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External electric field effects on the electronic absorption spectra have been examined for 2-
hydroxyquinoline (2-HQ) doped in polymer films of poly(methyl methacrylate) (PMMA) and poly(vinyl
alcohol) (PVA). The electroabsorption (E-A) spectra of 2-HQ observed at 295 K and at 50 K show the
change both in the permanent dipole moment (��) and in the molecular polarizability (�˛) associated
with the absorption transitions to the lower lying electronic states. The polarization dependence and the
temperature dependence of the E-A spectra show that 2-HQ is oriented along the direction of applied
tark effects
olecular orientation
ydrogen-bond
lectroabsorption spectroscopy
olymer films
ydroxyquinolines

electric fields at room temperature both in PMMA films and in PVA films. At a low temperature of ∼50 K,
on the other hand, the field-induced orientation of 2-HQ is restricted in both films, and only the Stark
shifts induced by changes in �� and �˛ are observed. 6-Hydroxyquinoline (6-HQ) also orients along
the applied electric field in PMMA, but the field-induced orientation of 6-HQ is restricted in PVA even at
room temperature [M.S. Mehata, T. Iimori, T. Yoshizawa, N. Ohta, J. Phys. Chem. A 110 (2006) 10985]. The
difference of the field-induced orientation in PVA between 2-HQ and 6-HQ suggests that 2-HQ has a cis

tate.
enol form in the ground s

. Introduction

The electrostatic interaction among charged and polar
olecules or functional groups plays an important role in

iological systems, which leads to particular biophysical molecular
ecognitions or molecular assembly formations. Among the bio-
ogically important molecules, the bifunctional hydroxyquinolines

hich undergo an excited-state charge transfer and subsequent
roton transfer following photoexcitation have attracted much
ttention [1–11].

As reported in our previous paper [12], we examined the external
lectric field effects on absorption spectra of 6-hydroxyquinoline
6-HQ) doped in a polymer film of poly(methyl methacrylate)
PMMA) or poly(vinyl alcohol) (PVA) to elucidate the electronic
tructure as well as the dynamics in the electronically excited state
f this molecule. It was shown that the state energy of 6-HQ is

ffected by an electric field in polymer matrices because the per-
anent dipole moment and molecular polarizability in the ground

tate of this molecule are different from the ones in the excited
tate. It was also shown that 6-HQ shows a molecular orientation

∗ Corresponding author. Tel.: +81 11 706 9410; fax: +81 11 706 9406.
E-mail address: nohta@es.hokudai.ac.jp (N. Ohta).

1 Permanent address: Photophysics Laboratory, Department of Physics, DSB Cam-
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oi:10.1016/j.jphotochem.2009.02.010
© 2009 Elsevier B.V. All rights reserved.

along the field direction at room temperature in the presence of
external electric fields even when 6-HQ was confined in a poly-
mer matrix of PMMA. Further, it was shown that the field-induced
molecular orientation of 6-HQ was restricted even at room tem-
perature, when 6-HQ was confined in a polymer matrix of PVA.
Then, it is interesting to know whether the polymer matrix depen-
dence of the field-induced orientation, i.e., the difference between
the field-induced orientation in PMMA and that in PVA results from
the difference in hydrogen-bond interaction between solute and
polymer matrix or from the difference in size of the free volume of
the polymer matrix between PMMA and PVA.

In 6-HQ as well as in 5- or 7-hydroxyquinoline, intramolec-
ular hydrogen-bond is not allowed because of a long distance
between the –OH- and –N-functional groups. In these molecules,
therefore, intermolecular hydrogen-bonds play a dominant role
in structural formation and in dynamics in the ground state and
in the excited states. For example, hydrogen-bonded complexes
with water/alcohol/acetic acid molecules or other polar groups of
the surroundings are easily formed in the ground state as well as
in the excited state, and the excited-state proton transfer reac-
tion may request participation of protic solvent molecules [13].

In 2-hydroxyquinoline (2-HQ), on the other hand, the –OH- and
–N-functional groups are in close proximity, and an intramolecular
hydrogen-bond may be formed. If the strength of the interaction
between hydroxyquinoline and polymer matrix plays an important
role in the electric-field-induced orientation of 6-HQ, therefore,

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:nohta@es.hokudai.ac.jp
dx.doi.org/10.1016/j.jphotochem.2009.02.010
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he electric-field-induced orientation whose behaviour is differ-
nt from each other between 2-HQ and 6-HQ may be observed.
ereafter hydrogen-bond is denoted by H-bond.

In the present study, we have measured the electroabsorption
E-A) spectra of 2-HQ doped in PMMA films and in PVA films. Based
n the polarization dependence and the temperature dependence
f the E-A spectra, electric field effects on the state energy and on
he molecular orientation of 2-HQ are discussed, and a comparison
s made between 6-HQ and 2-HQ. It was reported that 2-HQ can
xist in enol and keto forms [7–11]; the enol form is more stable
n the gas phase, whereas the keto form is more stable in solution
specially in polar solvents owing to the stabilization of a zwitte-
ionic resonance structure. The enol form of 2-HQ can undergo cis
o trans isomerization. In the analysis of the E-A spectra of 2-HQ,
herefore, a possibility was considered that different conformers of
-HQ exist in polymer films.

. Experimental

The procedure of the sample preparation is the same as the
ne reported previously [12]. PMMA and PVA films containing 2-
Q (1 mol%) (Aldrich) were prepared by a spin coating technique
n a silica glass plate precoated with a conductive indium-tin-
xide (ITO) layer. A semitransparent aluminum film was deposited
n the polymer film by a vacuum vapor deposition technique.
he concentration of 2-HQ was 1 mol% relative to the monomer
nit of PMMA or PVA. The thickness of the thin layer of 2-HQ
oping PMMA or PVA, which was measured with an interferom-
ter microscope, was typically 1.6 �m in PMMA and 1.8 �m in
VA.

Absorption measurements were performed with a Hitachi U-
500 spectrophotometer. E-A spectra were measured with the
pparatus which is essentially the same as the one reported pre-
iously [14]. A conversing light beam form Xenon lamp of Jasco
P-777 spectrofluorometer was collimated and directed through
n �-barium borate (�-BBO) polarization prism (CASIX, JDSU) and
hrough the sample slide on an external photomultiplier, which
as further amplified and divided into two channels. The dc

omponent of the transmitted light intensity was directly col-
ected by a computer, and the ac component synchronized with
he applied voltage was recorded by a lock-in amplifier (SR830,
RS) at the second harmonic of the modulation frequency of
he applied electric field. The amplitude and the phase signals
rom the output of the lock-in amplifier (�I(2�)) were finally
igitized and recorded by the computer together with the dc com-
onent.

The E-A spectra of 2-HQ were obtained at the normal angle and
t the magic angle between the direction of the applied electric
eld and the electric vector of the excitation light. To change the
ngle �, we rotated the sample holder following Snell’s law, which
epends on the refractive index of host polymers. Note that the
efractive index of PMMA and PVA is 1.544 and 1.506, respectively
15,16]. The change in absorption intensity caused by the applica-
ion of an electric field is defined as �A = −(2

√
2/ln 10)�I(2�)/I,

here the factor 2
√

2 converts the value of measured rms signal
o its equivalent dc signal. The details of the measurements of the
olarized absorption and E-A spectra were described elsewhere
15].

The temperature dependence of the E-A spectra was examined
ith a non-polarized light at the normal incident angle in a range

f 295–50 K in vacuo. The sample substrate was cooled using a

ryogenic refrigerating system (Daikin, V202C5LR) equipped with
uartz optical windows, and the temperature of the substrate was
ontrolled and monitored using a temperature controller (Scientific
nst., model 9600) with a silicon diode thermometer (Scientific Int.,
i410A) [17].
hotobiology A: Chemistry 204 (2009) 39–45

3. Theory of electric field modulation spectroscopy

Molecular energy levels are influenced by an external electric
field (F), depending on the molecular parameters, i.e., electric dipole
moment, �, and molecular polarizability, ˛, of the state concerned.
The Stark effect, i.e., the shift in transition energy (�E) due to an
externally applied electric field, F, is given by

�E = −��F − 1
2 F�˛F (1)

Here, �� and �˛ are the differences in the dipole moment vec-
tor and molecular polarizability tensor, respectively, between the
ground and excited states i.e., �� = �e − �g, and �˛ = ˛e − ˛g.

By assuming an isotropic distribution of the molecules in PMMA
and PVA films, the change in absorption intensity (�A) as a function
of wavenumber, �, in the presence of F, i.e., �A(�), can be expressed
as a sum of the zeroth, first and second derivatives of the absorption
spectrum as follows [18–21].

�A(�) = (fF)2

[
A�A(�) + B��

d

d�

{
A(�)

�

}
+ C��

d2

d�2

{
A(�)

�

}]
, (2)

where F = |F|, � is the energy in wavenumber and f is the internal field
factor. The coefficients of the derivatives, i.e., A�, B� and C� are asso-
ciated with molecular properties of the systems. When molecules
are fixed, A� is related to the change in the transition moment and
orientational anisotropy upon application of an applied field, B� is
associated with the change in the polarizability and C� is associated
with the change in the permanent dipole moment. By neglecting the
field-induced change in the transition moment polarizability and
hyperpolarizability, the coefficients A�, B� and C� can be expressed
as follows:

A� = �2

30k2T2
(3 cos2 � − 1)(3 cos2 � − 1)

+ 1
10kT

(3 cos2 � − 1)(˛m − ˛) (3)

B� = �˛

2hc
+

{
(�˛m − �˛)(3 cos2 � − 1)

10hc

}
+ ���

3hckT
cos �

+
(

���

15hckT

)
(3 cos2 � − 1)(3 cos � cos � − cos �) (4)

C� = (��)2

{
5 + (3 cos2 � − 1)(3 cos2 � − 1)

30h2c2

}
(5)

In the above equations, h represents the Planck’s constant, c is
the speed of light and T is the temperature, and �̄ is the magni-
tude of the ground state dipole moment, �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 moment,
respectively. � is the angle between the direction of �� and the
transition dipole moment. � is the angle between �g and the tran-
sition dipole moment, and � is the angle between ��̄ and �g. ��̄
and � ¯̨ are given by the following equations:

��̄ = |��| and � ¯̨ = 1
3 Tr(�˛) (6)

In Eqs. (3) and (4), the temperature dependent terms are useful
to understand the molecular orientation in the presence of applied
electric field because these terms arise from the field-induced ori-
entation [21].
4. Results

The absorption and polarized E-A spectra of 2-HQ doped in poly-
mer films of PMMA or PVA were measured at room temperature
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Fig. 1. (a) Absorption spectrum of 2-HQ doped in a PMMA film at a concentration
of 1 mol% at room temperature (solid line), bands g1 and g2 (thin dotted line), their
superposition (thick dotted line); (b) the first derivative and (c) the second derivative
of the g1 and g2 absorption bands; (d) E-A spectrum observed at room temper-
ature with � = 90◦ (shaded), together with the simulated spectrum (dotted line);
(
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Fig. 2. (a) Absorption spectrum of 2-HQ doped in a PVA film at a concentration of
1 mol% at room temperature (solid line), bands g1 and g2 (thin dotted line) and their
superposition (thick dotted line); (b) the first derivative and (c) the second derivative
of the g1 and g2 absorption bands; (d) E-A spectrum observed at room temper-

◦

e) E-A spectrum observed at room temperature with � = 54.7◦ (shaded), together
ith the simulated spectrum (dotted line). The applied electric field strength was

.7 MV cm−1.

nder the atmospheric conditions. The polarized E-A spectra were
easured with a field strength of 0.7 MV cm−1. Measurements were

lso carried out at different temperatures in vacuo.
Fig. 1 shows the absorption and E-A spectra of 2-HQ doped in

PMMA film, together with the first and second derivatives of the
bsorption spectrum. These spectra were measured at room tem-
erature with the normal incident angle, i.e., � = 90◦ and magic
ngle, i.e., � = 54.7◦ in the region from 26,500 to 38,400 cm−1. Simi-
ar experiments were carried out for 2-HQ doped in a PVA film. The
esults are shown in Fig. 2. The absorption spectra of 2-HQ doped in

MMA as well as in PVA exhibit two strong bands in the region from
6,500 to 38,400 cm−1. As shown in Figs. 1a and 2a, the absorption
pectra are reproduced by a superposition of two absorption bands,
.e., g1 and g2, which probably correspond to the S0 → S1 and S0 → S2
ature with � = 90 (shaded), together with the simulated spectrum (dotted line);
(e) E-A spectrum observed at room temperature with � = 54.7◦ (shaded), together
with the simulated spectrum (dotted line). The applied electric field strength was
0.7 MV cm−1.

transition of 2-HQ, respectively. In PMMA, the absorption maxima
of the g1 and g2 bands are at 30,320 and 37,411 cm−1, respectively.
Both bands show a blue shift (∼80 cm−1) in PVA. In PMMA, the g1
band exhibits two shoulders at ∼28,926 and ∼31,400 cm−1, and the
g2 band also shows a shoulder at 36,233 cm−1, which is assigned
to the vibronic structure. A similar structure was observed in the
absorption spectrum of 2-HQ in PVA. The shape and the intensity
maximum of these absorption spectra are similar to the ones in
solution [11]. It may be important to note that the origin for the
�–�* transition of keto and enol forms was reported to be 29,112

and 31,349 cm−1, respectively [9].

As shown in Fig. 1, the observed E-A spectra were simulated by a
linear combination of the zeroth, first and second derivatives of the
absorption spectrum, as expected from Eq. (2). In the whole region,
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Table 1
Fitted parameters used to simulate the E-A spectra of 2-HQ doped in PMMA and PVA films at a temperature of 295 or 50 K.

Polymer Absorption band A� (MV−2) B� (cm−1 MV−2) C� (cm−2 MV−2)

90◦ 54.7◦ 90◦ 54.7◦ 90◦ 54.7◦

295 K 50 K 295 K 295 K 50 K 295 K 295 K 50 K 295 K

PMMA g1 −9.59 × 10−4 (−2.04 × 10−4) 0.0 4.08 × 10−5 0.612 (0.204) 0.142 1.04 286 (163) 234 362
g2 −3.46 × 10−4 (−2.44 × 10−4) 0.0 7.14 × 10−4 1.800 (0.470) 0.306 2.84 592 (285) 428 652

P × 10−4

× 10−4

T

t
e
c
a
a
i
d

a
l
n
a
d
b
P
n
a

F
o
b
0

VA g1 −0.00122 (−0.0004) 0.0 2.04
g2 −0.00106 (−0.0004) 0.0 4.08

he values given in parentheses are obtained under vacuum condition.

he E-A spectra are well simulated with the derivative spectra of
ach of the g1 and g2 absorption bands (Figs. 1d and 1e). Then, the
oefficients of the zeroth, first and second derivatives, i.e., A�, B�

nd C� of Eq. (2) were obtained for the g1 and g2 band, respectively,
t two different angles. These results are shown in Table 1. It is
mmediately noticed that the coefficients A�, B� and C� markedly
epend on the angle �.

The E-A spectra of 2-HQ in a PVA film measured at different
ngels of � at room temperature could be similarly simulated by a
inear combination of the zeroth, first and second derivative compo-
ents of the absorption spectrum. E-A spectra observed with � = 90◦

nd with � = 54.7◦ are shown in Fig. 2. The zeroth, first and second
erivative coefficients of 2-HQ in PVA obtained for the g and g
1 2
ands are also shown in Table 1. As in PMMA, these coefficients in
VA depend on �. In both films, the zeroth derivative coefficient is
egative at the normal incidence angle and positive at the magic
ngle, and the magnitude of the latter is much smaller than the for-

ig. 3. Absorption spectra (top) and E-A spectra (bottom) of 2-HQ doped in a PMMA film (
f 50 K. Two absorption bands i.e., g1 and g2, their superposition (thick dotted line) are sh
ands are shown in the middle, separately, and the simulated spectra of the E-A spectra a
.7 and 0.5 MV cm−1 in PMMA and PVA films, respectively.
1.938 (0.80) 0.360 2.122 469 (220) 240 448
2.918 (1.14) 0.360 4.081 1254 (560) 580 1836

mer. Thus, the E-A spectra observed at the normal incidence and at
the magic angle of � are different from each other both in PMMA
and in PVA, which is very different from 6-HQ. As reported in our
previous paper [12], the E-A spectra of 6-HQ in PMMA significantly
depend on �, whereas the E-A spectra in PVA are independent of �.

The E-A spectra of 2-HQ doping PMMA and PVA were measured
at 50 K with � = 90◦. The results are shown in Fig. 3, together with
the absorption spectrum and its derivative spectra. The E-A spectra
of 2-HQ at 50 K are very different from those at 295 K both in PMMA
and in PVA. As described above, the E-A spectra of 2-HQ at 295 K
could be simulated by a linear combination of the zeroth, first and
second derivatives of the absorption spectrum both in PMMA and
in PVA. On the other hand, the E-A spectra of 2-HQ at 50 K could be

simulated by a linear combination of the first and second deriva-
tives of the absorption spectrum both in PMMA and in PVA, and the
zeroth derivative component was not necessary for the simulation,
as shown in Fig. 3. The coefficients of B� and C� for the g1 and g2

left) and in PVA film (right) at a concentration of 1 mol% observed at a temperature
own in the top. The first and second derivative spectra of the g1 and g2 absorption

re also shown in the bottom by a dotted line. The applied electric field strength was
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Table 2
Molecular parameters obtained from the E-A spectra of 2-HQ doped in polymer films at a temperature of 295 or 50 K. The subscripts 1 and 2 correspond to the g1 and g2

states, respectively.

Polymer 	�̄1/D 	�̄2/D 	 ¯̨ 1/Å
3

	 ¯̨ 2/Å
3

295 K 50 K 295 K 50 K 295 K 50 K 295 K 50 K

P 3.01
P 3.51
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shown in Figs. 1 and 2. The E-A spectra of 6-HQ in PMMA show the
significant contribution of the zeroth derivative component at room
temperature. When the temperature is as low as 50 K, the contribu-
tion of A� completely vanishes, and the E-A spectrum became close

Table 3
The angle � between the directions of �� and the transition dipole moment. The
MMA 2.77 ± 0.15 2.23 ± 0.10 3.72 ± 0.3
VA 3.07 ± 0.10 2.25 ± 0.15 6.24 ± 0.6

he reported values are not corrected for the internal field factor, i.e., f.

ands determined from the simulation of the E-A spectra of 2-HQ
t 50 K are given in Table 1.

. Discussion

When external electric fields are applied to 2-HQ doped in a
olymer film, it is expected that the absorption spectra show shift
nd broadening, which gives rise to the first and second derivatives
f the absorption spectrum, respectively, because of the difference
n permanent dipole moment (��) and molecular polarizability
�˛) between the ground and excited electronic states. Addition-
lly, 2-HQ which has the permanent dipole moment in the ground
tate may have a tendency to show an anisotropic orientation of
he molecules in the presence of electric fields, unless molecules
re fixed in a matrix. It is unlikely that molecules can rotate freely
n polymer matrices, but a rotation with a small angle may be
xpected. In fact, we reported the field-induced molecular orienta-
ion of 6-HQ, indole and its methyl-derivative in a PMMA polymer

atrix at room temperature, which is much below the glass tran-
ition temperature (Tg), based on the polarization measurements
f the E-A spectra. Note that the Tg of PMMA and PVA matrices are
78 and 358 K, respectively [22,23].

At a low temperature of 50 K, the E-A spectra observed in PMMA
nd PVA are quite similar in shape to the second derivative of the
bsorption spectrum (see Fig. 3), indicating that �� between the
round and the excited states is very significant for the E-A spec-
ra. As described above, however, the E-A spectra at 50 K could be
eproduced by a linear combination of the first and second deriva-
ive components of the absorption spectrum, indicating the not only

� but also �˛ are significant between the ground state and the
xcited states.

It is worth mentioning that the zeroth derivative contribution is
egligible at 50 K, i.e., A� = 0, both in PMMA and in PVA (see Table 1).
he results show that the molecular orientation of 2-HQ molecules
s completely restricted at 50 K; molecules are immobilized in poly-

er films. Then, the values of � ¯̨ as well ��̄ can be estimated,
ased on Eqs. (4) and (5). The results are shown in Table 2.

The polarized E-A spectra of 2-HQ at 295 K are quite similar
n shape to the first derivative of the absorption spectrum espe-
ially at the magic angle of � (see Figs. 1 and 2), indicating that
he field-induced change in the absorption spectrum mainly comes
rom the change in the polarizability following the absorption
ransition. Actually, the zeroth and the second derivatives of the
bsorption spectrum are necessary to reproduce the E-A spectra
see Table 1). The contribution of the zeroth derivative component
s very large in the E-A spectra at 295 K with � = 90◦ (see Table 1),

hich is very different from the one at 50 K. These results suggest
hat a field-induced orientation occurs both in PMMA and in PVA
t room temperature. The magnitude of ��̄ and � ¯̨ determined
rom the coefficient of B� and C� in PMMA and in PVA at 295 K
re shown in Table 2 for both g1 and g2 bands. When � = 54.7◦,

he zetroth derivative component must be zero even when the
eld-induced molecular orientation occurs, according to Eq. (3).
s shown in Table 1, however, the zeroth derivative component
annot be neglected to reproduce the E-A spectra at room temper-
ture even at � = 54.7◦. These results are different from the ones at
± 0.3 30 ± 2 5 ± 2 86 ± 5 11 ± 4
± 0.1 74 ± 4 12 ± 3 143 ± 4 12 ± 3

50 K, where the zeroth derivative component is negligible. Though
the zeroth derivative component cannot be neglected, however, the
zeroth derivative component is much smaller at � = 54.7◦ than that
at � = 90◦ both in PMMA and in PVA, which supports the field-
induced orientation along the applied electric field in both films at
room temperature. At the moment, it is not known why the zeroth
derivative component is not negligible at room temperature even
with � = 54.7◦.

Based on the � dependence of Eq. (5), i.e., from the difference
in E-A spectra between � = 90◦ and � = 54.7◦, the angle (�) between
the transition dipole moment and the change in the permanent
dipole moment was evaluated. The results are shown in Table 3.
These values are very different from each other in PMMA and PVA.
It is noted that the direction of the optical transition moment of cis
enol 2-HQ was reported from the calculation to be ±39◦ relative to
the direction of the inertial axis [8].

The magnitude of ��̄ at 50 K, where the field-induced orienta-
tion of 2-HQ is restricted, is close to the one at room temperature.
However, the value of � ¯̨ at 50 K is much smaller than that at 295 K.
This is probably because � ¯̨ at 295 K consists of the change in the
electronic polarizability and orientational polarizability, and the
value of � ¯̨ at 50 K shown in Table 2 may result from the molecular
polarizability, not from the orientational polarizability.

��̄ as well as � ¯̨ in PMMA may be the same as in PVA, if
the interaction between polymer matrix and 2-HQ is the same.
Then, the difference between � ¯̨ in PMMA and in PVA at 295 K
may give the difference in the orientational polarizability between
both polymers, which probably comes from the difference in the
hydrogen-bonding ability and/or polarity between PMMA and
PVA. The interaction between polymer matrix and 2-HQ may sig-
nificantly modify the ground state dipole moment of the polar
chromophore resulting in the change both in ��̄ and in the ori-
entational polarizability. Apart form this, it is expected that PVA
has a larger free volume and possible less rigidity than PMMA [2],
which may be related to the larger value of A� in PVA than in PMMA.
In fact, the matrix dependence of ��̄ and � ¯̨ were reported for the
all-trans-retinal, i.e., between polymers of PMMA and polyethylene
[24,25].

The E-A spectra of hydroxyquinolines show a different matrix
dependence from each other, when the position of OH functional
group is different in the quinoline ring. For example, E-A spectra of
6-HQ in PMMA are very different from those in PVA at room tem-
perature, as already reported in our previous paper [12], whereas
E-A spectra of 2-HQ are similar to each other in both matrices, as
subscripts 1 and 2 correspond to the g1 and g2 states, respectively.

Polymer �1 �2

PMMA 34◦ 45◦

PVA 59◦ 21◦
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Scheme 1. B3LYP/6-31G(d,p) minimum energy structures of cis (

n shape to the second derivative of the absorption spectrum, which
s quite similar to 2-HQ. In PVA, on the other hand, the E-A spectra
f 6-HQ have no contribution of the zeroth derivative component
ven at room temperature and are independent of the tempera-
ure, which is very different from 2-HQ. Based on these results, it
as concluded that 6-HQ could be oriented along the applied elec-

ric field in PMMA, whereas the field-induced orientation of 6-HQ
as restricted in PVA at room temperature. In contrast with 6-HQ,
-HQ can be oriented along the applied electric field direction both

n PMMA and in PVA at room temperature, though the orientation
f 2-HQ is restricted at a low temperature of 50 K both in PMMA
nd PVA films.

It is interesting to know whether there is some evidence in
bsorption and E-A spectra with respect to the existence of 2-HQ
n its different forms, since both cis and trans forms give almost
imilar stabilization energy in the ground state. The observed E-A
pectra of 2-HQ could be well fitted with the g1 and g2 absorption
ands, clearly indicating the presence of only one form of 2-HQ in
MMA as well as in PVA films. If the absorption bands of the dif-
erent species overlap, it is unlikely that the E-A spectra can be
imulated by taking the derivative components of the observed
bsorption spectrum. Therefore, the present E-A spectra seem to
ule out the existence of two different forms of 2-HQ. As a sin-
le species of 2-HQ, cis enol form where O–H bond can be taken
s considered (see dotted line in Scheme 1), since a formation of
he intramolecular H-bond between the hydroxy hydrogen and the
ing nitrogen atom seems to be essential to interpret the present
esults, as will be mentioned below. It is noted that the intramolec-
lar H-bond cannot be formed between two functional groups in
rans enol rotamer of 2-HQ (cf. structure of cis and trans rotamers of
cheme 1).

Due to the presence of the intramolecular H-bond, cis enol form
f 2-HQ cannot form intermolecular H-bond even in the PVA poly-
er (or the intermolecular H-bond is weak enough) and hence cis

nol form of 2-HQ appears to be free for the motion/reorientation
ithin the available free volume of PMMA as well as PVA in the
resence of electric fields. Thus, the intramolecular H-bond in 2-
Q appears to be stronger than the intermolecular H-bond between
-HQ and polymer matrix. Probably this is the reason why the field-

nduced orientation occurs for 2-HQ both in PMMA and in PVA at
oom temperature. Note that PMMA is a weaker H-bonding poly-
er than PVA. In fact, the presence of the intramolecular H-bond

n the cis enol form of 2-HQ was confirmed in the vapor phase by
he observation of the perpendicular displacement of the hydroxy
ydrogen [8]. In contrast with 2-HQ, the intermolecular H-bond

ay be formed between 6-HQ and the polymer matrix since two

unctional groups in 6-HQ are far apart from each other (∼10 Å),
hich cannot allow to form the intramolecular H-bond in cis/or

rans rotamer. Then, it may be reasonable to consider that 6-HQ
orms the intermolecular H-bond with the functional groups of PVA,
h an extra added dotted green line) and trans (b) forms of 2-HQ.

which restricts the field-induced orientation of 6-HQ in PVA films
in the presence of electric fields. In PMMA, it appears that 6-HQ
does not form the intermolecular H-bond or that the intermolecu-
lar H-bond is not strong enough to prevent reorientation of 6-HQ
in the presence of electric fields.

6. Summary

The polarized E-A spectra of 2-HQ doped in PMMA and in PVA
were measured at room temperature with different angles between
the electric vector of the excitation light and the applied electric
field, i.e., at the normal incident case and at the magic angle case.
The E-A spectra of 2-HQ doped in PMMA and PVA films have also
been measured at different temperatures, i.e., at 295 and 50 K. Spec-
tral shifts as well as spectral broadenings have been observed in
2-HQ, indicating a significant change in the electric dipole moment
(��) and in the polarizability (�˛) following photoexcitation. The
polarization dependence and the temperature dependence of the
E-A spectra clearly show the field-induced orientation of 2-HQ in a
cavity of PMMA and PVA in the presence of electric fields at room
temperature. 6-HQ is also oriented along the applied field direc-
tion in PMMA, but 6-HQ is not oriented along the electric field in
PVA even at room temperature, in contrast with 2-HQ, presumably
due to the intermolecular H-bond. The fact that the E-A spectra
could be well fitted with the derivative spectra of the observed
absorption spectrum, together with the presence of the reorien-
tational effects in both polymers, suggests only the existence of
cis enol form of 2-HQ. The cis enol form of 2-HQ may be stabilized
by the intramolecular H-bond between the hydroxy hydrogen and
nitrogen atom.
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