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Raman spectra of the CtN stretching vibration of p-aminobenzonitrile (ABN) have been investigated in
water, methanol, and cyclohexane under sub- and supercritical conditions, and in acetonitrile under subcritical
condition. In all solvent fluids covering the supercritical region, the vibrational frequency of the CtN stretching
mode decreased with increasing solvent density from the gaseous region to the medium density region Fr =
2, where Fr is the reduced density by the critical density of the solvent. However, from the medium density
region to the higher density region, the vibrational frequency turned to increase with the solvent density. The
temperature-induced low frequency shift of the CtN stretching Raman band was also ascertained by the
measurement of the temperature dependence of Raman spectrum of ABN vapor above 543 K. The electronic
absorption spectra in the UV region of ABN were also measured under the same experimental conditions.
The absorption peak energies decreased with an increase of the solvent density, except in water above Fr )
2.8. The vibrational frequency shift in cyclohexane was explained by a sum of contributions of the repulsive
interaction, the mean field attractive interaction, and the pure temperature effect probably due to the hot-band
contribution. The residual frequency shift after the subtraction of the repulsive and temperature effects in
water and methanol showed the low frequency shift with increasing solvent density from Fr = 0 to 2.8.
However, above Fr = 2.8 in water, the residual shift showed a high frequency shift with increasing solvent
density. The electronic state calculations based on the PCM model using the density functional theory (DFT)
indicated that the solvent polarity change caused the low frequency shift of the CtN stretching mode, which
was also correlated with the shift of the electronic absorption spectrum. The results of the DFT calculations
on the cluster of ABN with water molecules and the molecular dynamics simulations indicated that the high
frequency shift of the CtN stretching mode in water above Fr = 2.8 could be due to the hydrogen bonding
between water and ABN.

1. Introduction

Supercritical water and supercritical alcohols have been
attracting much attention for their unique properties for chemical
applications.1-5 To understand chemical processes occurring in
these media, knowledge of intermolecular interactions such as
solute-solvent hydrogen bonding is quite important. Among
various kinds of spectroscopic methods utilized to investigate
the properties of these fluids,6-18 Raman spectroscopy is a
powerful tool to understand the local solvent effect on the solute
molecule such as hydrogen bonding. In our previous work, we
have applied resonance and nonresonance Raman spectroscopic
methods to p-nitroaniline (PNA) in supercritical water and
supercritical alcohols.18 PNA is a typical push-pull type
molecule whose solvatochromic shift has been investigated in
supercritical water by Oka et al.17 By using the Raman
spectroscopic method, we investigated mainly two vibrational
modes: the NO2 stretching vibration and the NH2 stretching
vibration.18 The Raman band assigned to the NO2 stretching
vibration was found to be strongly dependent on the solvent
polarity. The changes of the molecular geometry and the

electronic structure of the ground state due to the solvation were
keys to understanding the observed spectral change. On the other
hand, the NH2 stretching vibration was affected by the hydrogen
bonding, and it was found that the hydrogen bonding between
solute and solvent exists even under the supercritical condition
of alcohols, in contrast to the prediction from the �-value
estimated from the solvatochromic shift.13

In this Article, we will present a detailed investigation of the
CtN stretching mode of p-aminobenzonitrile (ABN, see
Scheme 1) under supercritical and subcritical conditions of water
and methanol. Supercritical cyclohexane and subcritical aceto-
nitrile were also used as nonpolar and polar aprotic references,
respectively. ABN is another class of push-pull type molecules,
whose spectroscopic properties have been investigated under

* Corresponding author. Phone: 075-753-4024. Fax: 075-753-4000.
E-mail: ykimura@kuchem.kyoto-u.ac.jp.

† Department of Chemistry, Graduate School of Science.
‡ Department of Chemistry, Faculty of Science.
§ Department of Molecular Engineering, Graduate School of Engineering.

SCHEME 1: Molecular Structure of ABN
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various conditions such as supersonic jet clusters19-24 or
solutions.25-29 All of these studies suggested that the hydrogen
bonding between ABN and water will strongly affect the
vibrational frequency of the CtN stretching mode of ABN.
For example,27-29 several earlier studies on hydrogen-bonded
clusters of ABN (or related compounds) and water molecules
have indicated unique behavior of the CtN stretching vibration
and cluster configurations.22,30 Ishikawa et al. studied the jet-
cooled clusters of benzonitrile (BN) with water or methanol
and found that the vibrational frequency of CtN stretching
mode is strongly dependent on the number of water molecules
in the cluster.30 The studies on the jet-cooled cluster of ABN
with water or methanol also revealed that there are several stable
clusters forming the hydrogen bonding between water and
ABN,22 and that the direction of the frequency shift of the NH2

stretching mode is strongly dependent on the configuration of
the cluster, although the authors did not refer to the vibrational
frequency of the CtN stretching mode.

To our best knowledge, there is no detailed report of the
solvent effect on the CtN stretching mode of ABN so far.
However, the CtN stretching mode of acetonitrile has been
studied extensively under various conditions.31-34 Ben-Amotz
et al. discussed the pressure effect on the vibrational frequency
of the CtN stretching mode in various solvents in terms of the
repulsive interaction and the attractive interaction between
solvent and solute molecules.32 They used a hard diatomic model
in a hard-sphere solvent to estimate the repulsive solvent effect
on the frequency shift, which increases the vibrational frequency.
The attractive interaction was approximated by the mean field,
and it was found that this interaction caused the low frequency
shift. The observed frequency shift was well explained by the
competition of these two effects. Later, Reimers and Hall
discussed the solvent effect on the CtN stretching mode of
acetonitrile in various solvents in more detail.33 They used a
model similar to that proposed by Ben-Amotz, but they divided
the attractive solvent effects into the polarity effect modeled
by the reaction field of the solvent and the specific solvent effect
such as hydrogen bonding. They found that the linear hydrogen
bonding of water to the CtN site contributed to the high
frequency shift, which was supported by DFT or MP2 calcula-
tions on a model cluster between acetonitrile and water.
Although little is known about solvent effect on the CtN
stretching mode of ABN, these findings of acetonitrile are quite
helpful. Because ABN has more hydrogen-bonding sites than
does acetonitrile, the appearance of the hydrogen-bonding effect
will be much more complicated as is demonstrated by the cluster
experiments.30 The study on ABN will reveal another feature
of the solute-solvent hydrogen bonding, which was not seen
in the case of PNA.

This Article is organized as follows. In section 2, we will
describe the details of experimental methods and computational
methods used here. In section 3, the Raman spectra of the CtN
stretching mode of ABN will be presented, which is measured
in water, methanol, and reference solvents under the supercritical
and subcritical conditions. The UV absorption spectra will also
be presented under the same experimental conditions. In section
4, the experimentally observed Raman shift will be discussed
in a way similar to that presented for acetonitrile. We have found
the hydrogen bonding in water brings a quite unique solvent
effect to the frequency shift of the CtN stretching mode.

2. Experimental Section

2.1. Materials. p-Aminobenzonitrile (ABN) was purchased
from Tokyo Chemical Ind. Co., Ltd. and Sigma Aldrich Inc.,

and recrystallized from ethanol before use. Methanol, cyclo-
hexane, benzene, tetrahydrofuran, and acetonitrile (all solvents
are of spectra grade) were purchased from Nacalai Tesque and
Wako Chemicals and used without further purification. Ion-
exchanged water produced by a Milli-Q system (>18 Ω cm-1)
was used.

2.2. Apparatus. The experimental setup for the Raman
spectral measurements under the nonresonant condition in
supercritical fluids has been described elsewhere.18 Briefly, a
514.5 nm line of an Ar ion laser (Coherent: Enterprise or
Coherent: Innova) was used for the Raman probe, and the
Raman signal was detected in a back scattering geometry by
using a high-temperature and high-pressure optical cell specially
designed for the Raman measurement.35 The sample solution
continuously bubbled by argon gas was flowed into the high-
pressure cell at a rate of 1.0-1.5 mL min-1 using an HPLC
pump (JASCO: PU-2080plus) in a single-pass configuration.
The pressure of the fluid was controlled by a back pressure
regulator (JASCO: 880-81) with an accuracy of about (0.3
MPa. The temperature of the cell was regulated within the
accuracy of about (1 K by a sheathed heater wounded around
the cell and a thermocouple directly inserted into the sample
chamber. We confirmed that ABN was stable under the
supercritical condition by measuring the absorption spectrum
of the sample solution before and after the flow through the
high-temperature and high-pressure optical cell. To evaluate the
Raman spectra of the solute molecule, we measured the spectra
with and without the solute molecule successively under the
same experimental condition and evaluated the difference
between them. The concentration of the sample solution was
prepared to be about 10 mM for water and cyclohexane, and
100 mM for methanol and acetonitrile, respectively. Raman
spectra were recorded under the following conditions; in water
(Tc (critical temperature) ) 647 K, Pc (critical pressure) ) 22.1
MPa) along the 40.0 MPa isobar (between 297 and 664 K) and
the 664 K isotherm (between 40.0 and 18.9 MPa); in methanol
(Tc ) 513 K, Pc ) 8.10 MPa) along the 40.0 MPa isobar
(between 297 and 538 K) and the 538 K isotherm (between
40.0 and 7.6 MPa); in cyclohexane (Tc ) 553 K, Pc ) 4.07
MPa) along the 30.0 MPa isobar (between 297 and 593 K) and
the 593 K isotherm (between 30.0 and 6.1 MPa); in acetonitrile
(Tc ) 545 K, Pc ) 4.83 MPa) along the 40.0 MPa isobar
(between 297 and 423 K). The densities at different temperatures
and pressures were calculated by empirical equations of state.36

The absorption spectra under the high-pressure and high-
temperature conditions were measured using a D2 lamp (Otsuka
electronics, Model MC-964) as a light source, and the transmis-
sion intensities of the light with and without the solute were
successively measured by an electronically cooled CCD camera
(Princeton: Insight 256E).

For the measurement of Raman and absorption spectra of
ABN at vapor, ABN was enclosed in a quartz cell, which was
sealed after the evacuation to 2 × 10-4 torr. The cell was placed
in an air bath equipped with quartz optical windows. The air
bath was a rectangular parallelepiped made of brass plates with
12 mm thickness, and there was a space inside the bath to place
a 1 cm quartz cell. The bath was covered by plates of insulator,
and the temperature was monitored by a thermocouple and
controlled by two cartridge heaters immersed into brass plates.
The Raman and absorption spectra of ABN vapor were
measured by the same systems used for the high-temperature
and high-pressure measurements. For these measurements, the
signals at room temperature were used as background signals.
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2.3. Computational Method. The ground-state geometrical
optimization and normal-mode analysis of ABN were performed
by the density functional theory (DFT) at the level B3LYP using
the basis set 6-31+G(d,p) as implemented in Gaussian 03.37

The polarizable continuum model (PCM)38,39 and cluster model
were used to include the solvent effects. To estimate the
anharmonic coefficients of the CtN vibrational mode of
acetonitrile and ABN, we performed the vibrational SCF (VSCF)
calculations implemented in GAMESS.40 We used the DFT
theory at the level of B3LYP and used the smaller basis set
function midi! to save computational time. The anharmonic
potential was calculated by the quartic force field (QFF) method.

Molecular dynamics simulations of ABN in water have
been performed using LAMMPS.41 We employed the SPC/E
model of water42 and the SHAKE algorithm to fix the water
structure. OPLS/AA potential parameters were employed for
the intermolecular potential parameters between water and
ABN,43 and intramolecular geometry of ABN was fixed
during the simulations. Simulations were performed using
one ABN molecule and 512 water molecules by the NVT
ensemble with the periodic boundary condition. The equations
of motion were integrated by the velocity Verlet method,
and the Nose thermostat was applied with the time constant
of 0.1 ps. The Coulomb interaction was treated by the Ewald
method, and the short-ranged interaction was cut off at 9.0
Å. The time step was 1 fs, and after the initial 50 ps for the
equilibration the solvation structure of water around ABN
was analyzed by the data of the following 4 ns, and the
trajectory data were collected every 1 ps. Sets of number
density and temperature are listed in Table 5.

3. Results

3.1. Raman Spectra of ABN for the CtN Stretching
Mode. Figure 1a-d shows Raman spectra of the CtN
stretching mode of ABN (νCN) at various pressures and
temperatures in (a) water, (b) methanol, (c) cyclohexane, and
(d) acetonitrile, respectively. The band shape is asymmetrical
near room temperature in water and methanol, and it becomes
symmetrical at elevated temperatures. The behavior is quite
similar to those observed for the CtN stretching mode of
acetonitrile in water and methanol.31 Eaton et al. measured the
IR spectrum of acetonitrile in methanol and found that the band
is double peaked and that the relative intensity is strongly
dependent on the temperature; that is, the double peaks are
merged into a single band with increasing temperature from
233 to 323 K.31 They considered that the higher frequency band
is due to the hydrogen-bonded one and the lower one to the
not-strongly interacting one. In the present case, the asym-
metrical feature is weakened with increasing temperature as was
observed for the case of acetonitrile. Therefore, we also consider
that the asymmetry is due to the hydrogen-bonding effect. The
band shape is almost symmetrical along the isobar in all solvents.

In water, from 301 to 664 K along the 40.0 MPa isobar
(Figure 1a), the band shows the low frequency shift as was
observed previously for the CtN stretching mode of acetoni-
trile.31 On the other hand, from 40.0 to 18.9 MPa along the
isotherm, the band shows the high frequency shift. In methanol
(Figure 1b), the low frequency shift along the isobar is not
clearly observed due to its complex band shape, although a high
frequency shift similar to that in water is observed along the
isotherm. In cyclohexane (Figure 1c), the profile of the spectral
shift is similar to that in water, although the variation is not so
large. In acetonitrile (Figure 1d), the shift of the spectra is small
within the temperature range studied here. Because of the

instability of acetonitrile at high temperatures, the experiment
in acetonitrile was limited below 423 K.

It has been suggested that there is a hot-band contribution to
thebandassignedtotheCtNstretchingmodeofacetonitrile.33,44-46

According to Fini and Mirone, the frequency of the CtN
stretching mode may be 5 cm-1 lower in frequency if the lower
frequency band (369 cm-1) is populated.44 If a similar effect is
present for ABN, the variation of νCN along the isobar may
contain the effect of the hot-band, which is independent of the
solvent. To test this possibility, we measured the temperature
effect on the Raman band of ABN without solvent. Figure 2
shows the Raman spectra of ABN in the vapor phase around
the CtN stretching region at different temperatures. Below 543
K, we could not obtain the signal due to the low vapor pressure
of ABN. The peak position shifts to the low frequency with
increasing temperature. Therefore, we considered that a hot-
band contribution affects the band shape and the apparent peak
position of ABN.

Figure 3 shows the plot of the band peaks of CtN stretching
mode (νCN) against the reduced density of the solvent (Fr )

Figure 1. Raman spectra of CtN stretching mode of ABN at different
temperatures and pressures in (a) water, (b) methanol, (c) cyclohexane,
and (d) acetonitrile, respectively. Solid lines are observed spectra, and
dashed lines are the fits to the spectra.
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F/Fc, where Fc denotes the critical density). To determine νCN,
we fit the Raman band to a Lorentzian function. In water at
301 K, the band shape could not be simulated by a Lorentzian
function. However, because a Gaussian function reproduced the
spectrum well, we used this function for the peak position
estimation. In methanol, two Lorentzian functions were em-
ployed to fit the spectra obtained along the isobar (temperature
change). The fitting was performed from the low temperature
to the high temperature by using the parameters obtained at
the lower temperature as initial guesses. Along the isotherm at
the supercritical temperature, the band became almost sym-
metrical, and it was impossible to simulate the band with two
Lorentzian functions. In this case, a single function was
employed. The fitted curves are shown by the broken lines in
Figure 1a-d, which simulate the observed spectrum quite well.
In all solvents covering the supercritical region, νCN shows a
V-shape dependence on the density (Figure 3); that is, from

the gaseous phase to the medium density region around Fr )
2.0, νCN decreases with increasing solvent density at the constant
temperature. On the other hand, from the medium density to
the higher density region (Fr ) 3.0) mostly along the isobar,
νCN increases with increasing solvent density by decreasing the
temperature. The density dependence in the lower density region
below Fr = 0.5 becomes larger in the order of cyclohexane,
methanol, and water. The density dependence on the higher
density region along the isobar also follows the same order. In
methanol, there is an apparent discontinuity of the peak position
around Fr ) 2.0. It is to be noted that in the region of isobar
only the higher frequency peak shows a shift and that the lower
frequency peak is almost constant. The discontinuity is artificial
because the band decomposition may not be unique at the
elevated temperature. In the figure, we also plotted the weighted
average of two peak positions (×) by their areas. As is shown
in the figure, averaged peak position is smoothly connected to
the results in supercritical methanol. In acetonitrile, from 298
to 423 K along the 40.0 MPa isobar, νCN shows little lower-
frequency shift, which makes a good contrast to the cases to
other solvents. We have also plotted the density dependence of
the vibrational bandwidth of νCN estimated by the fitting in the
Supporting Information (Figure S1). In all solvents, the band-
widths increase with decreasing density. The bandwidth in
cyclohexane is the narrowest in all solvents, and those of the
other three solvents are similar to one another at the same
reduced density.

The density dependences of the Raman spectra of other
vibrational modes in methanol and water in the fingerprint region
are given in the Supporting Information (Figures S2 and S3). The
CH bending vibration, phenyl-CH stretching vibration, and ring
CdC stretching vibration have been detected, and their density
dependences of the peak positions were analyzed. The density
dependence in the isothermal region is different from that in the
isobar region as is observed for the CtN stretching mode.
However, the magnitude of the shift is rather smaller than the CtN
stretching mode, and the detailed analysis is difficult.

3.2. UV Absorption Spectra of ABN. The solvatochromic
shift of the UV absorption of ABN is informative to clarify the
solvent polarity around an ABN molecule. In the UV region,
ABN shows a strong absorption band around 270 nm with a
shoulder band extended to the longer wavelength region. The
main band was assigned to the benzene 1La absorption band,
with a large amount of charge transfer (CT) character due to
the existence of the donor and acceptor substituents.25,26 The
shoulder band was assigned to the 1Lb absorption band, which
has less CT character. Therefore, the transition energy to the
S2 state (1La band) is strongly influenced by the solvent polarity.
Figure 4a-d shows the absorption spectra of ABN in (a) water,
(b) methanol, (c) cyclohexane, and (d) acetonitrile, respectively.
As is shown in Figure 4a, the absorption spectrum in water once
shows a red shift with increasing temperature from the ambient
condition (or decreasing the density) and then shows a blue shift
with decreasing density at constant temperature. On the contrary
to this, the spectra in methanol, cyclohexane, and acetonitrile
show a continuous blue shift with decreasing density from the
ambient condition.

Figure 5 shows the density dependence of the peak position
in water, methanol, acetonitrile, and cyclohexane. The absorption
band peak (ωabs) was determined by fitting the top of the
spectrum to a Gaussian function. As is shown in Figure 5, the
density dependences of the absorption peak positions in water
and methanol from the gaseous region to Fr ) 1.5 are quite
similar to each other. The density dependence below Fr = 0.5

Figure 2. Raman spectra of CtN stretching mode of ABN in vapor
at different temperatures from 543 to 693 K.

Figure 3. The plot of the peak frequency of the CtN stretching mode
(νCN) against the reduced density of the solvent; 9, in water from
ambient to 664 K at 40.0 MPa (corresponding temperatures and reduced
densities are shown in Figure 1a); 0, in water at 664 K; b, in methanol
from ambient to 538 K at 40.0 MPa (higher peak) (corresponding
temperatures and reduced densities are shown in Figure 1b); O, in
methanol from ambient to 538 K at 40.0 MPa (lower peak); ×, the
averaged values of the higher peak and the lower peak in methanol;
X, in methanol at 538 K;2, in cyclohexane from ambient to 593 K at
30.0 MPa (corresponding temperatures and reduced densities are shown
in Figure 1c); ∆, in cyclohexane at 593 K; [, in acetonitrile from
ambient to 323 K at 40.0 MPa (corresponding temperatures and reduced
densities are shown in Figure 1d);1 (at Fr ) 0), in vapor.
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is much larger than that in the higher density region, which is
the characteristic behavior of the local density enhancement of
supercritical fluids.47 On the other hand, the solvatochromic shift
in cyclohexane is much smaller than those in water and
methanol, and the effect of the local density enhancement is
hardly detected. At the higher density region above Fr ) 2.7,
the absorption peak in water increases with increasing solvent
density.

In the Supporting Information (Figure S4), we have presented
the density dependence of the bandwidths of the absorption
spectra. The bandwidths were very broad in hydrogen-bonding

solvents (water and methanol), even in the low density region
of Fr ) 0.3. The large dependence of the absorption bandwidth
on the solvent species even in the low density region was also
reported for the case of comarine 153,48 although the difference
is more significant in the present case.

4. Discussion

4.1. Solvent Effects on νCN. The vibrational frequency shift
of the CtN stretching mode of acetonitrile has been discussed
by several authors as was mentioned in the Introduction, and
the vibrational frequency shift relative to the gaseous phase (∆ν)
is generally divided into four factors as follows:33 the frequency
shift brought by the temperature effect (∆νT), the short-range
repulsive interaction (∆νR), the long-range attractive interaction

Figure 4. UV absorption spectra of ABN at different temperatures
and pressures in (a) water, (b) methanol, (c) cyclohexane, and (d)
acetonitrile, respectively.

Figure 5. The plot of the absorption peak (ωabs) of ABN against the
reduced density of the solvent. The notations of the symbols are the
same as in Figure 3, except for b, which represents peak value in
methanol under isobaric condition.

Figure 6. The density dependence of ∆νR calculated by the hard-
sphere diatomic model for the corresponding thermodynamic states
measured experimentally: 9, in water; b, in methanol; 2, in cyclohexane.

Figure 7. Solvent density dependence of ∆ν (b), ∆ν - ∆νR (X), and
∆νA + ∆νHB (O) ()∆ν - ∆νR - ∆νT) in cyclohexane. The standard
frequency in vapor used to estimate the relative shift is the value at
593 K.

Figure 8. The relative shift of the CtN stretching peak frequency at
different temperature to the value at 593 K in vapor: b, estimated shift
from the analysis of the peak shift in cyclohexane; 2, observed shift
in vapor.
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(∆νA), and the specific solute-solvent interaction such as the
hydrogen bonding (∆νHB):49

The temperature effect is the apparent shift of the peak position
due to the hot-band contribution, which is independent of the
solvent. In the case of the previous studies on acetonitrile,33

most studies on the solvent effects were done at constant
temperature, and the temperature effect was not included

explicitly. However, in the present case, we had to include the
effect explicitly due to the wide temperature range under study
(see Figure 2). The repulsive effect comes from changes in the
vibrational potential curvature by the short-ranged repulsive
interaction. This effect generally increases the vibrational
frequency. The long-ranged attractive interaction is often treated
by the dielectric continuum model and is expressed in the most
simple case by using the Onsager reaction field such as:50

where ε is the dielectric constant of the solvent. Generally, the
vibrational frequency decreases with increasing solvent polarity.
Finally, there should exist the hydrogen-bonding effect in water
and methanol, and we want to extract this contribution from
the observed spectrum shift in supercritical water and methanol.

For this end, at first, we tried to subtract the effect of the
temperature (∆νT). Unfortunately, Raman spectra below 543 K
for ABN vapor could not be measured. Therefore, we used the
following way to evaluate ∆νT. First, the effect of the repulsive
interaction on ∆νCN was determined in cyclohexane solution
using the hard-sphere diatomic model employed by Ben-Amotz
et al.32 Next, the effect of the attractive interaction ∆νA for
cyclohexane was determined by the mean field approximation
using the data obtained under the isothermal condition. Because
cyclohexane does not have any hydrogen-bonding effect, the
residual shift estimated for the isobaric condition (temperature
change), that is, ∆ν - (∆νR + ∆νA), is expected to represent
the pure temperature effect on the shift (∆νT). Using this ∆νT

and ∆νR estimated for each solvent, we will discuss the effects
of the attractive interaction and the hydrogen bonding on ∆ν
for other hydrogen-bonding solvents such as water and methanol.

For the estimation of the repulsive interaction, we have
followed the way proposed by Ben-Amotz et al.32 They used
the hard-sphere diatomic model to estimate the repulsive effect
on the vibrational frequency of CH, CC, and CN stretching
modes of acetonitrile. Formally, the repulsive effect is written
as

where FR and GR are the first and second derivatives of the
chemical potential of the hard diatomic molecules with respect
to the bond distance, respectively. These values are calculated

Figure 9. Solvent density dependence of ∆ν (b), ∆ν - ∆νT (O), and
∆νA + ∆νHB (X) ()∆ν - ∆νR - ∆νT) in (a) water, (b) methanol, and
(c) acetonitrile, respectively. In methanol under isobar condition, the
values of ∆νA + ∆νHB for the higher (∆) and lower (3) frequency
modes are also plotted beside the average value (X). The standard
frequencies in vapor used to estimate the relative shift are the values
at (a) 664 K, (b) 538 K, and (c) 323 K, respectively.

∆ν ) ∆νT + ∆νR + ∆νA + ∆νHB (1)

TABLE 1: Parameters Used for the Estimation of the
Repulsive Effect Based on the Hard-Sphere Theorya

Solute Parametersb

r0/Å reff/Å σ1/Å σ2/Å f/dyn cm-1
r0

(g/f)

1.16 1.89 4.00 3.10 1 773 000 -2.77

Solvent Parametersc

σs/Å εLJ/kB/K
water 2.922 371
methanol 3.835 376
cyclohexane 5.645 554
acetonitrile 4.244 405

a r0, bond length; reff, effective diatomic separation; σ1, σ2,
effective diatomic diameters; f, harmonic force constant; g,
anharmonic force constant; σs, solvent diameters; εLJ/kB, reduced
constant of attractive parameter. b Reference 32. c Reference 51.

∆νA ∝ ε - 1
2ε + 1

(2)

∆νR ) ν0

FR

f [-(3g
2f )f1(κ) + (GR

FR
)f2(κ)] (3)
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by the cavity distribution function of the model hard-sphere
solution. f and g are the harmonic and the anharmonic force
constants of a diatomic solute’s vibrational potential in the gas
phase. f1(κ) and f2(κ) are the Morse correction coefficients. For
the hard-sphere parameters of the solvent, we used the values
given by Ben-Amotz et al.,51 and the calculation was performed
without Morse correction coefficients (f1(κ) ) f2(κ) ) 1) (see
Table 1). As for the parameters for the CtN stretching mode,
we used the same parameters used for acetonitrile, because the
vibrational energy is localized on the CtN part of ABN and
the effect of the repulsive force on this mode is expected to be
similar to that of acetonitrile. We have estimated the parameters
of f and g by the DFT calculations using VSCF with a simple
basis set (midi!) for acetonitrile and ABN (see section 2.3). The
optimized molecular structure and the vibrational frequency are
compared to those obtained by using the larger basis set (6-
31+G(d,p)) in Table 2. It shows that the optimized structure
by the smaller basis set is not so different from that by the larger
one. The values of f and g were determined by comparing the
harmonic vibrational frequency and the anharmonic frequency
obtained by VSCF with the Morse potential parameters (the
detail is described in the Supporting Information). The results
are shown in Table 2, and the parameters are similar to each
other. Therefore, employing the parameters for acetonitrile is
considered to be a reasonable approximation for the estimation
of the repulsive force. Figure 6 shows the estimated shift due
to the repulsive interaction in each solvent. The shift monotoni-
cally increases the vibrational frequency in all solvents except
for the case of water above Fr ) 3. The larger effect of the
water than the other two solvents is due to the large number
density of the water molecule. The decrease of ∆νR in water
above Fr ) 3 is originated from the decrease of the packing
effect with decreasing temperature, because we employed a
model such that the hard-sphere diameter of the solvent is
dependent on the temperature.

According to the mean field approximation, the effect of the
attractive interaction is expected to be linearly dependent on
the solvent density.32 For the case of supercritical fluids, this
approximation is often invalid due to the local density enhance-
ment.47 In cyclohexane, however, the effect of the solute-solvent
interaction is not strong, and the local density enhancement,
which may bring the nonlinear density dependence of the
spectral shift, is expected to be quite small. In fact, the frequency
shift in cyclohexane after the subtraction of the effect of the
repulsive interaction (in Figure 7) is almost linearly dependent
on the solvent density along the isothermal condition. Therefore,
we assumed that the effect of the attractive interaction in
cyclohexane is estimated from the relation that

where CA is a proportional constant. The dashed line in Figure
7 shows the relation estimated from the results under the
isothermal condition.

Finally, ∆νT was determined by subtracting (∆νR + ∆νA)
from ∆ν in cyclohexane. Figure 8 shows the effect of the
temperature thus estimated together with the experimental data
obtained in the gaseous phase. The estimated temperature effect
is smoothly connected to the experimental one. Therefore, we
determined the pure temperature effect on the frequency (∆νT)
by fitting the result in Figure 8 with a quadratic function of the
temperature, which simulated the experimental results reason-
ably (solid line).

Now the attractive and the hydrogen-bonding effects on the
vibrational frequency of the CtN stretching mode in other
solvents are estimated by subtracting the factors of ∆νR and
∆νT from the observed ∆ν. The results are shown in Figure
9a-c. In all solvents, the residual shift shows a negative shift
from Fr ) 0, except for the water above Fr = 2.8. From Fr ) 0
to Fr ) 0.5 in water and methanol, the density dependence is
somewhat larger than above Fr ) 0.5. At the higher density
region of Fr = 2.8, in water, there appears an evident increase
of the vibrational frequency with increasing solvent density. For
the averaged value of νCN of methanol, the value simply
decreases with increasing the solvent density, and no inversion
of the density dependence is observed. However, the asym-
metrical band shape in methanol near the room temperature
suggests specific solute-solvent interaction. In fact, for the value
of the higher frequency mode, the positive shift is apparent
relative to the prediction from the extrapolation of the values
in the medium density region. Therefore, the solvent effect,
which was not included in the repulsive and mean field attractive
interactions, say, the hydrogen-bonding effect, may also exist
in methanol at the higher density region above Fr = 2.5.

4.2. Effects of the Mean Field Attractive Interaction. In
all solvents covering the supercritical region, νCN decreases with
increasing solvent density from the gaseous phase at the constant
temperature. We consider that the shift from the low to the

Figure 10. The correlation between the peak frequencies of the CtN
stretching mode (νCN) and the absorption spectrum (ωabs). The notations
of the symbols are the same as in Figure 5.

TABLE 2: Harmonic and Anharmonic Vibrational Frequencies for Acetonitrile and ABN Calculated by VSCFa

basis set E/hartree µ/D L(CtN)/Å
νCN/cm-1

(harmonic)
νCN/cm-1

(PT2-VSCF) xe f/g/s-2 g/f/cm-1

acetonitrile midi! -131.930 3.53 1.1575 2375.33 2336.86 0.00810 2.15 × 106 -2.72 × 108

6-31+G(d,p) -132.681 4.07 1.1612 2361.99
ABN midi! -377.450 6.12 1.1614 2346.18 2303.79 0.00965 2.02 × 106 -2.92 × 108

6-31+G(d,p) -379.650 6.96 1.1654 2324.32

a E, calculated zero-point energy; µ, dipole moment; L(CtN), CtN bond length; xe, anharmonic coefficient; f, harmonic force constant; g/f,
anharmonicity ratio.

∆νA ) CAFr (4)
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medium density region (Fr = 2) is mainly due to the polarity
effect of the solvent. This is demonstrated by the correlation
between ∆νA + ∆νHB and ωabs as is shown in Figure 10. These
two values are in a good linear correlation especially for the
supercritical region (open symbols). As is mentioned previously,
the 1La absorption band has the CT character, and the spectral
shift may be modeled by a similar equation such as eq 2. The
linear correlation between ∆νA + ∆νHB and ωabs suggests that
the solvent polarity effect will decrease the vibrational frequency
of νCN. This may be understandable if we consider the resonance
structures for the ground state of ABN as is shown in Scheme
1. With increasing solvent polarity, a charge-separated state of
ABN (b) will be stabilized, and the bond order of CtN may
decrease.

To confirm the above idea, we performed the normal-mode
analysis of ABN in a dielectric continuum solvent using the
PCM model calculations implemented in the Gaussian 03
program. Typical intramolecular parameters obtained by the
calculations in various solvents with different polarities are listed
in Table 3. The dipole moment of ABN increases with
increasing solvent polarity, which means that the contribution
of the charge-separated form increases with increasing solvent
polarity. The calculated normal-mode frequency shift of νCN

against the one in the gaseous phase is almost linear to the
solvent Onsager reaction field as shown in Table 3. The
experimental results in aprotic solvents almost follow
the theoretical calculations, suggesting that the effect of the
polarity monotonically decreases the vibrational frequency.

To compare the polarity effect of the solvent molecule more
directly, we estimated the effect of the attractive interaction by
the initial slope against the solvent density (at Fr ) 0) in Figure
9a-c. The slope was estimated by fitting the results to the third-
order polynomial of the solvent number density in water and
methanol for the isothermal data, and the linear function of the
solvent density in cyclohexane and acetonitrile. Because the data
in the lower-density region were not available for acetonitrile,
the estimation is quite rough. The density dependences are
estimated as -1.6, -3.2, -1.8, and -2.1 cm-1 molecule-1 nm3

for water, methanol, cyclohexane, and acetonitrile, respectively.
If we simply divide the relative shifts of νCN estimated by the
PCM calculations to νCN in the gaseous phase by the number
density of the solvent, the spectral shifts per solvent molecules
are given as -1.0, -2.1, -1.8, and -2.8 cm-1 molecule -1

nm3 for water, methanol, cyclohexane, and acetonitrile, respec-
tively. We consider that they are in reasonable agreement despite
the very rough estimation.

4.3. Effect of the Hydrogen Bonding. The high frequency
shift of the CtN stretching mode above Fr = 2.8 in water cannot
be explained from the dielectric continuum model. Therefore,
the localized effect such as the hydrogen bonding is expected

to play an important role in changing the vibrational frequency.
It is also to be noted here similar behavior is detected for the
UV absorption peak, and both behaviors seem to be correlated
with each other according to Figure 10. However, the electronic
transition involves the problems in both the ground and the
excited states, and the situation may be more complicated. In
the present work, we do not mention the problem of the
absorption behavior further.

To understand the effect of the local solvent configuration
on the vibrational mode, at first we estimated how the hydrogen
bonding between solute and solvent affects the vibrational
frequency of the CtN stretching mode by performing the
ground-state geometry optimization and normal-mode analysis
of the clusters of ABN with water molecules. We tested 1:1
clusters of ABN with water and 1:2 clusters with water.
Supersonic jet experiments reported several stable 1:1 structures
of ABN with water molecules.22 Sakota et al. compared the
measured IR-dip spectra of jet-cooled ABN(H2O) complex with
that calculated by ab initio calculations about the NH2 symmetry
stretching mode and assigned the structures. We started the
geometrical optimization from the structures proposed by them,
which are illustrated in Scheme 2a-d. A water molecule is
bonded to the amino site in conformers (a) and (d). The amino
group acts as a proton donor in (a) NH2-donor conformer, where
the amino proton is hydrogen bonded to the oxygen atom of
water. On the other hand, a water molecule acts as a proton
acceptor in (d) NH2-acceptor conformer, where the water
hydrogen is bonded to the amino nitrogen. In the conformers
(b) and (c), a water molecule is bonded to the CtN site. In the
structure (b), a water molecule interacts with ABN from the
side of the CtN bond, whereas structure (c) involves the σ-type
hydrogen bond between the water hydrogen and the cyano
nitrogen (CtN-linear conformer). For these conformers, DFT
calculations at the B3LYP/6-31+G(d,p) level were performed.

The optimized structural parameters and νCN for these clusters
are listed in Table 4 (the calculation results for the fingerprint
region are also given in the Supporting Information, Table S1).
It shows that νCN shifts to the high frequency for the clusters
(c) and (d), while to the low frequency for (a) and (b) clusters.
The low frequency shift in the structure (a) is due to the
enhancement of the charge-separated state by the hydrogen
bonding. The low frequency shift in the structure (b) is
interpreted as the result of weakening of the CtN bond by the
water molecule, which seems to be a dipole-dipole interaction
between the water and the CtN group, and not directly linked
to the hydrogen bonding. The high frequency shift in the
structure (d) is due to the reduction of the contribution of the
charge-separated state by making an ammonia-like structure
between the hydrogen-bonded water molecule and amino group.

TABLE 3: Structural Information of ABN Obtained by the Geometry Optimization Using SCRF/PCM Model at the B3LYP/
6-31+G(d,p) Level Calculated by DFT Theory Using Gaussian 03a

solvent εb (ε - 1)/(2ε + 1) ∆E/kJ mol-1 µ/D θ L(CtN)/Å
νCN/cm-1

(calculated)
νCN/cm-1

(experimental)

vacuum 1.00 0 0.0 6.96 20.35 1.1626 2323.37 2230.9(543K)
cyclohexane 2.02 0.202 –23.1257 8.15 19.25 1.1662 2313.20 2228.6
benzene 2.25 0.227 –26.1713 8.27 19.05 1.1664 2311.35 2221.1
tetrahydrofuran 7.58 0.407 –50.5862 9.53 17.70 1.1675 2298.52 2216.6
methanol 32.6 0.477 –61.5110 10.08 16.92 1.1681 2292.06 2217.5
acetonitrile 36.6 0.480 –61.8234 10.10 16.85 1.1681 2291.78 2217.2
water 78.4 0.490 –63.7558 10.16 16.82 1.1683 2290.65 2223.5

a ε, dielectric constant of solvent; ∆E, stabilization energy by solvent; µ, dipole moment; θ, out-of-plane angle of the NH2 group in deg;
L(CtN), CtN bond length. b Reference 50.
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Quite similar water effects of (b)- and (c)-type clusters have
also been reported on the jet-cooled clusters of BN and water.30

Ishikawa et al. measured the vibrational frequency shift of the
CtN stretching mode of the BN cluster with several numbers
of water molecules and found the low frequency shift for the
1:1 cluster and the high frequency shift for the 1:2 and 1:3
clusters. They performed ab initio calculations on the clusters
and found frequency shifts of the CtN frequency for the (b)-
and (c)-type clusters similar to those of the present cases. They
considered that the (b)-type cluster is most stable and that by
adding the number of water molecules they form a ring structure
to make the hydrogen bonding like a (c)-type cluster, which
results in the high frequency shift. In this sense, it is an
interesting issue how the frequency changes if one more water

molecule is attached to the present cluster models. The selected
configurations for the calculation of the CtN frequency
stretching mode are also shown in Scheme 2. As is seen from
the result (Table 3), the calculated frequencies are almost the
sum of the shift of each conformer up to two water molecules.

If the high frequency shift with decreasing temperature in
water is due to the hydrogen bonding, the contribution of the
clusters of (c) and (d) should increase relative to the cluster of
(a). Because the stability of the cluster (b) is mainly attributed
to the dipole-dipole interaction between water and ABN
(antiparallel alignment of the dipole moment), we do not discuss
this cluster further. To assess the change of the hydrogen
bonding between water and ABN with changing the solvent
density and temperature, we have performed MD simulations
of ABN in water at different temperatures and densities (see
section 2.3). Figure 11a-c shows the radial distribution func-
tions (RDFs) g(r) between water and ABN related to the
hydrogen-bonding sites: (a) between H in -NH2 of ABN and
O in H2O, (b) N in -CtN of ABN and H in H2O, and (c) N
in -NH2 of ABN and H in H2O, respectively. According to
cluster model calculations, the type-(a) cluster is represented
by Figure 11a, the type-(c) cluster by Figure 11b, and the type-
(d) cluster by Figure 11c. In each case, the first peak of the
RDF in the shortest distance corresponds to the hydrogen
bonding between ABN and water. The hydrogen bonding in
Figure 11c is the most sharply peaked among the three types.

We calculated the numbers of the hydrogen-bonded molecules
by a numerical integration of the RDFs up to 2.4 Å. The results
are shown in Table 5, and the relative change of the number of
the hydrogen bonding to the value at 300 K is plotted against
the solvent reduced density in Figure 12. The change seems to
be monotonical, and no sharp difference is observed between
the medium and the high density regions. We also calculated
the relative change of the numbers of the hydrogen bonding to
those in ambient condition by a different way using the
following geometric definition of hydrogen bond:52 (1) The
distance between the oxygen atom of water and the donor sites
of ABN is smaller than 3.6 Å. (2) The distance between the
hydrogen atoms of water and the acceptor sites of ABN is
smaller than 2.45 Å. (3) The angle between the hydrogen bond
and OH bond of water or that of the hydrogen bond and NH
bond of the amino group is smaller than 30°. The results from
the above definitions are also shown by circles in Figure 12,
and no significant differences from the estimation based on the
RDFs are found, although the density dependence is somewhat
larger in the geometrical definition, especially the hydrogen-
bonding type (d).

A simple summation of these changes of the hydrogen
bonding multiplied by the extent of the shift estimated by the
DFT calculations reproduces the high frequency shift with

SCHEME 2: Structures of ABN(H2O) and ABN(H2O)2

Clustersa

a (a) NH2-donor conformer, (b) CN-side conformer, (c) CN-linear
conformer, and (d) NH2 acceptor conformer.

TABLE 4: Structural Information of ABN Obtained by the Geometry Optimization Using Cluster Model at the B3LYP/
6-31+G(d,p) Level of the DFT Theory Using Gaussian 03a

structures ∆E/kcal mol-1 θ L(CtN)/Å νCN/cm-1 ∆νCN/cm-1

(a) –18.4470 15.73 1.1658 2318.05 –5.32
(b) –15.3515 20.19 1.1662 2313.55 –9.82
(c) –16.7220 18.76 1.1642 2330.24 +6.87
(d) –10.7831 27.01 1.1647 2328.81 +5.44
(a) + (c) –47.0154 12.38 1.1649 2324.27 +0.90
(a) + (d) –36.5947 26.61 1.1650 2325.46 +2.19
(c) + (d) –26.4759 26.41 1.1636 2335.98 +12.56

a ∆E, stabilization energy from the attachment of water molecules defined by ∆E ) E(cluster) - E(free ABN) - E(free water); θ,
out-of-plane angle of the NH2 group in deg; L(CtN), CtN bond length; νCN, calculated vibrational frequency of CtN stretching mode; ∆νCN,
frequency change of CtN stretching mode from free ABN.
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increasing solvent density (see Table 5). However, the depen-
dence is somewhat smooth, and the model calculation cannot
reproduce a large positive shift of the vibrational frequency
specifically observed for water above Fr = 2.8. We consider
that the present model is too simple to reproduce the experi-
mental observations. For example, in our model MD calculation,
we have not taken into account the electronic structure change
by the solvent. Further, the frequency shift may not be
proportional to those obtained by the cluster model if there are
many solvent molecules around ABN. One plausible approach
to this problem is application of the RISM-SCF method, in
which the solvent molecules are treated explicitly.53 By using
the method, we are now trying to clarify the origin of the specific
effect in water.

5. Conclusion

In this work, we have investigated the solvent effect on the
CtN stretching vibration of ABN in water, methanol, and
cyclohexane by using Raman spectroscopy under the sub- and
supercritical conditions, and acetonitrile under the subcritical
conditions. The band peak position showed characteristic
V-shape dependence on the density in all solvents that covered
the supercritical region: that is, the peak frequency decreased
with increasing density under the supercritical temperature, and

Figure 11. Radial distribution functions between (a) amino H of ABN
and water O atoms, (b) cyano N of ABN and water H atoms, and (c)
amino N of ABN and water H atoms, respectively.

Figure 12. The changes of the number of hydrogen bonds from the
ambient condition to the supercritical condition between (a) amino H
of ABN and water O atoms, (b) cyano N of ABN and water H atoms,
and (c) amino N of ABN and water H atoms: 2, estimated from the
integrations of first solvation shell (up to 2.4 Å); O, estimated from
the geometrical definition. See details in text.

TABLE 5: Coordination Numbers of Hydrogen Molecules
Calculated from the Radial Distribution Functionsa

Fr T/K NNH2-H2O(a) NCN-H2O(c) NNH2-H2O(d) ∆νcalc/cm-1

3.10 300 0.60 0.97 1.11 6.4
3.03 373 0.54 0.98 1.07 6.8
2.77 473 0.45 0.90 0.95 6.5
2.34 573 0.35 0.76 0.75 5.6
1.77 664 0.24 0.55 0.54 4.2
1.24 664 0.17 0.41 0.41 3.3
0.99 664 0.14 0.34 0.35 2.7

a Fr, T, reduced density and temperature set for MD simulation;
NNH2-H2O(a), NCN-H2O(c), NNH2-H2O(d), coordination number of
hydrogen bond obtained by integrating first peaks of radial
distribution functions; ∆νcalc, calculated vibrational frequency shift
of CtN stretching mode by using the results of DFT and MD
simulation.
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then around the medium density region of Fr ≈ 2 the peak
frequency increased with increasing density (or decreasing the
temperature) along the isobar. The density dependence was most
significant in water, especially near room temperature. The
origin of the vibrational frequency shift was divided into four
contributions: temperature (∆νT), repulsive (∆νR), attractive
(∆νA), and hydrogen-bonding effects (∆νHB). The vibrational
frequency shift in cyclohexane was well explained by the
combination of ∆νT + ∆νR + ∆νA using the hard-sphere theory
for the repulsive effect and mean field approximation for the
attractive effect. By subtracting ∆νR and ∆νT from the observed
spectral shifts in water and methanol, ∆νA + ∆νHB was
extracted. The spectral shift from the low to the medium density
region could be explained by the mean field attractive effect
both in water and in methanol, which was supported by the
linear correlation between the frequency shift and the CT
absorption peak shift and by DFT calculations using PCM
approach. To explain the high frequency shift observed in water
above Fr = 2.8, however, we had to incorporate the effect of
the hydrogen bonding. According to DFT calculations on the
ABN cluster with water, the vibrational frequency shift was
strongly dependent on the site of the hydrogen bonding. For
the high frequency shift, a water molecule had to bind a specific
site of a ABN molecule. We have also calculated the change of
the hydrogen bonding between ABN and water using MD
simulations based on the OPLA/AA potential model of ABN
and SPC/E model water. Although the combinations of DFT
calculations and MD simulations suggested the high frequency
shift with increasing solvent density, the coincidence with the
experimental observation was not satisfactory. More sophisti-
cated treatment will be required to obtain a quantitative view
on the effect of the hydrogen bonding such as the RISM-SCF
method, and the work is now in progress.
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