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Electroabsorption �EA� spectra of polar and nonpolar molecules of coumarin 153 �C153� and pyrene
in solution and in a polymer film of polymethylmethacrylate �PMMA� have been measured in the
UV-visible region at room temperature. The shape of the EA spectra of C153 in benzene,
1,4-dioxane, or monochlorobenzene remarkably depends on the angle between the polarization
direction of the absorption light and the applied electric field, whereas the EA spectra of C153 doped
in PMMA show only the Stark shift and the field-induced change in spectral shape is negligible.
These results demonstrate that C153 is reoriented by application of electric fields in solution, but the
molecules are immobilized in a PMMA film. Based on the EA spectra, electric dipole moments both
in the ground state and in the excited state have been evaluated for C153 in different solvents. In the
EA spectra of pyrene, only the Stark shift is observed both in solution and in PMMA, indicating that
the field-induced molecular reorientation does not occur both in solution and in PMMA. The change
in dipole moment of C153 as well as the change in molecular polarizability of pyrene following
absorption is much larger in solution than that in PMMA. © 2009 American Institute of Physics.
�doi:10.1063/1.3273875�

I. INTRODUCTION

Manipulation of the molecular orientation has been ex-
tensively pursued in modern science. Polar molecules can be
spatially oriented by using strong electric fields and the ro-
tational motion changes to a pendulumlike libration, that is,
pendular states, if the interaction energy between electric
fields and the electric dipole moment of molecules exceeds
the rotational energy in the gas phase.1,2 In solutions, the
alignment induced by strong electric fields leads to electric
dichroism, and the birefringence caused by the field-induced
alignment is known as the Kerr effect.3 However, manipula-
tion as well as detection of the molecular reorientation in
solution is not so easy for small molecules since the degree
of orientation is rather small with field strengths at which the
dielectric breakdown does not take place.

Electroabsorption �EA� spectroscopy, in which electric
field-induced change in absorption spectrum is measured, is
a powerful technique to investigate the molecular reorienta-
tion induced by external electric fields.4 When probed mol-
ecules are embedded in the solid matrix such as molecular
crystals, polymers, or organic solvent glasses, embedded
molecules are usually immobilized in the matrix,5–10 except
for some molecules in a polymer film which somehow ex-
hibit the field-induced orientation effect.11,12 In solution, on
the other hand, molecules are easily reoriented and the field-
induced reorientation can be detected by the EA
measurements.13–15 However, the precise measurements of
the EA spectra in solution are not so easy due to the diffi-
culty in application of strong electric fields to solutions.

Not only for the study of molecular reorientation but

also for the study of electronic structure in the excited states,
the measurements of external electric field effects on optical
absorption spectra and on emission spectra are extremely
useful.4–13,16 One of the central issues in physical chemistry
is certainly the understanding of the electronic structure in
the ground state as well as in the electronic excited states of
molecules, and electric dipole moment ��� and molecular
polarizability ��� in each state give a significant information
about the electronic structure. One of the classical ap-
proaches to the evaluation of �� has been the analysis of the
solvent-dependent spectral shifts. The magnitude of the dif-
ference between the absorption energy and fluorescence en-
ergy, that is, the Stokes shift, is related to the �� of the
fluorescent molecule according to the Lippert–Mataga
equation.17,18 This method has been successfully applied to
many molecules so far in solution to estimate ����. In this
method, however, emission measurements are necessary, and
the information about the molecular polarizability cannot be
obtained. On the other hand, not only ���� but also �� may
be able to be evaluated from the EA spectra.

In the present study, we have constructed a liquid cell
which enables us to measure easily and precisely EA spectra
of solution samples in the UV-visible region. EA spectra of
two frequently used probe molecules, i.e., coumarin 153
�C153� and pyrene have been measured in solution as a rep-
resentative of polar and nonpolar molecules, respectively.
C153 has a large dipole moment, while pyrene is a nonpolar
molecule which belongs to D2h point symmetry group in the
ground state. EA spectra of these two compounds doped in a
polymethylmethacrylate �PMMA� solid film have been also
measured for the direct comparison between EA spectra in
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solution and in solid matrix, though EA spectra of these com-
pounds in polymer matrices and organic glasses were already
reported.19,20

II. EXPERIMENTAL

C153 �Lambda Physik�, benzene �Kanto Chemical, spec-
troscopy grade�, and 1,4-dioxane �Wako Pure Chemical,
infinity pure grade� were used without further purification.
Monochlorobenzene �Wako Pure Chemical, spectroscopy
grade� was used following the further purification by
distillation. Pyrene �Aldrich� was purified by recrystal-
lization. The concentration of the solution was
�1–3��10−2 mol /dm3. Polymer films of C153- or pyrene-
doped PMMA were also prepared with the same method as
reported elsewhere.20,21 Briefly, PMMA �Aldrich, averaged
MW=120 000� was purified by a precipitation with a mix-
ture of benzene and methanol and by extraction with hot
methanol. A benzene solution of PMMA and C153 or pyrene
was cast on a quartz substrate that was coated with indium
tin oxide �ITO� and the thin film was obtained using a spin
coating technique. A semitransparent aluminum �Al� film
was deposited on the dried polymer film. The ITO and Al
films were used as electrodes. The thickness of the PMMA
layer was measured using an interferometric microscope sys-
tem �Nanometrics, M3000�. The concentration of the sample,
which was calculated as the molar ratio to the monomer unit
of PMMA, was 1 mol % for both C153 and pyrene.

For the measurements of the EA spectra in solution, the
liquid cell was consisted of two ITO-coated quartz windows,
which used semitransparent electrodes, as shown in Fig. 1. A
silicon-oxide film was evaporated on the ITO-film as an in-
sulator film with a thickness of 0.2–0.4 �m. Between the
electrode surfaces, a Mylar film spacer with 6 �m was
placed to create a gap having a specific distance. The actual
distance of the electrode gap after assembling the liquid cell
was evaluated from the optical interference fringe in the
transmitted light intensity. The field strength was evaluated
from the voltage applied to the cell divided by the gap dis-
tance. By using the newly constructed liquid cells, the maxi-
mum field strength that we could apply to the cell was as
strong as 0.2 MV cm−1. As occasion demands, the sample
solution was circulated through the gap between the elec-
trodes using a peristaltic pump.

EA spectra were measured using a spectrometer �Jasco,
EMV-100�, which covers wavelengths from UV to near-
infrared region. The light beam from a xenon lamp was
monochromated, linearly polarized with a UV polarizer, and
directed through the sample to a photomultiplier tube. The
measurements were performed with a slit-width of 5 nm. The
signal from the photomultiplier tube was amplified and di-
rected both to a dual-phase digital lock-in amplifier �Stanford
Research System, SR830� and to an analog-to-digital con-
verter. The modulation in absorption intensity was induced
by application of a sinusoidal ac voltage having a frequency
of 1.5 or 2 kHz to the sample. Field-induced change in the
transmitted light intensity ��I�2��� was detected at the sec-
ond harmonic �2�� of the frequency of the applied voltage
by using the lock-in amplifier. The dc component of the
transmitted light intensity �I� was recorded using the analog-
to-digital converter. The field-induced change in absorption
intensity, that is, the EA spectrum, was obtained as

�A = − �2�2/ln 10��I�2��/I , �1�

where the factor 2�2 converts the value of the measured rms
�I�2�� signal to its value as if measured with a static electric
field, and the factor 1/ln 10 comes from the expansion of the
formula of the absorbance A=−log�I / I0� on the assumption
of the small change in I.

The EA spectra were measured at different angles � be-
tween the polarization direction �E� of the absorption light
and the direction of the electric field �F� applied to the
sample. To change the angle �, we changed the incident
angle � of the p-polarized absorption light. The angles � and
� obey Snell’s law of refraction12

cos � = n cos � , �2�

where n is a refractive index of the sample and the refractive
index of the air was approximately taken as 1. The value of
n for the solvents used in the present work was assumed to
be equal to its nD value at room temperature.22 From Eq. �2�,
we determined the value of �. All the measurements were
performed in ambient air at room temperature. The applied
field strength F= �F� is represented in the rms value.

FIG. 1. The design of the used liquid cell. �H,H�� The cell holder: �W,W�� quartz plates on which ITO and silicon oxide films are coated; �S� a polymer film
spacer. E is the polarization direction of the incident light. F is the direction of the applied electric field. � is the rotation angle of the cell with which the angle
between E and F is changed.
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III. THEORETICAL BACKGROUND
OF ELECTROABSORPTION SPECTROSCOPY

Energy levels of a molecule or molecular system are
influenced by an electric field, depending on the magnitude
of the permanent dipole moment � and the polarizability �
in the states under consideration. The field-induced change in
the transition energy ��E� between ground �g� and excited
�e� states is given by

�E = − �� · F − 1
2F · �� · F , �3�

where �� and �� are the differences in the dipole moment
and molecular polarizability tensor, respectively, between the
ground and excited states, i.e., ��=�e−�g and ��=�e

−�g. As a result, optical spectra show a shift or/and a broad-
ening upon the application of the external electric fields.

By assuming an isotropic angular distribution of the
molecules without the external electric field, the field-
induced change in absorption intensity ��A� as a function of
wavenumber � can be expressed as the sum of the zeroth,
first and second derivatives of the unperturbed absorption
spectrum A��� as follows:4,23

�A��� = �fF�2�A�A��� + B��
d

d�
�A���

�
	

+ C��
d2

d�2�A���
�
	
 , �4�

where f is the internal field factor and A�, B�, and C� are
coefficients. On the assumption that the field-induced change
in transition dipole moment is negligible, the coefficients A�,
B�, and C� can be expressed as follows:

A� =
�g

2

30k2T2 �3 cos2 � − 1��3 cos2 	 − 1�

+
1

10kT
�3 cos2 � − 1��
m − 
̄� , �5�

B� =
�
̄

2hc
+ � ��
m − �
̄��3 cos2 � − 1�

10hc
	 +

�g��

3hckT
cos �

+ � �g��

15hckT
��3 cos2 � − 1��3 cos � cos 	 − cos �� ,

�6�

C� = ����2�5 + �3 cos2 � − 1��3 cos2 � − 1�
30h2c2 	 , �7�

where c is the speed of light, k is Boltzmann constant, T is
temperature, and �g is the magnitude of the ground state
dipole moment, i.e., ��g�. �
m and 
m represent the diagonal
component of �� and the polarizability in the ground
state �g with respect to the direction of the transition mo-
ment, respectively. �� and �
̄ are given by the following
equations:

�� = ���� and �
̄ = 1
3Tr���� . �8�

� is the angle between the direction of �� and the transition
dipole moment. 	 is the angle between �g and the transition

dipole moment, and � is the angle between �� and �g.
Temperature-dependent terms in Eqs. �5� and �6� arise from
the field-induced molecular reorientation. If molecules are
completely immobile with a random orientation distribution,
these terms can be neglected.

The zeroth derivative component A� �see Eq. �5�� arises
from the deviation of the distribution of the ensemble of
transition dipole moments from isotropy. The first term in
Eq. �5� arises from the orientation of the ground state dipole
moment, i.e., �g along F. The second term reflects an align-
ment along the F due to the polarizability anisotropy in the
ground state. These reorientational effects along the field di-
rection can be detected as a change in absorption intensity.
Stark shift of the transition energy is not relevant to the
zeroth derivative component.

The electronic response of a molecule to the applied
field appears through the Stark shift of the transition energies
�Eq. �3��. If the polarizability change �� is significant, the
Stark shift of the transition energy results in the redshift or
blueshift of the absorption band. The first term in Eq. �6� is
the isotropic component which does not depend on �, and the
second term is the �-dependent component owing to the
change in polarizability anisotropy on electronic transition.
The resulting shape of the EA spectrum is the first derivative
of the absorption spectrum. If the dipole moment change ��
following the light absorption is significant, the absorption
band shape will broaden in the presence of F, giving rise to
the EA spectrum, the shape of which is the second derivative
of the absorption spectrum.

The reorientation effect also contributes to the first de-
rivative component. The third and fourth terms in Eq. �6�
arise from the concerted effect of the orientation of �g along
the F and the linear Stark shift caused by the dipole moment
change ��. This effect can be regarded as a manifestation of
the field-induced orientation after the average over the Stark
effect.

IV. RESULTS AND DISCUSSION

A. Electroabsorption spectra of C153

Polarized EA spectra of C153 in benzene solution were
observed with a field strength of 0.1 MV cm−1. The results
are shown in Fig. 2, together with the absorption spectrum.
The EA spectra remarkably depend on �, i.e., on the angle
between the field direction and the polarization direction of
the absorption light, and the spectra could be simulated by a
linear combination of the absorption and its derivative spec-
tra, as expected from Eq. �4�. The field-induced change in
absorption intensity is proportional to the square of the
strength of the applied electric field, as shown in Fig. 3. The
simulated EA spectra as well as the observed spectra with
�=90° and 54.7° �magic angle� are shown in Figs. 4�a� and
4�b�, respectively, together with absorption and its first de-
rivative spectra in Fig. 4�c�. The experimental values of the
coefficients A�, B�, and C� used to simulate the observed EA
spectra are listed in Table I. The zeroth derivative compo-
nent, A�, is negligible at the magic angle of �, as expected in
Eq. �5�. On the other hand, A� is negative with �=90°. By a
change in � from 54.7° to 90°, the field-induced change in
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absorption intensity monotonically decreased �see Fig. 2�a��,
suggesting that 	, i.e., the angle between the dipole moment
in the ground state ��g� and the transition moment is smaller
than the magic angle �see Eq. �5��. Actually, EA spectra ob-
served at the magic angle of � could be simulated by the first
derivative of the absorption spectrum without consideration
of the zeroth and second derivative components, as shown in
Fig. 4. The magnitude of the second derivative component
C� evaluated from the result in the polymer film is much
smaller than the experimental error of the corresponding
value in solution, as shown in Table I.

The transition moment polarizability and hyperpolariz-
ability are considered to be negligible in C153,19 and the
zeroth derivative component in the EA spectrum can be as-
cribed to the field-induced reorientation of the C153 mol-
ecule. The first derivative component in the EA spectra arises
from both electronic polarization and reorientational polar-
ization. The former effect originates from the change in mo-
lecular polarizability ���� following absorption, while the
latter effect originates from the field-induced reorientation of
C153 molecules. In the EA spectra, the contribution of the
first derivative in the EA spectra is much larger in solution
than in PMMA, indicating that the first derivative component
in solution mainly comes from the field-induced reorienta-
tion of C153 molecules; the first derivative component at the

magic angle of � corresponds to the third term of right hand
side of B� in Eq. �6�, and the difference of the first derivative
component between �=54.7° and 90° comes from the fourth
term of B� in Eq. �6�. In fact, the contribution of the first
derivative term estimated from the results in PMMA, which
arises from the electronic polarization, is negligibly small, as
shown in Table I. Then, �g�� cos � and �3 cos � cos 	
−cos �� /cos � are determined by analyzing the first deriva-
tive component of the EA spectrum in benzene solution �see
Table II�. Based on the zeroth derivative component of the
EA spectrum at �=90°, �g

2�3 cos2 	−1� is determined by as-
suming that the zeroth derivative component corresponds to
the first term of Eq. �5�, as shown in Table II. It is possible to
rationalize this assumption by evaluating the second term in
Eq. �5� from the magnitude of f2��
m−�
̄� determined by
the data in the polymer film �see below�. The contribution of
the second term is expected to be smaller by one order of
magnitude than that of the observed magnitude of the zeroth
derivative component.

FIG. 2. �a� EA spectra of benzene solution of C153 observed with different
angles of � whose values are shown in the figure and �b� absorption spec-
trum of C153 in benzene observed with �=90°. Applied electric field was
0.10 MV cm−1. Molecular structure of C153 is shown in the figure.

FIG. 3. �a� EA spectra of benzene solution of C153 observed with �=90° at
different field strengths from 0.02 to 0.10 MV cm−1 in every
0.01 MV cm−1 and �b� plots of the electric field-induced change in absorp-
tion intensity as a function of the square of the applied field strength moni-
tored at 25 000 cm−1 �closed circle� and 22 200 cm−1 �open circle�,
respectively.

FIG. 4. �a� EA spectrum of benzene solution of C153 observed at
0.10 MV cm−1 with �=90° �solid line� and the spectrum simulated by a
linear combination between the zeroth and first derivatives of the absorption
spectrum �dotted line�, �b� EA spectrum of benzene solution of C153 ob-
served at 0.10 MV cm−1 with �=54.7° �solid line� and the first derivatives
of the absorption spectrum �dotted line�, and �c� absorption and its first
derivative spectra of C153 in benzene.

TABLE I. Coefficients used to simulate the EA spectra of C153. The ex-
perimental errors are shown in parenthesis.

Solvent or matrix
�

�deg�
A�

�10−2 cm2 MV−2�
B�

�10 cm MV−2�
C�

�104 MV−2�

Benzene 90 
2.3��0.2� 1.8��0.6� 0��0.5�
54.7 0 3.1��0.3� 0��0.7�

1,4-Dioxane 90 
2.7��0.2� 2.4��0.5� 0��0.4�
54.7 0 4.4��0.4� 0��0.7�

Chlorobenzene 90 
6.0��0.6� 4.0��0.8� 0��1.5�
54.7 0 7.2��0.8� 0��1.0�

PMMA 90 0 0.11 0.16
54.7 0 0.17 0.24
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EA spectra of C153 have been also obtained in 1,4-
dioxane and monochlorobenzene. The results taken with
�=90° and 54.7° are shown in Fig. 5, together with the ab-
sorption and its derivative spectra. The EA spectra in both
solutions, which depend on �, are similar in shape to the
ones in benzene solution. For example, the EA spectra of
C153 in 1,4-dioxane or monochlorobenzene observed with
�=90° show a marked negative contribution of the zeroth
derivative component, which originates from the field-
induced reorientation effect, and the EA spectra could be
simulated by a linear combination of the zeroth and first
derivatives of the absorption spectrum. Based on the EA
spectra in 1,4-dioxane and in monochlorobenzene,
�g�� cos �, �3 cos � cos 	−cos �� /cos �, and �g

2�3 cos2 	
−1� of C153 are also obtained, as shown in Table II.

In contrast with the EA spectra in solutions, the zeroth
derivative component of C153 was negligibly small in
PMMA irrespective of � �see Fig. 6�, suggesting that C153
molecules are immobilized in a PMMA film; the field-
induced reorientation is negligible in PMMA even in the

presence of electric field as strong as 0.7 MV cm−1. In fact,
the EA spectra of C153 in PMMA could be simulated by a
linear combination of the first and second derivatives of the
absorption spectrum.19 From the EA spectra observed in
PMMA at �=54.7°, where the first and second derivative
components correspond to the first term of Eqs. �6� and �7�,
respectively, the magnitude of f2�
̄ and f�� have been de-
termined to be 60 Å3 and 7.2 D, respectively. With the in-
ternal field correction of f = ��S+2� /3, where �S is the dielec-
tric constant, i.e., 3.6 in PMMA, the magnitudes of �
̄ and
�� are evaluated to be 17 Å3 and 3.9 D, respectively. These
values are roughly the same as the ones reported for C153
doped in the heated PMMA,19 though the PMMA was not
heated in the present experiments. Note that the former ex-
periment was performed at 298 K,19 which is almost identi-
cal to the temperature used in the present study. From the
difference of the second derivative component of the EA
spectra in PMMA between �=90° and 54.7°, �, i.e., the
angle between �� and the transition dipole is determined to
be 19.5°. Note that the second term of Eq. �7� is zero at
�=54.7°, not zero at �=90°. By comparing the first deriva-
tive components of the EA spectra in PMMA between
�=90° and 54.7°, the value of f2��
m−�
̄� is determined
to be 110 Å3. Then, f2�
m is estimated to be 170 Å3 in
PMMA.

Above-mentioned value of �, which was obtained to be
19.5° in PMMA, may be applicable to C153 in solution. By
assuming that the dipole moments both in the ground state
and in the excited states are located in the molecular plane, �

is determined to be 29.5° in every solution to reproduce the
value of �3 cos � cos 	−cos �� /cos � given in Table II.
Then, 	, i.e., the angle between �g and the transition dipole
moment is determined to be 10°. The magnitude of 	 was

TABLE II. EA results for C153 in different solvents.

Solvent Benzene 1,4-Dioxane Chlorobenzene

�S 2.28 2.21 5.71
f2�g

2�3 cos2 	−1� �D2� 108 ��12� 127 ��15� 281 ��30�
f2�g�� cos � �D2� 65 ��7� 96 ��10� 157 ��17�
�3 cos � cos 	−cos �� /cos � 2.2 ��0.2� 2.2 ��0.2� 2.2 ��0.2�
f�g

a �D� 7.4 ��0.4� 8.1 ��0.5� 12.0 ��0.7�
f��b �D� 10.1 ��1.7� 13.6 ��2.4� 15.0 ��2.7�
��c �D� 7.0 ��1.1� 9.7 ��1.7� 5.8 ��1.0�
�g

c �D� 5.2 ��0.3� 5.8 ��0.4� 4.7 ��0.3�
�e

c �D� 11.9 ��1.5� 15.0 ��2.0� 10.2 ��1.2�
a	=10° is used.
b�=29.5° is used.
cf = ��S+2� /3 is used.

FIG. 5. EA spectra of C153 in 1,4-dioxane �left� and in monochlorobenzene �right� observed with a field strength of 0.10 MV cm−1. ��a� and �d�� EA spectra
observed with �=90° �thin solid line� and �=54.7° �thick solid line�, respectively, and the simulated spectra �dotted line�, ��b� and �e�� absorption spectrum
of C153 observed with �=90°, and ��c� and �f�� the first and second derivatives of the absorption spectrum.

244509-5 Electroabsorption spectra J. Chem. Phys. 131, 244509 �2009�

Downloaded 03 Jan 2010 to 133.50.97.248. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



suggested to be as small as 3°–6°,24 to which the present
value is very similar. By employing these values of �, � and
	, f�g and f�� are evaluated.

The internal field factor f accounts for the enhancement
in local field at the position of solute molecule in relation to
the externally applied electric field.25 By using the factor of
f = ��S+2� /3, the dipole moment both in the ground state and
in the excited state, i.e., �g and �e are obtained in each
solvent, As shown in Table II, however, the magnitude of the
dipole moment thus estimated is not constant, though both
values of �g and �e are quite close to the ones determined in
other experimental and theoretical methods.19,24,26–34 Note
that ��=7.1 D evaluated in the gas phase24 is also close to
our results. To understand the solvent dependence of the
present values of �g and �e, it may be necessary to consider
the solute-solvent interaction in the molecular level and to
perform further study. It should be also noticed that the mag-
nitude of the change in dipole moment following absorption
in any solution is much larger than that in PMMA.

B. Electroabsorption spectra of pyrene

Nonpolar molecules of pyrene doped in a PMMA film
are regarded as immobilized even in the presence of electric
fields, as reported previously,20 and the EA spectra of pyrene
in PMMA show the shape given by the first derivative of the
absorption spectrum �see Fig. 7 and Table III�. From the EA
spectra with the magic angle of �, the value of f2�
̄ was
obtained to be 72�10 Å3 in PMMA, which is a little larger
than the one obtained by assuming the isotropic molecular
polarizability, i.e., �
̄=�
m. Note that 61 Å3 was obtained
in our pervious study by using nonpolarized light and
�=90°.20 With the internal field correction, we obtain
�
̄=20�3 Å3. From the difference between the EA spectra
obtained �=54.7° and 90°, f2��
m−�
̄� is determined to be

24�3 Å3, i.e., f2�
m is determined to be 96�13 Å3

in PMMA. With the internal field correction, we obtain
��
m−�
̄�=6.8�0.9 Å3 and �
m=27�3.7 Å3.

EA spectra of pyrene in benzene solution are also ob-
tained for the S2-S0 transition with F=0.1 MV cm−1. The
EA spectra obtained with �=54.7° and 90° are shown in Fig.
7. The shape of the EA spectra is given by the first derivative
of the absorption spectrum in both cases, as in the case of
pyrene in PMMA, indicating that pyrene molecules are ran-
domly distributed in benzene solution even in the presence of
F; pyrene molecules are not reoriented by application of the
electric field because the electric dipole moment of pyrene in
the ground state is zero and the orientational polarizability is
negligible. Thus, the EA spectrum of pyrene results from the
change in molecular polarizability following absorption not
only in PMMA but also in solution. From the EA spectra
observed with �=54.7°, f2�
̄ of pyrene in benzene is deter-
mined to be 130�20 Å3. By comparing the EA spectra ob-
served in benzene at �=54.7° and 90°, f2��
m−�
̄� is de-
termined to be 80�10 Å3 for the S2-S0 absorption transition
of pyrene. Then, f2�
m is determined to be 210�30 Å3

in benzene. With the internal field correction, we
obtain �
̄=63�9.8 Å3, ��
m−�
̄�=39�4.9 Å3, and
�
m=103�14 Å3, respectively. The field-induced orienta-
tion is not necessary to be considered for pyrene both in a

TABLE III. Coefficients used to simulate the EA spectra of pyrene. The
experimental errors are shown in parenthesis.

Solvent or matrix
�

�deg�
A�

�cm2 MV−2�
B�

�cm MV−2�
C�

�MV−2�

Benzene 90 0 3.2��0.6� 0
54.7 0 3.6��0.6� 0

PMMA 90 0 1.8��0.3� 0
54.7 0 2.0��0.3� 0

FIG. 6. �a� EA spectra of C153 in a PMMA film observed at 0.7 MV cm−1

with different angles of �, whose values are shown in the figure, �b� absorp-
tion spectrum in PMMA, and �c� the first and second derivatives of the
absorption spectrum.

FIG. 7. Absorption and EA spectra of pyrene in benzene �left� and in
PMMA �right�. ��a� and �d�� EA spectra observed with �=90° �solid line�
and �=54.7° �dotted line�, ��b� and �e�� the first derivative of the absorption
spectrum, and ��c� and �f�� absorption spectrum observed with �=90°. The
applied field strength was 0.10 MV cm−1 in benzene and 1.0 MV cm−1 in
PMMA. Molecular structure of pyrene is shown in the figure.
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polymer film and in solution, in contrast with C153, in which
orientational polarizability plays a significant role in the EA
spectra in solution. It is worth mentioning that �
̄ as well as
�
m of pyrene in benzene is larger than that in PMMA after
a simple Lorentz field correction by adopting the f , though
the reason is not known well.

V. SUMMARY

We developed a liquid cell for the EA measurements of
solution samples, and polarized EA spectra in solutions and
in polymer films were measured and compared to each other.
For a polar molecule of C153 in solutions, the marked �
dependence of the shape of the EA spectra was observed; the
zeroth derivative component of the absorption spectrum is
not negligible in the EA spectra of C153 in solution except
for �=54.7°, which comes from the � dependence of the
field-induced change in absorption intensity. The presence of
the zeroth derivative component demonstrates that the C153
molecules are reorientated in solutions by application of
electric field. In contrast with C153 in solutions, the zeroth
derivative component was negligible in the EA spectra of
C153 doped in a PMMA film, indicating that C153 mol-
ecules are immobilized in PMMA even in the presence of
electric fields. Nonpolar molecules of pyrene show the EA
spectra which are similar in shape to the first derivative of
the absorption spectrum both in solution and in PMMA, and
the zeroth derivative component of the absorption spectrum
is negligible, indicating that the molecular reorientation of
pyrene caused by the applied electric field is negligible both
in solutions and in PMMA. Based on the analysis of the EA
spectra, the magnitude of the electric dipole moment both in
the ground state and in the excited state were evaluated for
C153. The magnitudes of the polarizability and its anisotropy
of pyrene were evaluated both in PMMA and in benzene
solution, and it is shown that the magnitude of the change in
polarizability in benzene is much larger than in PMMA.
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