding eigenvectors. It is believed that the
combination band is likely to be the combined benzene ring
CdC stretch and C-H bend. However, it is extremely challenging and difficult to determine which combination mode is
the one that is observed in the present experiments because
calculations of the multidimensional potential energy surface
of this molecule are not an easy task at all and are well beyond
the scope of this work. Nevertheless, from all of these
experimental observations discussed so far, we thus reach the
conclusion that the low-frequency component is the CN stretch
and the high-frequency component is a combination band.
This band assignment explains a number of experimental
findings discussed in the present paper. The excited state of the
combination mode has longer lifetime; therefore, its contribution
to the PP spectrum is dominant at a long time. This is in turn the
origin of the blue-shifting behaviors of the transient PP spectra
(see Figure 4). Second, the fact that the anharmonic frequency shifts
of high-frequency components are generally smaller than those of
low-frequency components can be understood (see Table 1) because
the high-frequency component is different from the CN stretch.
Third, the existence of shoulders in the IR absorption spectra is
due to these two vibrational transitions. Fourth, the relative ratios
of the low-frequency component to the high-frequency component
are more or less independent of the molecular structure and are in
the range from 1.5 to 2.1. These values are related to the squares
of dipole strengths of the CN stretch mode and the combination
mode. Finally, the reason why the line widths ΩLF and ∆LF of the
low-frequency component, which is the CN stretch, are notably
different from those of the high-frequency component, which is
the combination mode, can also be understood by the present
assignment.
Before we close this subsection, we compare the present band
assignment with the previous works on nitrile-derivatized
compounds. In the Introduction, we mentioned that some nitrilederivatized compounds and amino acids have been used as IR
probes. For example, IR studies of cyanoalanine and thiocyanotoalanine were performed and showed that the CN stretch
frequencies in these modified amino acids are highly sensitive
to their local electric field and hydration environment. Unlike
the cases of CPs and CXs, these nitrile-derivatized amino acids
have no such combination modes whose frequencies are very
close to that of the CN stretch mode. A more relevant work
was reported by Hochstrasser and co-workers, who studied
benzonitrile/methanol solution with a 2D IR measurement
technique to determine the hydrogen-bond-making and -breaking
rates. Unlike the case of benzonitrile, due to the substituted
hydroxyl group in our cyanophenols, the normal and combination mode characters of CPs could be significantly different from
those of benzonitrile. Yet, the other important IR probe that
can be of use to study protein dynamics is the cyanylated
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phenylalanine, which can also be easily incorporated into
protein, as demonstrated by Getahun et al. in ref 19. This
modified amino acid also contains a cyano group directly
attached to the benzene moiety in the phenylalanine. Thus, it
might be possible that an unknown combination band can also
be in close proximity to the CN stretch band in this case.
Consequently, it is necessary to carry out the same broad-band
PP experiment for the cyanophenylalanine before any experimentally measured CN band frequency and line shape are used
to study local electric field around its CN group.
Lifetimes of Vibrationally Excited States. Now, let us
consider the relationship between the lifetime and the molecular
structure again. The lifetime of the CN stretch mode of 3CP
was found to be quantitatively similar to that of 3CX. This
indicates that the lifetimes of the CN stretch modes in 3CP and
3CX are mainly determined by the intramolecular vibrational
relaxation processes. Noting that the resonance effect in the 3CX
is comparatively small, the lifetimes are not very dependent on
the ionic state of the molecule. On the other hand, the lifetime
of the CN stretch mode in 4CX is almost half of that of 4CP.
Due to the resonance effect in 4CX, the population relaxation
of the CN stretch is strongly influenced by the ionic state of
the molecule. Interestingly, such a resonance effect makes the
lifetime of the CN stretch mode in 2CX increase in comparison
to that of 2CP. Unfortunately, further quantitative analyses and
calculations of these subtle changes of population relaxation
rates are beyond the scope of the present work; therefore, they
are left for future studies.
QM/MM MD Simulations. To understand the vibrational
dynamics of CN stretch modes in the six compounds that differ
from one another by their electronic structures and their relations
to the hydrogen-bonding interactions, we additionally carried
out quantum mechanical/molecular mechanical molecular dynamics (QM/MM MD) simulation studies for all six solutions.
Here, the solute molecule (CP or CX) was treated with a
semiempirical QM method (PM3), and the solvent was classical.
A detailed computational procedure for 4CP and 4CX only was
discussed previously in ref 15.
In methanol solutions, both CP and CX can form strong
hydrogen-bonding interactions with solvent molecules since both
the nitrile and the hydroxyl (or phenoxide oxygen atom) groups
are H-bonding sites. From the QM/MM MD trajectories, we
first calculated the H-bond angle distribution (see Figure 9),
where the H-bond angle is defined as ∠CtN · · · H(MeOH).
Regardless of the charge states of the CPs, the maximum
distribution is at around 160°. Thus, this H-bond can induce a
frequency blue shift of the CN stretch mode. Now, assuming
that, if the distance between CN’s nitrogen atom and methanol’s
H(OH) atom is less than 2.5 Å, it is considered a H-bond, and
the average number, denoted as NCN, of H-bonded methanol
molecules around the CN group is calculated. The NCN values
of CXs are in general larger than those of CPs, as expected
(see Table 1). This can also be understood by noting that the
average atomic partial charges of the CN’s nitrogen atom in
CXs are typically twice larger than those in CPs (see Table 2).
Nevertheless, they are less than 1.
We also calculated the average number, denoted as NOH, of
H-bonded methanol molecules at the OH group in CPs and at the
phenoxide oxygen atom in CXs (Table 1). Again, the phenoxide
oxygen atom that is highly negatively charged (see Table 2) usually
forms more than two H-bonds with surrounding methanol molecules at a time. Although the number of H-bonded methanol
molecules around the hydroxyl group in CPs does not depend on
the relative (ortho, meta, or para) position of the OH group with
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TABLE 3: Average H-Bond Lifetime (ps) of
2,3,4-Cyanophenols and 2,3,4-Cyanophenoxides Obtained
from PM3/MM MD Trajectoriesa
H-bond lifetime
H-bond type

2CP

3CP

4CP

2CX

3CX

4CX

CN · · · HOMe
HO (O) · · · H(MeOH)
OH · · · O(MeOH)

10.0
9.4
11.8

9.8
9.3
11.3

10.2
8.6
11.1

12.5
33.0

10.1
38.2

12.2
39.4

a
The H-bond type of parentheses indicates one of the
cyanophenoxides. The 10 fs time resolution is used for calculation
of the H-bond lifetime, and the hydrogen bonding is treated within
a distance of 3.0 Å between solute and solvent molecules.

Figure 9. Distributions of hydrogen-bond angles (∠CdN · · ·
H(MeOH)).

TABLE 2: Average Atomic Partial Charges (in electron’s
charge) of 2,3,4-Cyanophenols and 2,3,4-Cyanophenoxides
Obtained from PM3/MM MD Trajectoriesa
atomic partial charges
atom type

2CP

3CP

4CP

2CX

3CX

4CX

N1
C1
C2
C3
C4
C5
C6
H1
H2
H3
H4
C
OH(O)
HO

-0.126
-0.038
-0.055
-0.184
-0.038
-0.147
-0.033
0.131
0.112
0.120
0.119
0.144
-0.243
0.237

-0.108
-0.062
0.045
-0.137
-0.146
-0.066
-0.109
0.134
0.128
0.116
0.123
0.102
-0.248
0.231

-0.128
-0.046
-0.045
-0.026
-0.176
-0.177
-0.025
0.119
0.131
0.131
0.119
0.132
-0.243
0.234

-0.273
0.047
-0.271
-0.300
-0.017
-0.279
0.011
0.107
0.086
0.106
0.088
0.380
-0.684

-0.177
-0.030
0.066
-0.287
-0.292
-0.039
-0.245
0.112
0.107
0.088
0.109
0.326
-0.737

-0.252
0.023
-0.220
0.019
-0.328
-0.328
0.019
0.089
0.109
0.110
0.089
0.362
-0.691

a
N1 and C1 are the nitrogen and carbon atoms in the nitrile
group, C is the carbon atom connected to the OH group, OH(O) is
the oxygen atom in the CPs or CXs, and HO is the hydrogen atom
of the OH group (see Supporting Information for the other atom
types for these molecules).

respect to the CN group, that in CXs does strongly. Note that the
meta-substituted cyanophenoxide can form three H-bonds with
methanol molecules on average. The order of NOH is 3CX > 4CX
> 2CX. In fact, this order is identical to that of the inverse lifetime,
1/τLF, of the CN stretch mode in CXs. This indicates that the
excited-state energy of the CN stretch mode can be partially
dissipated into the bath degrees of freedom through the interactions
with methanol molecules that form strong H-bonds with the
phenoxide oxygen atom in CXs.
From the QM/MM MD trajectories, we could also estimate
the H-bond lifetimes for the series of CPs and CXs (Table 3).
It turns out that the average lifetimes of the H-bonds between
CN and methanol and those between CP’s OH and methanol
are about 10 ps. However, those between the phenoxide oxygen

atom in CX and methanol are significantly large, that is, ∼35
ps. Experimentally, it was found that the existence, relative
populations, and lifetimes of high- and low-frequency components do not strongly depend on the charge state of cyanophenol.
Second, the frequency difference (∼10 cm-1) between the highand low-frequency components is again independent of the latter.
Consequently, it is possible to rule out the possibility that the
low- and high-frequency components found in the analyses of
transient PP spectra for all six compounds are related to the
heterogeneous distributions of solvation species that differ from
each other by the number of H-bonded methanol molecules at
the OH or O- sites. This is again consistent with the band
assignments discussed in the previous subsection.
Summary and A Few Concluding Remarks
We carried out a variety of linear and nonlinear IR spectroscopy
experiments to study vibrational dynamics of CN stretch modes
in both neutral and anionic cyanophenols. Both ortho- and parasubsituted cyanophenols are known to be stabilized by the
resonance effect, whereas the meta-substituted cyanophenol does
not. From the FT-IR studies of these six different cases, it was
found that the vibrational frequency of the CN stretch mode is
strongly red-shifted as the resonance effect increases. To study the
acid-base reaction dynamics of 4-cyanophenol in methanol, we
carried out chemical exchange 2D IR experiments. However, we
could not find any notable cross peaks in the 2D IR spectra at
times shorter than 5 ps. Note that the time-dependent cross peak
amplitudes contain information on the rates of protonation and
deprotonation reactions at the reactive site that is the hydroxyl
group. This suggests that the acid-base reaction rates are slower
than the lifetimes of the CN stretch mode. Currently, we are trying
to improve the stability and experimental sensitivity of our 2D IR
spectrometer and will carry out 2D IR measurements for a longer
waiting time to find possible signatures of this acid-base reaction
dynamics in solution.
To carefully examine the vibrational dynamics of CN stretch
modes in these molecular systems, we carried out extensive
transient PP experiments, where the pump-probe signal field
was dispersed to obtain the frequency-resolved PP spectra for
all six cyanophenols. It turns out that the lifetimes of neutral
and anionic cyanophenols are dependent on precise molecular
structures, that is, the para, meta, or ortho position of the OH
group with respect to the CN group. However, the lifetimes of
nCXs are not significantly different from those of nCPs. These
observations suggest that the vibrationally excited state of the
nitrile stretch mode in these cyanophenols predominantly relaxes
to anharmonically coupled low-frequency intramolecular modes
and not directly to the solvent degrees of freedom. Also, despite
the fact that the hydrogen-bond strengths between the nCX anion
and methanol molecules are much larger than those between
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nCP and methanol, the intrinsic lifetimes do not change much.
This clearly indicates that the hydrogen-bonding interaction
between the OH (or O-) group and surrounding methanol
molecules does not play a significant role in an early stage of
vibrational energy relaxation processes.
In order to analyze the time-resolved PP spectra of multicomponent systems, we needed to develop a modified singular-value
decomposition analysis method utilizing the rotation matrix. If there
are multiple components with different lifetimes that contribute to
the broad-band PP spectrum, one cannot use the conventional
singular-value decomposition analysis because it does not provide
physically meaningful results on the eigenspectra and populations
of contributing components. We used this analysis method to fully
characterize the time- and frequency-resolved PP spectra of
cyanophenols and found that there is a combination band whose
frequency is very close to the CN stretch frequency in these cases.
Thus, even though the one-dimensional IR bands are spectrally
congested and cannot be of use to separately study the CN stretch
and combination mode, we were able to determine the anharmonic
frequency shifts, lifetimes, line widths, and relative dipole strengths
of both the CN stretch and combination modes by analyzing the
time-resolved PP spectra and employing a properly modified SVD
analysis method. This is quite important because the component
analysis of a given IR absorption spectrum based on least-squares
fitting to experimental data with multiple Gaussian, Lorentzian, or
combination of these two functions can be arbitrary and erroneous.
However, if the two components have different lifetimes, the timeresolved PP spectroscopy can separate these two spectra, as has
been demonstrated in this paper. Thus, there is no ambiguity in
assigning the two components.
Overall, we have shown that the linear and nonlinear IR
spectroscopic methods can provide a detailed picture of the
resonance effects on the vibrational frequency and energy
relaxation and be of use to study vibrational dynamics of
multicomponent systems. In order to carefully examine the
nature of the combination mode found in the present work, we
shall carry out isotopic replacement experiments. For instance,
deuterated cyanophenols can be interesting molecular systems
because the frequency shifts of the C-D bending modes in
comparison to the benzene C-H bending mode frequencies
could induce significant changes of the frequencies of the
combination modes found in this work. This will result in a
spectrally separated CN stretch band from any possible combination bands. Also, currently, we are trying to carry out 2D
IR chemical exchange experiments to study possible dimer
formation-dissociation dynamics of certain cyanophenols in an
aprotic solvent. It is noted that the nitrile of a given CP can
form a hydrogen bond with the hydroxyl group of a neighboring
CP molecule when they are dissolved in an aprotic solvent. This
can be viewed as a simple prototype model system for a
Watson-Crick base pair formation. Thus, studying such a cyclic
dimer formation process in the condensed phase will provide
us with information on the time scale and mechanism of the
hydrogen-bonding dynamics.
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