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Raman spectra of p-nitroaniline in supercritical water and supercritical alcohols were measured, and the effects
of solvents on the NO, and NH, stretching modes were investigated. The intensity and frequency of the NO,
stretching mode significantly changed as a function of the solvent density and temperature. The frequency of
the NO, stretching mode correlated with the absorption peak energy of the S;<—Sy transition. On the other
hand, the vibrational frequency of the NH, stretching mode did not correlate with the absorption peak shift,
although it had a large frequency shift as a function of the density. The correlation between the NO, frequency
and absorption peak energy suggested that the solvent effects of supercritical water and supercritical alcohols
were similar to those for nonpolar solvents. The density functional calculation using the polarizable continuum
model and p-nitroaniline—water clusters qualitatively reproduced the density dependence of the NO; stretching
mode as well as the solvent polarity dependence. Detailed vibrational analysis revealed that the coupling
between the NO, and C-NH, vibrational motions at the harmonic level has an important effect on the intensity
and frequency shift of the NO, stretching mode. The frequency shift of the NH, stretching mode correlated
with the degree of hydrogen bonding between the solvent molecules estimated from NMR measurements
[Hoffmann M. M.; Conradi, M. S. J. Phys. Chem. B. 1998, 102, 263]. The existence of intermolecular hydrogen

bonding around the NH, group was demonstrated even at low-density conditions.

1. Introduction

Supercritical fluid (SCF) technology has now spread over a
variety of fields, including cleaning, synthesis, extractions, and
separations. Among SCFs, supercritical water (SCW; T, = 647
K) and supercritical alcohols (scAlcohols; T, = ~523 K) have
attracted much attention as environmentally benign solvents with
unique properties for chemical applications.! Their character-
istic features are wide tunabilities of dielectric constant and
hydrogen bonding ability by changing temperature and pressure.
To understand chemical processes occurring in these media,
knowledge of intermolecular interactions such as solute—solvent
hydrogen bonding is quite important.

Thus far, structures of SCW and scAlcohols have been
investigated by various spectroscopic methods, including NMR,
X-ray, and Raman spectroscopy.”>’~!! Detailed information on
the hydrogen bonding in SCW and scAlcohols has now been
obtained, and the existence of hydrogen bonding has been
demonstrated under supercritical conditions, except in the
extremely gas-like region.®!" Measurements of reorientational
relaxation and vibrational energy relaxation of the solvent
molecules have clarified how hydrogen bonding influences these
dynamics in the supercritical phase.!>!13

On the other hand, studies on the solvation and solute—solvent
hydrogen bonding in SCW and scAlcohols are still limited. Most
studies to date have used absorption or fluorescence measure-
ments of solvatochromic probe molecules to examine the local
environment of the solute.'*'® The main discussion has
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concentrated on the clustering of solvent molecules around the
solute in the supercritical phase, the so-called “local density
enhancement”, which is a unique phenomenon occurring close
to the critical point as a result of the solute—solvent attrac-
tive interaction and enhanced inhomogeneity in SCFs.!%20 The
dielectric continuum model has been a useful model to estimate
the local density enhancement qualitatively. However, it is
difficult to discuss solute—solvent hydrogen bonding using this
model, because the model is based on only macroscopic
parameters of solvents such as the dielectric constant and
refractive index.

To estimate the strength of the solute—solvent hydrogen
bonding in SCW and scAlcohols from the absorption measure-
ments, the solvatochromic comparison method has been used
so far.?'?2 On the basis of the solvatochromic comparison
method, the solvatochromic parameters, o and 3 values, were
developed for the estimation of the degree of solute—solvent
hydrogen bonding. The a value is a measure for the hydrogen
bonding donor ability of solvents, which is determined by the
difference in absorption maxima for p-nitroanisole and betaine
dye 36, and the 3 value is a measure for the hydrogen bonding
acceptor ability of solvents determined by the difference in
absorption maxima for p-nitroaniline (pNA) and N,N-diethyl-
p-nitroaniline.?! Lu et al. determined several solvatochromic
parameters including o and f values in supercritical ethanol
(scEtOH) to examine polarity and hydrogen bonding.!> They
found the value of 5 was almost equal to zero in the supercritical
phase, while the value of a was around 0.5. Oka et al. measured
absorption spectra of three well-known nitrobenzene derivatives
(pNA, N,N-diethyl-p-nitroaniline, p-nitroanisole) in SCW.?
They focused on the local density enhancement around pNA,
and also examined solute—solvent hydrogen bonding by the
evaluation of the 3 value. Although they found that local density
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SCHEME 1: Resonance Structures of pNA: (A) Neutral
State; (B) Charge-Separated State
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enhancement occurred under conditions fairly close to the critical
point, they came to the conclusion that solute—solvent hydrogen
bonding was negligible in SCW because the value of  was
equal to zero in the wide density range under supercritical
conditions.

In the present work, we tried to evaluate the strength of
solute—solvent interaction, especially with regard to the strength
of solute—solvent hydrogen-bonding, in SCW and scAlcohols
by directly measuring the specific vibrational modes of the solute
molecules that are affected by solute—solvent hydrogen bonding.
We have chosen pNA as the probe molecule. pNA is one of
the well-known solvatochromic probes with a typical “push—pull”
form, in which an electron-donating group and an electron-
accepting group are connected by a conjugated s-system. As
shown in Scheme 1, the electronic state is formally described
by the resonance between a neutral state (A) and a charge-
separated state (B). State A is dominant in the ground-state,
and state B is dominant in the excited state. Experimental and
theoretical investigations have been done for the electronic state
as well as the vibrational state.>*> pNA has also attracted the
interest of many spectroscopists with a main focus on the
vibrational spectrum. The attention has been focused on the two
strong NO, stretching modes for which the relative intensities
have remarkable solvent polarity dependence.?¢-0 In a previous
report, we applied resonance Raman spectroscopy to investigate
the solvation of pNA in SCW over a wide density range,3! and
found a remarkable change in the relative intensities and
frequencies of the two NO; stretching bands as a function of
pressure and temperature. The spectral change was discussed
on the basis of the calculations of the electronic states of small
pNA—water clusters with different compositions. In this re-
search, we performed more detailed studies on the vibrational
spectra of pNA in scAlcohols together with SCW, extending
the measurements to the NH; stretching region (3000—3500
cm™!). The NH, stretching mode is a direct probe for intermo-
lecular hydrogen bonding with surrounding solvents. Here, we
discuss solute—solvent hydrogen bonding and its effects on the
molecular structure of pNA in SCW and scAlcohols. The results
indicate that the estimation of solute—solvent interaction using
a solvatochromic parameter, such as the 3 value, is insufficient
for SCW and scAlcohols.

2. Experiment

2.1. Apparatus. Raman spectra were measured with a back
scattering geometry using a charge-coupled device (CCD)
camera with Peltier cooling (Princeton Instruments; Spec-10:
400BRXTE) attached to a 64 cm monochromator (Jobin Yvon,
T64000) with 1800 and 600 lines mm™! gratings. The fingerprint
region was measured under the resonant condition using the
363.8 nm line of an Ar ion laser (Coherent, Enterprize) or the
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third harmonic output from a pulsed Nd:YAG laser (Continuum,
Minilite) operated at 15 Hz for excitation. Since the NH;
stretching mode was not observed under the resonant condition,
the mode was measured for the nonresonant condition using
the 514.5 nm line of the Ar ion laser. An appropriate edge filter
(Semrock) was placed in front of the slit of the monochromator
to remove stray light. To obtain a good signal-to-noise ratio,
the Raman spectrum was accumulated for 0.5—1 h. A detailed
description of the high-pressure and high-temperature system
has been described elsewhere.?? Briefly, a high-pressure cell,
which was made of corrosive-resistant Hastelloy C, was
equipped with two sapphire windows (3.5 mm diameter, 2 mm
thickness). An alternative cell, which was made of SUS630,
was also usable at our experimental conditions. The aperture
angle of the window was made 45° to collect the scattering
from the sample effectively, and the optical path length was
approximately 5 mm. The sample solution, which was continu-
ously bubbled by dry nitrogen or argon before pumping, was
flowed into the high-pressure cell at a rate of 1.0—1.5 mL/min
using an high-performance liquid chromatography (HPLC)
pump (Jasco, PU-2080plus) in a single-pass configuration.
Without bubbling, pNA decomposed at supercritical tempera-
tures probably because of a reaction with dissolved oxygen, and
the Raman spectrum was not observed because of the significant
overlap with impurity fluorescence. With bubbling, sample
degradation was sufficiently suppressed, which was confirmed
by the absorption spectrum of the sample solution having passed
through the optical cell after the high-temperature experiment.
The pressure of the system 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 an accuracy
of =1 K by a sheathed heater wound around the cell and a
thermocouple directly inserted into the sample chamber. Typi-
cally, 3 h were required to raise and stabilize the temperature
of the cell from room temperature to the supercritical temper-
ature. For measuring the Raman spectrum in vapor, the sample
was enclosed in a quartz cell that was evacuated by a vacuum
pump to ~4 Pa. The cell was then placed in a brass jacket,
which was heated by a sheathed heater.

The absorption spectra under high-pressure and high-tem-
perature conditions were measured using the same cell described
above. A D5 lamp (Otsuka Electronics, MC-964) was used as
a light source, and a multichannel photo detector (Otsuka
Electronics, MCPD-1000) was used as a detection system.

2.2. Materials. Ethanol (EtOH, spectra grade), methanol
(MeOH, spectra grade), reference solvents (acetonitrile, tet-
rahydrofuran, benzene, and cyclohexane (spectra grade)), and
pNA were purchased from Nacalai Tesque. Deuterated etha-
nol (C;Hs0D, >99.5% D) was purchased from Aldrich. All
solvents were used as received, and pNA was recrystalized from
ethanol before use. Ion-exchanged water produced by a Milli-Q
system (>18 Q cm™!) was used. The concentration of the
sample solution was prepared to be about 1—5 mM and 50 mM
for resonance and nonresonance Raman measurements, respec-
tively. Raman spectra were recorded under the following
conditions. In water, the isobar and isotherm were 30.4 MPa
and 668.5 K, respectively; in MeOH, 40.2 MPa and 541 K,
respectively; and in EtOH, 30.9 MPa and 538 K, respectively.
The densities of water, methanol, and ethanol are taken from
ref 33.

2.3. Computational Method. The ground-state geometry
optimization and normal-mode analysis of pNA were performed
by density functional theory (DFT) at the B3LYP level using
the basis set 6-31G(d) or 6-311G(d,p) as implemented in



Solvent Effects on the Structure of p-Nitroaniline

Gaussian 03.3* The calculated frequency was scaled by 0.9613
and 0.9669 for the 6-31G(d) and 6-311G(d,p) basis sets,
respectively.?> The polarizable continuum model (PCM) and
cluster model were used to include the solvent effects. The PCM
approach includes the solvent effects in such a way that solvent
is treated as a dielectric continuum and a solute is subjected to
the solvent reaction field in a cavity.3®37 To examine the
structural change of pNA due to the dielectric response of
solvents, PCM calculations were performed for model solvents
of cyclohexane (dielectric constant € = 2.02), benzene (¢ =
2.25), tetrahydrofuran (e = 7.58), methanol (¢ = 32.6),
acetonitrile (¢ = 36.6), and ambient water (¢ = 78.4). In a cluster
model approach, pNA—water clusters in which a few water
molecules are attached to the NO, and/or NH, groups were used
to include the effect of intermolecular hydrogen bonding. To
assess the contribution of the local vibrational motion to the
normal mode, the potential energy distribution (PED) was
calculated from the Gaussian 03 output using the vibrational
analysis program MOLVIB.3 To predict the electronic absorp-
tion spectra, the time-dependent DFT method with B3LYP
combination was used with the same basis set used for ground-
state calculations. All DFT computations were carried out by a
Fujitsu Primepower HPC2500 at the Academic Center for
Computing and Media Studies, Kyoto University.

3. Results

3.1. NO; Stretching Mode. As described in the Introduction,
pNA is known to have two NO; stretching modes (1300—1330
cm™1).2639 Figure la—c shows the resonance Raman spectra
(800—1400 cm™1) of pNA measured under various pressures
and temperatures of (a) water, (b) methanol, and (c) ethanol.
The NO; stretching modes show a remarkable change for all
the solvents as a function of pressure and temperature. There
are two main characteristics to the spectral changes: (1) the
lower-frequency band in the NO, stretching region gradually
loses intensity with increasing temperature (or decreasing
density), and the higher-frequency band becomes dominant
under supercritical conditions; (2) the higher-frequency band
shifts to higher frequencies with decreasing pressure (or
decreasing density) under supercritical conditions.

It is interesting how this change in the vibrational mode
correlates with the solvatochromic shift of pNA in SCW and
scAlcohols. Figure 2 shows a plot of the band peak frequency
of the higher-frequency NO, stretching mode (vno2) against the
absorption band peak energy of the S; < Sy transition of pNA.
The absorption band peak energy was determined by fitting the
spectrum to a log-normal function. The vibrational frequency
vNo2 Was determined by fitting the bands around the NO,
stretching region to two Gaussian functions. When the higher-
frequency band was dominant, the value of vno» was determined
by fitting only the higher-frequency side of the band to a
Gaussian function. In water, from 373 to 623 K along the 30.4
MPa isobar, vNo2 could not be determined unambiguously
because the two NO, stretching bands overlapped considerably.
As is shown in Figure 2, vNop has a V-shaped correlation with
the absorption band peak energy; i.e., on the red side, vno2
decreases with increasing absorption band peak energy, while
the tendency becomes opposite on the blue side (>27 500 cm™!).
In Figure 2, the results for SCW and scAlcohols cover the region
spanned by nonpolar solvents such as benzene, carbon tetra-
chloride, and cyclohexane. In this sense, the NO, stretching
motion is not strongly affected by the hydrogen-bonding
character of water and alcohol molecules, and the solvent effects
of SCW and scAlcohols appear to be similar to those of nonpolar
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Figure 1. Resonance Raman spectra of pNA (800—1400 cm ™! region)
at different temperatures and pressures in (a) water, (b) methanol, and
(c) ethanol. The excitation wavelength is 355 nm for water and methanol
solution, and 363.8 nm for ethanol solution.

solvents, from the viewpoint of the absorption band peak
(stabilization of the excited-state by solvents) and the NO,
stretching mode (charge separation in the ground-state induced
by solvent). However, this is not true, at least for the NH;
stretching mode that is presented in section 3.2.

3.2. NH; Stretching Mode. There were difficulties in taking
the measurements of the NH, stretching mode under high
pressures and high temperatures because the Raman band for
the NH, stretching mode of pNA overlapped significantly with
the strong Raman signal from the OH stretching mode of the
solvent and the fluorescent background from the sapphire
window of the high-pressure cell. The NH, stretching mode was
not observed under resonance conditions, as it is not coupled
to the conjugated system,® and the nonresonance Raman
spectrum of the NH, stretching mode was not detected in
aqueous solution because of the low solubility of pNA in water
(~1 mM). Therefore, the nonresonance Raman spectra were
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Figure 2. Correlation between the frequency of the NO, stretching
mode (Vno2) and the absorption band peak. 4: (1) water, (2) methanol,
(3) ethanol, (4) acetonitrile (5) tetrahydrofuran, (6) benzene, (7) carbon
tetrachloride, (8) cyclohexane; ®: in ethanol from room temperature
to 473 K at 30.9 MPa; @: in methanol from room temperarture to 473
K at 40.2 MPa; A: in SCW (669 K); O: in supercritical methanol
(scMeOH; 541 K); O: in scEtOH (538 K).
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Figure 3. Upper panel: Raman spectra for the NH, stretching region
of pNA in methanol at 538 K and 9.2 MPa for the pNA solution and
for pure methanol taken under the same experimental geometry. Lower
panel: Extracted spectra from the subtraction of the background.

only measured in highly concentrated alcohol solutions (~50
mM). Figure 3 shows Raman signals for a pNA solution of
methanol and pure methanol successively measured under the
same experimental conditions (9.2 MPa and 538 K). Although
the Raman band of the NH, stretching mode was extremely
weak in comparison with the background signals from the
solvent and the high-pressure windows, the Raman spectrum
of the NH, stretching region was extracted by subtraction of
the background. The residual background (the slope in Figure
3b) was subtracted from the signal by fitting the background
region of the spectrum to a smooth function (polynomial
function of wavenumber).

Figure 4 shows the nonresonance Raman spectra around the
NH, symmetric stretching region of pNA at various pressures
and temperatures for (a) methanol and (b) ethanol. Splitting of
the NH, stretching mode was observed in alcohols. One possible
reason for the splitting is the existence of two distinct NH;
groups with and without hydrogen bonding to the solvent.
However, the ND; stretching mode of isotopically substituted
pNA did not show such splitting, as shown in Figure 5. The
splitting of the NH; (or NH) stretching mode has been reported
in hydrogen-bonded complexes such as thioacetamide—ethanol
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Figure 4. Raman spectra (514.5 nm probe) of the NH. stretching region
at different temperatures and pressures in (a) methanol and (b) ethanol.
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Figure 5. Raman spectra of the NH stretching mode of pNA and the
ND; stretching mode of pNA-d,. Upper spectra: NH, stretching mode
of pNA in ethanol. Lower spectra: ND; stretching mode of deuterated
pNA—dz in CszOD

complex and 7-azaindole dimer.*>#! In these reports, the most
plausible origin of the splitting has been ascribed to Fermi
resonance caused by the anharmonic coupling with an overtone
or a combination tone involving the NH; (or NH) bending mode.
Therefore, a similar mechanism is considered to underlie the
splitting of the NH, stretching mode for pNA.

As is shown in Figure 4, the NH; stretching mode had a large
frequency shift (~50 cm™") with decreasing density. At the same
time, the lower-frequency band reduced intensity and the
splitting disappeared. We conclude that this disappearance is
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Figure 6. Density dependence of the frequencies of NO, and NH»
stretching modes in (a) methanol and (b) ethanol. Closed and open
symbols represent NO, and NH, stretching modes, respectively.

because of the increasing frequency gap with temperature
between the NH; stretching mode and the forbidden transition
that gains intensity from Fermi resonance.

In Figure 6, the peak frequency of the NH; stretching mode
(vNm2) is plotted against the reduced density (pr = p/pc; pe:
critical density) together with vNop. Here we used the peak of
the higher-frequency band when the NH, stretching mode was
split. The peak frequency was determined by fitting the band
to a Gaussian function. It is apparent that the density dependence
of vnmp is quite different from that of vnop, especially in the
high-density region around a p, of 2—3 (isobaric, temperature
up to 473 K). The NH; stretching mode shows a large frequency
shift (~25 cm™!) with the temperature rising to 473 K. On the
other hand, vno2 shows only a small frequency shift for alcohols.
In the medium- to low-density regions below p, = 2, the density
dependence of vno2 and vnmp is rather similar. Both vno, and
vnme2 show a large frequency shift in the low-density region after
the moderate shift in the medium density region. This is typical
for the effect of the local density enhancement, which has been
observed in many supercritical fluids.'>? However, it also
should be noted that the shift of vy 1S more moderate than
that of vno2 in the medium density region (p,: 1—2).

The difference between Nz and YNop is more apparent when
vz 1S plotted against the absorption peak energy (Figure 7).
Although vnp, tends to blue shift with the blue shift of the
absorption peak, the correlation is not as good as that for vno».
For solvents with hydrogen-bonding ability such as scAlcohols,
the frequency is somewhat smaller than that for nonpolar
solvents such as benzene and carbon tetrachloride with similar
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Figure 8. Correlation between the frequency of the benzene ring
skeletal vibrational mode phenyl-7a (Vphenyi-7a) and the absorption band
peak. ¢: (1) water, (2) methanol, (3) ethanol, (4) acetonitrile (5)
tetrahydrofuran, (6) benzene, (7) cyclohexane; ®: in ethanol from room
temperature to 473 K at 30.9 MPa; HE: in methanol from room
temperature to 473 K at 40.2 MPa; Vv: in water from room temperature
to 623 K at 30.4 MPa; O0: in scMeOH (541 K); O: in scEtOH (538 K);
A: in SCW (669 K).

absorption peak positions. This frequency difference clearly
indicates hydrogen bonding between the NH, group and alcohol
molecules in the supercritical phase.

3.3. Benzene Ring Skeletal Vibrational Mode. Before
detailed discussion on the solvent density effect on vno» and
vnm2, We briefly mention the density dependence of benzene
ring skeletal vibrational modes, such as phenyl-1 (~860 cm™")
and phenyl-7a (~1111 cm™!). These modes shifted to lower
frequencies with increasing temperature only in water (Figure
la), while they did not show any pressure dependence under
supercritical conditions at 669 K. The frequencies of phenyl-1
and phenyl-7a shifted by about 3 and 6 cm™!, respectively, with
the temperature increasing to 669 K.

Figure 8 shows the frequency of the benzene ring skeletal
vibrational mode phenyl-7a (Vphenyl.7a; determined by the
fit to a Gaussian function) against the absorption peak energy.
Vphenyl-7a 1S almost independent of the absorption band peak
energy except in the region 26000—27000 cm™~!, which corre-
sponds to the isobaric temperature change of water from room
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TABLE 1: Structural Information on pNA Obtained by Geometry Optimization Using the PCM Model at the B3LYP/

6-311G(d,p) Level

solvent & u/DP o < L(C—NH,)/Ad L(N—0)/Ad L(N—H)/A4 Vso—si/em ™! €
gas 1.00 7.19 19.3 1.37689 1.22735 1.00739 32834
cyclohexane 2.02 7.41 17.4 1.37064 1.23006 1.00752 30731
benzene 225 7.43 17.4 1.37006 1.23042 1.00758 30471
tetrahydrofuran 7.58 7.68 14.7 1.36261 1.23387 1.00763 29498
methanol 32.6 7.75 15.1 1.36070 1.23548 1.00811 29244
acetonitrile 36.6 7.83 12.6 1.35839 1.23574 1.00758 29161
water 78.4 7.87 11.9 1.35738 1.23611 1.00760 29091

@ g: dielectric constant of solvent. ® u: dipole moment of pNA. ¢

6: out-of-plane angle of the NH, group. ¢ L(C—NH,), LIN—0), L(N—H):

bond lengths of the C—NH,, N—O, and N—H bonds, respectively, where L(IN—O) and L(N—H) are the averaged bond lengths of the two N—O
and N—H bonds, respectively. ¢ S; <— Sy transition energy obtained by time-dependent DFT calculation.
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Figure 9. Calculated Raman spectra of pNA using the PCM model (B3LYP/6-311G(d,p) level). The mode number and contributing vibrational

motion are shown.

temperature to 623 K. A similar correlation was also found for
phenyl-1 (see Supporting Information). At high temperatures,
the vibrational excited-state of low-frequency modes might
contribute to the lower-frequency shift due to the anharmonic
coupling with the benzene ring skeletal vibrational modes.*?
However, the benzene ring skeletal vibrational modes did not
shift for alcohols up to 538 K (Figure 1b,c). Therefore, the
temperature dependence of the benzene ring modes observed
in aqueous solution originates from other effects. We conclude
that the temperature dependence is induced by the structural
change of the benzene ring due to the variation of the charge
separation for pNA by surrounding water molecules, as in the
case of the NO, stretching mode, which is discussed in detail
in the following section.

4. Discussion

4.1. Computational Approach. To understand the effect of
the solvent on the solute structure and on the Raman spectrum,
we first compare the experimental results with the PCM
calculations for the electronic states of pNA obtained via
B3LYP/6-311G(d,p) level optimization. Table 1 summarizes the
structural information of the optimized structures for different
model solvents. An apparent change was found in the out-of-
plane angle of the NH, group (), which decreases with an
increase in the dielectric constant of the solvent. This change
is caused by the charge separation of pNA. As is shown in Table

1, the dipole moment (x) of pNA increases with an increase in
the dielectric constant. Since the NH, group in the charge-
separated state has an sp? character (Scheme 1B), the increase
in the dipole moment accompanies the decrease in 6. The charge
separation also affects the N—O and C—NH, bond lengths. As
is expected from Scheme 1, the N—O bond length increases
with increasing charge separation, while the C—NH; bond length
decreases. The variation in the C—NH; bond length is twice
that for the N—O bond. The N—H bond length is almost
unchanged by PCM calculations. The S; <— Sy transition energy
(vsi—so) calculated by the time-dependent DFT method mono-
tonically decreases with increasing solvent dielectric constant.

Figure 9 shows the calculated Raman spectra. The striking
feature is that the two normal modes (modes 28 and 29) that
have NO, symmetric stretching vibration show remarkable
changes in intensities with solvent. The local vibrations that
mainly contribute to modes 28 and 29 are the NO, stretching
vibration, the C—NHj stretching vibration, and the benzene ring
deformation. In modes 28 and 29, the NO, group and C—NH;
bond vibrate with opposite phases and vibrate in phase,
respectively. In the gaseous phase (¢ = 1.00), mode 29 is
dominant over mode 28. However, the intensity of mode 29
decreases with an increase in €, while the intensity of mode 28
increases. Around tetrahydrofuran (e = 7.58), the mode intensi-
ties are comparable, and mode 28 becomes dominant for model
water (¢ = 78.4). This feature qualitatively captures the observed
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TABLE 2: Vibrational Frequencies and PEDs of Modes 28 and 29 Calculated by the PCM Model

solvent & vP(em ™) g PED(NO,) (%) PED(C—NH,) (%) PED(ring deform) (%)
Mode 28
gas 1.00 1287.8 57.7 4 47 42
cyclohexane 2.02 1298.2 96.2 8 43 41
benzene 2.25 1299.2 103.5 8 44 39
tetrahydrofuran 7.58 1309.1 288.5 28 28 24
methanol 32.6 1311.1 387.9 39 19 19
acetonitrile 36.6 1311.8 443.8 45 14 13
water 78.4 1312.3 466.8 49 12 12
Mode 29
gas 1.00 1324.7 440.7 71 3 4
cyclohexane 2.02 1323.2 425.7 65 6 8
benzene 2.25 1323.0 420.9 64 6 8
tetrahydrofuran 7.58 1323.3 259.9 39 20 25
methanol 32.6 1324.6 165.4 26 28 34
acetonitrile 36.6 1326.4 111.6 19 32 38
water 78.4 1327.5 90.5 16 35 40

“ g: solvent dielectric constant. ? v: calculated vibrational frequency with

temperature dependence of the NO, stretching modes in SCW
and scAlcohols in the present study as well as the solvent
polarity dependence reported previously,?0-30 i.e., the intensity
of the higher frequency band decreases with increasing tem-
perature (or decreasing solvent polarity) in SCW and scAlco-
hols.*3* There has been some debate on the reason for the two
NO; stretching modes in pNA. Two explanations have been
suggested as plausible reasons: one supports Fermi resonance,
and the other supports the existence of two different solvated
forms of pNA.?%30 However, our calculations indicate there are
two characteristic NO, stretching modes from 42 normal modes
in pNA. In this paper, we interpret the observed solvent effect
in SCW and scAlcohols as the competition of these two normal
modes within the framework of the harmonic approximation.

The PEDs of modes 28 and 29 are summarized in Table 2.
What is interesting is that the distribution of these PEDs is
significantly dependent on the dielectric constant of the solvent.
In a gaseous phase (¢ = 1.00), the C—NHj, stretching vibration
and the benzene ring deformation mainly contribute to mode
28, while the NO; stretching vibration mainly contributes to
mode 29. With an increase in the solvent dielectric constant,
the PEDs of the C—NHj; stretching vibration and the benzene
ring deformation in mode 28 decrease, and the PED of the NO,
stretching vibration gradually increases. The opposite trend is
found for mode 29: the PED of the NO, stretching vibration
decreases, and the PEDs of the C—NH; stretching vibration and
the benzene ring deformation increase with an increase in the
solvent dielectric constant. As a result, the distribution of PEDs
switches between the conditions of gas and water. It is to be
noted that Raman activity ({ in Table 2) generally increases with
the PED of the NO; stretching vibration. Specifically, modes
28 and 29 gain intensity mostly from the NO, stretching
vibration. Therefore, the changing of the Raman intensities of
the two modes is attributed to the changing of the PED of the
NO; stretching vibration due to the charge separation of pNA.

Although PCM calculations give useful information on
the behavior of the intensities of the NO; stretching modes, the
calculated frequency shift for mode 29 poorly reproduces the
observed V-shape dependence of the NO, stretching mode on
absorption peak energy. According to the calculation results in
Table 2, the vibrational frequency of mode 29 has a somewhat
nonmonotonic shift with increasing solvent dielectric constant.
However, it mostly has a higher-frequency shift with increasing
solvent dielectric constant (or decreasing absorption peak
energy) contrary to the experimental observation, where lower-

a scaling factor of 0.9669. ¢ I: calculated Raman activity.

SCHEME 2: Model Cluster Optimized by the DFT
Calculation
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frequency shift mostly occurred with decreasing absorption peak
energy (Figure 2). We conclude that this is partially because
the decrease in the N—O bond length is somewhat smaller than
the increase in the C—NH,; bond length (Table 1) and partially
because the structural change of pNA is estimated to be small
within the PCM model where the solvent is replaced by the
dielectric continuum. Therefore, we also performed the calcula-
tion for pNA—water clusters with intermolecular hydrogen
bonding directly included. In the calculation for a cluster with
one water molecule, a water molecule was first placed in a
position around the NO, or NH, groups. Geometrical optimiza-
tion was then performed. In the case of a cluster with two water
molecules, three cases were tested: both water molecules on
the NO, side, both on the NH, side, and one on the NO, side
and the other on the NH; side. For both molecules being on the
NH; side, we could not obtain any converged solution, or, if
there was convergence, the cluster was energetically unfavor-
able. In the case of a cluster with three water molecules, only
one initial configuration was tested: two molecules on the NO,
side and one on the NH, side.

Scheme 2 shows a schematic illustration of the optimized
clusters and Table 3 shows the structural information of the
energy-minimized pNA—water clusters given by DFT calcula-
tions (B3LYP/6-31G(d)).* The out-of-plane angle 6 of the NH,



5522 J. Phys. Chem. A, Vol. 112, No. 24, 2008

Fujisawa et al.

TABLE 3: Structural Information Obtained by the Geometry Optimization of pNA—Water Clusters at the B3LYP/6-31G(d)

Level
pNA—H,0 cluster AE/kcal mol~!? o« L(C—NH,)/Ad L(N—0)/A¢ L(N—H)/Ad Vso—si/om 1€
free 0 20.8 1.38045 1.23442 1.01067 33037
A)1:1 —32.6 18.5 1.37457 1.23770 1.01013 31787
B) 1:1 —353 15.1 1.36774 1.23604 1.01344 32067
©)1:2 —66.2 16.8 1.37140 1.24039 1.00978 30882
(D)1:2 -70.2 10.0 1.36092 1.23986 1.01299 30949
(E) 1:3 —100.9 7.3 1.35795 1.24291 1.01292 30213

@See Scheme 2. ” AE: stabilization energy from the attachment of water molecules defined by AE = E(cluster) — E(free pNA) — E(free
water). ¢ 6: out-of-plane angle of the NH, group. ¢ L(C—NH,), L(N—0), L(N—H): bond lengths of the C—NH,, N—O, and N—H bonds,
respectively, where L(N—O) and L(N—H) are the averaged bond lengths of the two N—O and N—H bonds, respectively. ¢ S; < Sy transition

energy obtained by the time-dependent DFT calculation.

(E)
1:3
LA /
(D)
1:2
A ~ Y
(C)
1:2
LA — /
(B)
1:1
L A /
(A)
1:1
(N P
Free (NO,, C-NHz) N, 542
I . Mode29 NH3 st
(Phenyl 1) (Phenyl Ta) (I\O:,(-NH;} »
Model9 Mode24 Mode28 Mores]
e
800 900 1000 1100 1200 1300 1400 3350 3400 3450 3500

Raman shift [em ]

Figure 10. Calculated Raman spectra of pNA—water clusters (B3LYP/6—31G(d) level). The contributions of modes 28 and 29 are illustrated.

group also changes as in the case of the PCM calculation. The
angle decreases in accordance with the charge separation with
increasing cluster size. In fact, the absolute values of Mulliken
charge for the nitrogen (+) atom and oxygen (—) atom of the
NO; group, and the carbon (+) atom and nitrogen (—) atom of
C—NH; group increase with the attachment of water molecules.
The N—O and the C—NH; bond lengths also change in
accordance with the induced charge separation in the clusters.
The charge separation weakens (strengthens) the N—O bond
(C—NH:; bond), although changes in the bond lengths are larger
than those in PCM calculations for the case of water (¢ = 78.4).
The calculated Raman spectra of the clusters are shown in Figure
10. A remarkable dependence of the intensities of the NO,
stretching modes is found, as in the case of the PCM calculation.
The intensities switch between that for free pNA and that for
1:3 (pNA—water) clusters. The PEDs of each mode are given
in Table 4. The mechanism of the intensity switching is
explained in the same manner as for PCM calculations. If we
assume the variation in cluster size corresponds to the change
in solvent density going from the gaseous to the liquid state of
water, the cluster model also reproduces the frequency shift of
the NO; stretching modes qualitatively, although such clusters
only capture a small fraction of the configurations and interac-
tions present in the solution. Mode 29 first shifts to lower
frequencies, and then to higher frequencies with increasing
cluster size (or decreasing absorption peak), which coincides
with the observed trend in Figure 2. We found that the direction
of the frequency shift appears to be determined by the PED

TABLE 4: Vibrational Frequencies and PEDs of Modes 28
and 29 Calculated from the Cluster Model

cluster® vb PED(NO,) PED(C—NH,) PED(ring
pNA:H,O (ecm™!) [ (%) (%) deform) (%)
Mode 28
free 1294.0 349 1 50 43
(A)1:1 13025 77.6 5 46 42
(B)1:1 13129 825 7 43 41
(C)1:2  1315.2 119.1 11 23 56
(D)1:2 1318.8 351.2 29 25 24
(E) I:3  1318.2 550.1 52 2 18
Mode 29
free 1337.4 4433 71 1 3
(A)1:1  1332.8 583.9 64 3 6
(B) 1:1  1335.3 462.9 63 5 9
(C) 1:2  1328.0 466.5 52 12 18
(D) 1:2  1333.8 354.2 36 20 28
(E) I:3  1338.2 50.2 6 33 48

@See Scheme 2. "v: calculated vibrational frequency with a
scaling factor of 0.9613. ¢ I: calculated Raman activity.

distribution. Modes 28 and 29 have a tendency to shift to lower
frequencies with an increase in the charge separation (or cluster
size) when the PED of the NO, stretching vibration is dominant.
On the other hand, these modes have a tendency to shift to
higher frequencies with an increase in the charge separation
when the PEDs of the C—NH; stretching vibration and benzene
ring deformation are dominant. This is because the charge
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separation weakens the N—O bond, while it strengthens the
C—NH; bond (Tables 1 and 3).

The calculated benzene ring skeletal vibrational modes
(phenyl-7a and phenyl-1) slightly shift to higher frequencies
with the attachment of a water molecule to the NO, or NH;
groups. This trend coincides with the density effect of water in
the higher-density region (o > 2) and supports the frequency
shift being attributed to the structural change from the charge
separation induced by the surrounding water molecules.

The NH; stretching mode shows a large lower-frequency shift
(~80 cm™!) with the attachment of a water molecule, reflecting
the effect of the specific intermolecular interaction, which is
absent in the PCM approach. In contrast to the case of the NO,
stretching mode, the splitting of the NH, stretching mode was
not obtained by a calculation at the harmonic level. This also
supports the consideration that anharmonic coupling, such as
Fermi resonance, plays an important role in splitting the NH,
stretching mode. Experimentally, the apparent frequency shift
of the NH; stretching mode from an ambient condition to the
supercritical temperature at the lowest density (p, = 0.42) is
about 50 cm™! in the case of methanol. The calculated frequency
shift (~80 cm™!) seems to be too large (we also checked that
the attachment of a methanol molecule to the NH; group caused
a 74 cm™! shift of the NH; stretching mode).*® In the following
section, we present a more detailed discussion on the extent of
hydrogen-bonding.

Although the NO, stretching mode was discussed for our DFT
calculations at the harmonic level, we do not deny the possibility
that the splitting mechanism due to anharmonic coupling, such
as Fermi resonance, is part of the mechanism for the splitting
of the NO, stretching mode as discussed above.’ If there is a
strong anharmonic coupling involving the NO, stretching modes,
the frequencies and intensities of the NO, stretching modes are
significantly affected. However, it is quite difficult to know the
degree of anharmonic coupling. Because the apparent splitting
is not observed under supercritical conditions in our experiment,
such complexity of the splitting mechanism does not have a
direct effect on the main discussion.

4.2. Hydrogen-Bonding between Solute and Solvent. Fig-
ure 7 clearly indicates the presence of hydrogen-bonding
between pNA and solvent, even under supercritical conditions,
which seems to contradict the previous estimation of f
(hydrogen bond basicity) from solvatochromic measurements. !
The f8 value is determined from a comparison of the absorption
peak energies for pNA and N,N-diethyl-p-nitroaniline. As
described in section 1, Lu et al. measured several solvatochromic
parameters, including o and /5 for scEtOH.' They found that
is almost equal to zero in the supercritical phase. Oka et al.
found that the /3 value is also equal to zero in SCW.2? However,
our results clearly indicate the existence of hydrogen bonding
around the NH, group of pNA in the supercritical phase.
Therefore, we point out that $ is not appropriate for the
estimation of hydrogen-bonding in SCW and scAlcohols.

Figure 11 compares the peak shift of vy, with the extent of
solvent hydrogen-bonding, which has been studied extensively
from NMR and Raman measurements.”” Hoffmann et al.
determined the extent of hydrogen-bonding (7) in ethanol and
methanol relative to that for the ambient condition,®*7 as was
done for SCW by Matubayasi et al.” They determined # for the
alcohols by assuming a linear correlation between the chemical
shifts of the OH proton and #, and normalizing it by the value
for the ambient condition. To discuss the extent of the hydrogen-
bonding between the solute and solvent, it is important to
estimate the vibrational frequency of the NH, mode without
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Figure 11. Density dependence of the frequencies of NH, stretching
modes (vnu2) for different degrees of hydrogen bonding (77) estimated
from NMR measurements of neat methanol and ethanol. x indicates
the NH, vibrational frequency of ABN in gas phase as a reference. (a)
B vni in methanol; A: degree of hydrogen bonding (77) for methanol.
(b) @: vnu2 in ethanol; A: degree of hydrogen bonding () for ethanol.

solvent. Unfortunately, the value of vy, for pNA in a gaseous
phase (por = 0) is not available to the best of our knowledge.
Although we tried to measure the Raman spectrum of pNA in
the gaseous phase, we found that the vapor of pNA was not
stable at high temperature. Instead, the value of vnm for
p-aminobenzonitrile (ABN) vapor measured at 543 K*® is shown
at p; ~ 0 in Figure 11 (3423.1 cm™!, shown as an x). The
value of vnip for ABN is expected to be quite similar to that
for pNA because (1) the value of vnu» for ABN is quite similar
to that for pNA in the same liquid solvent (3353 cm™! (ABN)
and 3351 cm™! (pNA) in methanol, 3382 cm™! and 3377 cm™!
in acetonitrile, 3399 cm~! and 3398 cm™! in benzene, and 3413
cm~! and 3415 cm™! in carbon tetrachloride)*® and (2) the
calculated frequency of the NH; stretching mode for ABN is
similar to that for pNA (3440.4 cm™! (ABN) and 3432.0 cm™!
(pNA) for the free molecule (B3LYP/6—31G(d)), and 3362.4
and 3362.5 for a cluster where a water molecule is attached to
the NH; group). Therefore, the frequency of the NH; stretching
mode for ABN vapor is a reasonable estimate for the vnp of
pNA in a gaseous phase.

As is shown in Figure 11, the density dependence of vnm2
has several similarities to that of #. Both vni2 and # change
significantly with increasing density in the lower-density region
(pr = 0—1), then have moderate density dependency in the
medium-density region (o, = 1—2). In the higher density region
with decreasing temperature (o, = 2—3), vNi2 and 77 again show
remarkable density dependency. This density dependence is
interpreted as indicating that hydrogen bonding has been formed
in the low-density region (p, = 0—1), the number of hydrogen
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Figure 12. Correlation between 7 and #n*. O: in methanol; O: in
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bonds is saturated in the medium-density region (p, = 1—2),
and that hydrogen-bonding is strengthened with a temperature
decrease in the high-density region (o, = 2—3). To assess
solute—solvent hydrogen bonding, we introduce the strength of
hydrogen bonding between solute and solvent (%), by assuming
a linear correlation between vnp, and 7*, as

% Ve — Vmo(gas)

n Vnmp(ambient) — vy,(gas)

e))

where vnma(gas) is the frequency of the NH; stretching mode
(vNmo) in the gas phase (3423.1 cm™!), and vnu(ambient) is
vnm2 in the ambient condition (3351.4 and 3350.9 cm™! in
methanol and ethanol, respectively). The correlation between
1 and n* is shown in Figure 12. Although #* changes in parallel
with 7, as expected from the similar density dependences for
vnaz and 7, n¥* is generally larger than # for the same
thermodynamic state. Particularly in supercritical phase, 7* is
1.5—2 times larger than # in the region of  ~ 0.4. There are
two plausible origins for the enhancement of solute—solvent
hydrogen-bonding factor. One is the so-called “local” (i.e., hy-
drogen-bonding site) density enhancement. There are two
hydrogen-bond donating sites and one accepting site in the NH»
group. Therefore, the solvent molecules may easily access these
hydrogen bonding sites in the medium-density region, which
results in larger values of #*. The other is the nonlinearity of
the vibrational frequency shift due to hydrogen bonding.
According to the cluster model calculations, the vibrational
frequency shift of the NH; stretching mode is not a linear
function of the number of hydrogen bonds (the details of the
calculation results on methanol clusters are given in the
Supporting Information, Scheme S1, Tables S1 and S2, and
Figure S1).# The effect of the second solvating molecule on
the vibrational frequency is not as large as that of the first
solvating molecule. Although the cluster model may exaggerate
the real situation, this kind of effect surely affects the vibrational
frequency shift of the NH, stretching mode. Therefore, the
presented value of #7* may not reflect the “number” of hydrogen
bonds itself. To assess solute—solvent hydrogen bonding more
quantitatively, a sophisticated electronic state calculation where
the realistic solute—solvent interaction is included, such as
RISM-SCF and QM/MM approaches, is necessary.

5. Conclusion

We investigated the effects of solvent on the NO; stretching
mode, the NH; stretching mode, and the benzene ring skeletal
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vibrational mode of pNA in SCW and scAlcohols. The relative
intensities of the two NO; stretching modes changed remarkably
with increasing temperature, and the higher-frequency mode of
the two became a dominant band above the critical temperature.
In the supercritical phase, the higher-frequency band shifted by
~10 ecm™!. The observed frequency shift displayed a V-shape
correlation with the absorption peak energy. The solvent effects
of SCW and scAlcohols were similar to those of nonpolar
solvents in assessing the NO, frequency (charge separation
induced by solute—solvent interactions) and the absorption peak
(the stabilization of the excited state).

The NH; stretching mode was used as a direct probe for
intermolecular hydrogen bonding. The NH, stretching mode
shifted by ~50 cm™! with decreasing density from p, = 3 to
0.5. Another ~20 cm™! shift is expected with decreasing density
from pr = 0.5 to O using the NH, vibrational frequency for ABN
in gas phase as a reference. The general density dependence of
the frequency shift was similar to that of the degree of hydrogen
bonding (7) of the solvent estimated from NMR measurements.
It was demonstrated that the strength of the solute—solvent
hydrogen bonding changes in parallel with the strength of the
solvent—solvent hydrogen bonding. Solute—solvent hydrogen
bonding exists even in the low-density region in terms of a
significant difference between the frequencies of the NH
stretching mode in nonpolar solvents and low-density alcohols.

The frequency of the benzene ring stretching mode showed
temperature dependence only in water. The frequency shifted
slightly to lower frequencies with increasing temperature. Since
the frequency of the benzene ring skeletal vibrational mode
correlates with the absorption peak energy as in the case of
the NO; stretching mode, this frequency shift is considered to
be attributed to the structural change due to charge separation
induced by the strong hydrogen bonding ability of water. This
consideration was also supported by the DFT calculation of
pNA—water clusters.

DFT calculations were performed at the harmonic level using
the PCM model and cluster model. The calculations gave
important insights into the mechanism of the intensity change
and frequency shift of the NO, stretching modes. The calculation
revealed that the relative intensity change results from the
switching of the PED of NO, between the two normal modes.
The pNA—water clusters also reproduced the V-shape correla-
tion between the absorption peak and the frequency of the NO,
stretching mode. The frequency shift is caused by the structural
change of pNA due to the charge separation induced by the
solvent, and the direction of the shift is determined by the PED
balance between NO, and C—NH, stretching vibrations. The
effect of the anharmonicity on the vibrational mode was not
taken into account in our calculations. A future experimental
investigation of the anharmonic coupling involving the NO,
stretching mode is of interest. Two-dimensional vibrational
spectroscopy would be a powerful approach.””

The solvent fluctuation around the solute is an interesting
subject particularly in supercritical fluids.'”>! However, the
solvent fluctuation was not assessed in the present study because
the Raman bandwidth of the solute is significantly broadened
as temperature rises and is unchanged by the control of the
density in supercritical phase (Supporting Information). The
worse signal-to-noise ratio at low densities also makes the anal-
ysis difficult. The detailed analysis of Raman bandwidth in high-
temperature fluids remains an issue for future studies.’>3
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