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Structure and dipole moments of the two distinct solvated forms ofp-nitroaniline (pNA) in acetonitrile/CCl4

have been studied by infrared electroabsorption spectroscopy. We measured a series of infrared electroabsorption
spectra of pNA dissolved in an acetonitrile/CCl4 mixed solvent by altering the angleø between the external
electric field and the electric field vector of the incident infrared light. A singular value decomposition analysis
has revealed that the observed infrared electroabsorption spectra are decomposed into two major
components: theø-dependent andø-independent components. The decomposed spectral components as well
as the infrared absorption spectrum are well explained in terms of two distinct solvated forms of pNA that
exist in equilibrium in the mixed solvent. These solvated forms can be assigned to the 1:1 and 1:2 species,
which have one and two acetonitrile molecule(s), respectively, associated with pNA. From a least-squares
fitting analysis of theø-dependent spectral component, it is shown that, for both the 1:1 and 1:2 species, a
head-to-tail structure accounts well for the experimental results. On the other hand, theø-independent component
is likely to arise from the population change between the two solvated forms. This electric-field-induced
population change of solvated forms may lead to the control of dielectric environments in solution by an
external electric field.

Introduction

Solvation is one of the most fundamental phenomena that
take place in the solution phase.1,2 It is well-known that, in a
variety of solution-phase chemical processes, solvation plays
crucial roles in determining the direction and rate of reactions
and in changing the energies of excited as well as the ground
states. The solvation in aqueous solutions,3 which is often termed
hydration, is highly important for the structure formation and
stability of biomolecules. Solvation has thus been arousing broad
and keen interest in various fields of physical chemistry for
many years. Owing to recent progresses in ultrashort pulsed
lasers, ultrafast solvation dynamics in the femtosecond to
picosecond time region has become experimentally accessible.1-8

Maroncelli and co-workers1,2,7,8 studied the solvation of dye
probe molecules such as coumarin 153 in polar liquids and
discussed the solvent reorientation around the photoexcited
solute molecule, in terms of the spectral response function
derived from a peak shift of time-resolved emission spectra
(dynamic Stokes shift). A number of theoretical approaches have
also been developed. The dielectric continuum model9-12 has
often been used in the study of solvent effects and solvation
dynamics. The integral equation theory for the reference
interaction site model (RISM) was developed13 and extended
by taking into account the charge distribution in a molecule, to
facilitate applications to more realistic molecular liquids.14,15

Molecular dynamics simulations2,16,17have emerged as a power-
ful tool for investigating the dynamics involved in solvation,
though their application is greatly dependent on the ability of
computers available. Despite accumulated information on

dynamical aspects of solvation in these extensive studies, direct
quantitative information on solvated forms regarding their
geometric structures is still scant. Such structural information
is not obtainable from relaxation time constants derived from
emission spectra. Vibrational spectroscopy is undoubtedly more
suitable for the experimental elucidation of solvated structures.
It does not need fluorescent probe and hence looks at the system
without any external perturbation.

In our previous papers,18-20 we reported a comprehensive
study of the solvation ofp-nitroaniline (pNA) in acetonitrile
(AN)/CCl4 mixed solvents. pNA is one of the simplest molecules
having electron donor and acceptor moieties connected by an
aromatic ring. It exhibits pronounced solvatochromism21,22and
large nonlinear optical properties.23,24 These and other photo-
chemical features of pNA have long been the subject of various
investigations.25-31 We measured UV absorption and Raman
spectra of pNA dissolved in the mixed solvents for different
molar fractions of AN, and analyzed them using singular value
decomposition (SVD).19 Interestingly, the result indicated that
the observed spectral changes were attributable not to the
continuous change of the charge-transfer character of pNA but
to the equilibrium change among the free pNA and two distinct
solvated forms. By examining the Raman spectra, we were able
to assign these forms to the 1:1 species (pNA associated with
one AN molecule on the amino group, Figure 1), and the 1:2
species (pNA associated with one AN molecule on the amino
group and one on the nitro group, Figure 1).18,19Although these
qualitative association forms have been determined, quantitative
information on the geometric structures of the 1:1 and 1:2
species is yet to be obtained.

In the present study, we try to shed more light on this issue
by means of infrared electroabsorption spectroscopy.32-35

Infrared electroabsorption spectroscopy is able to detect mo-
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lecular responses to an external electric field as changes in
infrared absorption intensities. Its high sensitivity to molecular
structure and feasibility to determine permanent dipole moments
have already been demonstrated in the studies of the trans-
gauche isomerization of 1,2-dichloroethane,33 the self-association
of N-methylacetamide,34 and association forms of liquid crystal
molecules.35 Because the two solvated forms of pNA would
have different permanent dipole moments, they are expected to
respond to an applied electric field in a different way through
the orientational polarization. It would thus be possible to
determine separately the permanent dipole moments of the
coexisting solvated forms and hence obtain structural informa-
tion on these forms, by analyzing the orientational polarization
signal. To that end, we measured the angleø dependence of
the infrared electroabsorption spectrum of pNA dissolved in an
AN/CCl4 mixed solvent, whereø is the angle between the
applied electric field and the electric field vector of the incident
infrared light. We extracted theø-dependent orientational
polarization signal from the infrared electroabsorption spectra
using an SVD analysis. Probable structures of the two solvated
forms were derived with the aid of ab initio molecular orbital
(MO) calculations. Theø-independent spectral component,
which we assign to the population change between the 1:1 and
1:2 species, is also discussed in relation to possible manipulation
of chemical equilibrium in solution by applying an external
electric field.

Theoretical Background

The absorbance change∆A in electroabsorption measure-
ments arises from several different molecular responses to an
applied electric field. In this section, we consider three types
of signals that contribute to an infrared electroabsorption
spectrum. Some of them prove to be of significance and are
examined in the analysis described later.

Orientational Polarization. The most prominent contribution
to ∆A in the present experiment is the orientational polarization
signal. When an external electric field is applied to a sample,
reorientation of polar molecules having the permanent dipole
momentµP takes place. The orientational anisotropy induced
in the sample gives rise to the absorbance change. The
absorbance change ratio∆A/A is given by32

Hereη is the angle betweenµP and the transition dipole moment
µT of the vibrational mode of interest,F is the internal (local-
field-corrected) electric field,kB is the Boltzmann constant, and
T is the temperature. Equation 1 holds under the conditionµPF

, kBT, which is satisfied in the present study (µPF/kBT < 0.1).
Once the∆A/A value due to the orientational polarization is
obtained from theø-dependence measurement of an infrared
electroabsorption spectrum, we can derive structural information
on the molecule through parametersµP andη on the basis of
eq 1.

Electronic Polarization. The absorbance change also origi-
nates from the change in electronic properties of a molecule
caused by the applied electric field. Assuming that the orien-
tational distribution of molecules is uniform and the terms up
to the second order inF are retained, the electronic polarization
signal∆A(ν̃) can be written in the form36,37

where ν̃ is the wavenumber,c is the speed of light, andh is
Planck’s constant. The coefficientsAø, Bø, andCø are intimately
related to molecular properties of the sample such asµT, the
transition polarizability, and the transition hyperpolarizability.37

It can be seen from eq 2 that the electronic polarization signal
is expressed by the zeroth, first, and second derivatives of the
absorption bandA(ν̃). As was estimated by MO calculations
under applied electric fields,32 the zeroth-derivative term (Aø
term) is considerably small compared with the present detection
limit, even if we apply the electric field whose magnitude is
102 times as large as that currently used in our experiment. We
can thus disregard the contribution of the electronic polarization
signal to the zeroth-derivative term.

Population Change. Besides the above-mentioned two
signals, the equilibrium change caused by an external electric
field may be observed in some cases. If the stabilization due to
the dipole interaction with the applied electric field differs
among coexisting molecular species in solution, the equilibrium
shifts toward more stabilized species. A good example that gives
the population change signal is the trans-gauche isomerism of
1,2-dichloroethane, which has been analyzed in detail previ-
ously.33 As will be discussed in the subsequent section, the
population change signal is also observed for pNA in AN/CCl4

mixed solvents.

Experiments and Analyses

The experimental apparatus and the sample cell used for
infrared electroabsorption spectroscopy have been described
elsewhere.32 The main characteristic of this setup is the use of
a dispersive infrared spectrometer and an AC-coupled amplifier,
which enables one to detect minute absorbance change∆A as
small as 6× 10-8.32 A 25 kHz sinusoidal wave of an electric
field whose amplitude was 1.5× 107 V m-1 was applied across
the cell gap of about 5µm. The intensity change of the
transmitted infrared light with 50 kHz modulation, twice the
frequency of the applied electric field, was detected with a lock-
in amplifier. Infrared absorption spectra were also measured with
a KBr sample cell with a 100µm spacer. When the angleø
dependence of the infrared electroabsorption spectrum was
measured, the incident infrared light was p-polarized with
respect to the cell window.

All the reagents (p-nitroaniline, HPLC-grade dehydrated
acetonitrile and carbon tetrachloride) were commercially ob-
tained and used as received. pNA was dissolved in a mixed
solvent of AN (10 vol %) and CCl4 (90 vol %) whose molar
fraction of AN was 0.17. The concentration of pNA was 0.03
mol dm-3. All measurements were conducted at room temper-

Figure 1. Chemical structure of pNA and proposed structures of two
distinct solvated forms of pNA (the 1:1 and 1:2 species).
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ature. We used Igor Pro 5 (WaveMetrics, Inc.) for performing
SVD and least-squares fittings and theGaussian 98program38

for MO calculations.

Results and Discussion

Infrared Electroabsorption Spectrum. Figure 2 shows a
typical infrared electroabsorption spectrum (∆A spectrum, Figure
2a) and infrared absorption spectrum (Figure 2b) of pNA in
the AN/CCl4 mixed solvent in the wavenumber region 1600-
1200 cm-1. The ∆A spectrum was measured with the normal
incidence of the infrared light. Two features in the 1530-1480
and 1360-1300 cm-1 regions are clearly observed in the∆A
spectrum. These are assigned to the NO2 antisymmetric and
symmetric stretch modes of pNA, respectively. Note that solvent
bands indicated by asterisks in Figure 2b do not appear in the
∆A spectrum. The absorption bands at around 1560 and 1250
cm-1 are assigned to CCl4. It is not surprising that no
corresponding peaks are observed in the∆A spectrum, because
CCl4 does not have a dipole moment that causes orientational
polarization. However, the absence of the acetonitrile bands
(∼1450 and 1378 cm-1) in the ∆A spectrum is rather unex-
pected, because the permanent dipole moment39 of acetonitrile
(∼4 D) is not so small compared with that of pNA (∼6 D).
This result is indicative of the local structure formation of AN
molecules that makes the effective dipole moment small or even
zero. The doublet observed in the NO2 symmetric stretch region
corresponds to the contribution of the 1:1 (∼1336 cm-1) and
1:2 (∼1315 cm-1) species.19 Free pNA gives the NO2 symmetric
stretch band at 1338 cm-1.19 As will be shown later, its
contribution is estimated to be small in the present experiment.
Concerning the assignment of the doublet, several authors29,30

argued that it can be attributed to a Fermi resonance between
the NO2 symmetric stretch band and the combination band of
the 491 and 842 cm-1 out-of-plane deformation modes. How-
ever, the present result as well as the previous SVD analysis19

and time-resolved visible absorption study20 confirm our
interpretation that pNA forms specific solvated structures in AN.
In the ∆A spectrum, the two solvated forms of pNA appear in
a very different manner. This result is an unequivocal mani-
festation of the fact that extra information is available in infrared
electroabsorption spectroscopy compared with ordinary infrared
absorption. To extract the orientational polarization signal from
the∆A spectrum and obtain direct structural information, theø
dependence of the∆A spectrum needs to be measured. We focus
on the NO2 symmetric stretch mode in the followingø-depen-
dence measurement and analysis. The NO2 antisymmetric stretch
mode does not show clearly separated bands corresponding to
the 1:1 and 1:2 species, making the analysis less meaningful
than that for the symmetric stretch.

ø Dependence of Infrared Electroabsorption Spectrum.
We measured the∆A spectra by altering the angleø from 55°
to 90° (normal incidence). The result is shown in Figure 3a,
together with the solvent-subtracted absorption spectrum in
Figure 3b. The path-length difference due to the rotation of the
sample cell and the refraction at the interfaces between the
sample and the cell windows has been corrected in each
spectrum by using the refractive index of the mixed solvent.
The ø-dependent∆A spectra in Figure 3a exhibit complicated
behavior, so that some mathematical posttreatment is required
for finding out independent spectral components that have
differentø dependences. Here we use an SVD analysis,19,40-43

which has already found many successful applications, particu-
larly in time-resolved vibrational spectroscopy.40

SVD is a mathematical procedure that decomposes an
arbitrary matrixA with m rows andn columns (m × n, m>n)
into three matricesU, W, andV as

whereU, W, andV represent a real column-orthogonal matrix
(m × n), a real diagonal matrix (n × n), and a real orthogonal
matrix (n × n), respectively. The diagonal elements ofW are
called singular values. In the present case, the observed set of
theø-dependent∆A spectra constitutes the matrixA, and each
column of the matricesU and V corresponds to theø
dependence and the intrinsic spectrum, respectively. Usefulness
of SVD lies in the fact that we can concentrate only on the
spectral components with singular values meaningfully larger
than the others and can neglect the remaining singular values
as noises. Figure 4 plots the singular values obtained from SVD
of the set of the∆A spectra shown in Figure 3a. Obviously,
there are two principal singular values, indicating that the
observed set of the∆A spectra can be well reproduced by
considering only two sorts ofø dependence, that is, the
ø-independent (constant) component and theø-dependent com-
ponent that varies according to the function 1- 3 cos2 ø (see
eq 1). In this case, eq 3 can be reduced as

Here vectorsu andv correspond to theø dependence and the
intrinsic spectra accompanied by the largest two singular values

Figure 2. Infrared electroabsorption spectrum (a) and infrared absorp-
tion spectrum (b) of pNA in the AN/CCl4 mixed solvent. The infrared
electroabsorption spectrum was measured with the normal incidence
of the infrared light. Asterisks represent the solvent bands.

Figure 3. Angle ø dependence of infrared electroabsorption spectrum
(a) and solvent-subtracted infrared absorption spectrum (b) of pNA in
the AN/CCl4 mixed solvent.

A ) UWVT (3)

A ≈ (u1 u2 )(w1 0
0 w2

)(v1

v2
) (4)

3740 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Shigeto et al.



w1 andw2, respectively. Because SVD is a purely mathematical
procedure involving no physical constraint, vectorsu andv do
not have physical meanings as they are. However, by taking a
proper linear combination (represented by a 2× 2 transforma-
tion matrix K ) of these vectors based on the model for theø
dependence, we can have physically meaningful vectorsu′ and
v′:

with

In the present study, the transformation matrixK has been
determined by least-squares fittings so that the theoretically
expected dependence, namely, the constant and the 1- 3 cos2

ø dependence, is reproduced. Theø dependence obtained (u′1
andu′2) as well as the expected dependence are shown in Figure
5a. The corresponding spectral components (v′1 and v′2) are
shown in Figure 5b. In Figure 6, the∆A spectra reconstructed
according to eq 5 are compared with the observed∆A spectra.
The entire agreement between the observed and reconstructed
spectra ensures that the above SVD analysis is correct. Hereafter,
we discuss the solvated structures of pNA on the basis of these
decomposed spectral components.

ø-Dependent Component.First, we examine theø-dependent
spectral component. We carried out a least-squares fitting
analysis for both the infrared absorption spectrum and the
ø-dependent∆A spectrum, assuming the contributions of the
1:1 and 1:2 species. The contribution of the free species is
neglected to reduce the number of adjustable parameters in the
fitting analysis. Note that the abundance ratio of the free, 1:1,
and 1:2 species of pNA determined in our previous study19 was
about 1:3:4 at the AN molar fraction of 0.17. The infrared
absorption spectrum was first fitted with Lorentzian line shapes
to obtain the peak positions and the bandwidths. These values
were then fixed and used for fitting theø-dependent∆A
spectrum, in which we included the zeroth and first derivatives
of the absorption band for the 1:1 species and the zeroth
derivative for the 1:2 species. The fitting result is shown in
Figure 7. Both the infrared absorption spectrum and the
ø-dependent spectral component of the infrared electroabsorption
spectra are fitted very well. Because the contribution of the
electronic polarization signal to the zeroth-derivative component
is generally too small to be detected in our experiment,32 the

zeroth-derivative components for both the 1:1 and 1:2 species
are thought to originate from the orientational polarization signal.
In contrast, the necessity for including the first-derivative
component for the 1:1 species may indicate that the electronic
polarization signal does contribute to the infrared electro-
absorption spectra through the first- and perhaps second-
derivative terms.

The experimental absorbance change ratio∆A/A for the
orientational polarization signal can be calculated from the
amplitude of the zeroth-derivative component of the∆A
spectrum and the absorbanceA of the infrared absorption
spectrum. The∆A/A values of the 1:1 and 1:2 species are listed
in Table 1. The∆A/A value of the 1:2 species is about 3 times
as large as that of the 1:1 species. It is not until theø-dependent
spectral component has been derived from the SVD analysis
that accurate∆A/A values, which directly connect the experi-

Figure 4. Singular values obtained from the SVD analysis of theø
dependence of infrared electroabsorption spectrum of pNA in the AN/
CCl4 mixed solvent.
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Figure 5. Results of the SVD analysis of theø-dependent infrared
electroabsorption spectra of pNA in the AN/CCl4 mixed solvent. (a)
Observedø dependence (circles and triangles) and model functions
(thick lines). (b)ø-Independent andø-dependent spectral components.

Figure 6. Observed (dots) and reconstructed (solid lines)ø-dependent
infrared electroabsorption spectra of pNA in the AN/CCl4 mixed
solvent.
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mental results with geometric structures of the solvated forms,
are determined.

At this point, we are able to discuss possible solvated
structures of the 1:1 and 1:2 species. We performed ab initio
MO calculations at the HF/6-31+G** level using theGaussian
98 program38 for both the 1:1 and 1:2 species. Starting from
several initial geometries, two head-to-tail-like optimized struc-
tures were obtained for these species. They are shown in Figure
8. The obtained structural parametersµP and η are 11 D and
155° for the 1:1 species, and 16 D and 149° for the 1:2 species,
respectively. Note thatη is the angle betweenµP andµT of the
NO2 symmetric stretch mode. The values of the permanent
dipole moment of both the 1:1 and 1:2 species compare
favorably with those expected from the literature values39 for
pNA (∼6 D) and AN (∼4 D). The calculated frequencies of
the NO2 symmetric stretch mode in free pNA, the 1:1 species,
and the 1:2 species are 1606, 1597, and 1586 cm-1, respectively.
If we scale these frequencies so that the calculated frequency
of the free species agrees with the observed, the other calculated
frequencies become 1330 and 1321 cm-1. Those scaled fre-

quencies are in good accordance with the observed frequencies,
1336 and 1315 cm-1. Substituting theµP andη values into eq
1, we can calculate the∆A/A value on the basis of the model
structures derived from the MO calculations. The calculated
∆A/A values are shown in Table 1. Here we have set the internal
electric fieldF to be 0.6 times as large as the external electric
field (1.5 × 107 V m-1) by using acetone/CCl4 solution as a
standard.32 We suppose the main cause of this amplitude
decrease is the voltage drop at the electrode. The permanent
dipole moments obtained from the MO calculations are the
values in a vacuum; therefore, they are estimated to be somewhat
larger than those in solution. Taking this fact into consideration,
the calculated∆A/A values are in good agreement with the
observed values. In other words, head-to-tail structures similar
to the structures shown in Figure 8 are probable structures for
both the 1:1 and 1:2 species. Another possible structure, an
antiparallel structure, gives the∆A/A value of∼0.8× 10-4 for
the 1:1 species, which does not account for the experimentally
determined∆A/A value at all. It should be noted that such an
experimental determination of each solvated structure in solution
is hardly done with other experimental method but infrared
electroabsorption spectroscopy.

ø-Independent Component.Theø-independent component
is also examined by the same fitting analysis. In this case, the
first derivative of the absorption band is additionally incorpo-
rated for the 1:2 species for a better fit. Shown in Figure 9 is
the fitting result. The first-derivative components of both the
1:1 and 1:2 species are again ascribable to the electronic
polarization signal. Then what is the origin of the zeroth-
derivative components? It is not likely that the electronic
polarization is responsible for the zeroth-derivative component
for the same reason invoked in the analysis of theø-dependent
component. The most plausible reason for the origin of the
zeroth-derivative components of theø-independent spectrum is,
at present, the population change between the 1:1 and 1:2
species. The two solvated species exist in equilibrium in the
mixed solvent:19 pNA (1:1) + AN h pNA (1:2). As we have
determined in the previous subsection, the 1:2 species has a
larger permanent dipole moment than the 1:1 species. Therefore,
the 1:2 species would be more stabilized than the 1:1 species
via the dipole interaction with the applied electric field, which
results in an increase (positive zeroth-derivative signal) of the
1:2 species and a concomitant decrease (negative zeroth-
derivative signal) of the 1:1 species. This expectation on the
sign of the zeroth-derivative signals for the 1:1 and 1:2 species
accords well with the experimental result (see the thin solid
line and dashed line in Figure 9). The∆A/A values of the 1:1
and 1:2 species determined by the fitting are-2 × 10-4 and

Figure 7. Results of the fitting analysis of theø-dependent spectral
component and infrared absorption spectrum of pNA in the AN/CCl4

mixed solvent. Upper: decomposition of theø-dependent spectral
component: circles, observedø-dependent spectrum; solid line, fitted
curve; dotted line, zeroth derivative of the infrared absorption band of
the 1:1 species; dashed line, first derivative of the infrared absorption
band of the 1:1 species; dotted dashed line, zeroth derivative of the
infrared absorption band of the 1:2 species. Lower: decomposition of
the infrared absorption spectrum of pNA in the AN/CCl4 mixed
solvent: triangles, observed infrared absorption spectrum; solid line,
fitted curve; dotted line, contribution of the 1:1 species; dashed line,
contribution of the 1:2 species.

TABLE 1: Observed and Calculated ∆A/A Values for
Orientational Polarization Signal

1:1 species 1:2 species

observed∆A/A -(5 ( 1) × 10-4 -(18 ( 4) × 10-4

calculated∆A/A -8 × 10-4 -13× 10-4

Figure 8. Optimized structures of the 1:1 species (a) and the 1:2 species
(b) obtained from ab initio MO calculation (HF/6-31+G** level).

Figure 9. Results of the fitting analysis of theø-independent spectral
component: circles, observedø-independent spectrum; thick solid line,
fitted curve; thin solid line, zeroth derivative of the infrared absorption
band of the 1:1 species; dotted line, first derivative of the infrared
absorption band of the 1:1 species; dashed line, zeroth derivative of
the infrared absorption band of the 1:2 species; dotted dashed line,
first derivative of the infrared absorption band of the 1:2 species.
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+2 × 10-4, respectively. It can thus be concluded that∼0.02%
of the 1:1 species undergo further solvation of an acetonitrile
molecule and generate the 1:2 species. This result formally
indicates that the distribution of solvated forms in solution could
be changed with an applied electric field. It may offer pos-
sibilities for switching solvated structures to start and/or promote
a particular chemical reaction by an external electric field. In
this context, infrared electroabsorption spectroscopy will also
provide important and otherwise unobtainable information on
electric properties of molecules in liquids/solutions.

Conclusions

In this paper, we have studied the solvated structures of pNA
dissolved in the AN/CCl4 mixed solvent with infrared electro-
absorption spectroscopy. Theø dependence of the infrared
electroabsorption spectrum of pNA in the NO2 symmetric stretch
region (1400-1250 cm-1) has been analyzed in detail by
employing SVD. The SVD analysis has revealed that the
observed infrared electroabsorption spectra are decomposed into
two dominant components that show the 1- 3 cos2 ø and
constantø dependence. From the fitting analysis of theø-de-
pendent spectral component in conjunction with ab initio MO
calculations, it is shown that a head-to-tail structure is most
probable for both the 1:1 and 1:2 species. Such quantitative
insight into the geometric structures of the two distinct solvated
forms of pNA has been gained for the first time. We have also
examined theø-independent spectral component. The zeroth-
derivative signal of theø-independent component is attributed
to the population change between the two distinct solvated forms
due to the applied electric field. The trend found in the zeroth-
derivative signals of the 1:1 and 1:2 species is consistent with
that predicted from the probable structures of these species. We
believe that infrared electroabsorption spectroscopy can provide
a new basis for elucidating electric properties and structures of
molecules associated with solvation and hence opening up new
possibilities for controlling dielectric environment in liquids/
solutions.
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