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We propose possible mechanisms for the highly enhanced electrooptic response by formation of J-aggre-
gates observed for porphyrin molecules. For J-aggregates, the signal intensity deviates from the quadratic
dependence on the electric field to show saturation behavior for a high field, while that for monomers
obeys the quadratic dependence, as expected for the Kerr response. This phenomenon can be explained

by the molecular rearrangement model, where the dipole-dipole interaction energy is modified by field-
induced change in the angle between the molecular transition dipole moment and the aggregation axis. A
possible contribution of charge-transfer states to the electrooptic response is also evaluated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

For optical communication and optical information processing
technology, materials with large optical nonlinearity are highly de-
manded for electron-photon and photon-photon information con-
version. One of the solutions is the use of excitonic nonlinearity, for
which Frenkel excitons in J-aggregates are candidates owing to
sharp resonance and a large transition dipole moment. We have re-
ported that the difference in the static polarizability, Ao, between
the excited and ground states is 70 times larger for J-aggregates
than for monomers [1]. This is a remarkable result, but the mech-
anism of the extraordinary enhancement of electrooptic response
has since been left to be explained.

There is a model to explain that Aa scales with the coherent
aggregation number N, the size of a meso-aggregate [2-4]. From
this model, it is concluded that TPPS J-aggregates have the coher-
ent size as large as 70 molecules. However, other experimental
facts indicate a smaller number (from 5 to 20) of size [5-10]. In
addition, this model takes into account only two levels (the ground
and single exciton states), where Ac is always negative, in contra-
diction with the positive values for Ax in most of experiments. In
order to explain these positive values, one should take into account
higher excited states, i.e., more than the two levels. In such a real-
istic model, it is discussed that there is no enhancement in Ax due
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to N, if the two-exciton state is also taken into account [11]. As a
mechanism for electrooptic response in molecular crystals, it is
also proposed that the coupling between charge-transfer (CT)
and the Frenkel states is crucial for the enhancement of Ac, and
this model has accounted for the experimental electroabsorption
spectra in polyacene crystals [12-14].

In the present Letter, we propose a new model for explaining
the large enhancement for Ax by formation of J-aggregates. It is
the molecular rearrangement model, where an electric-field-in-
duced change in the angle between the molecular transition dipole
moment and the bonding axis of the meso-aggregate is responsible
for the giant electrooptic response. In order to verify this model, we
have investigated the dependence of the signal on the frequency
and the electric-field strength to show that the experimental re-
sults are consistent with this model.

2. Experimental

J-aggregates and monomers of tetraphenyl porphyrin tetrasulf-
onic acid (TPPS) dispersed in polyvinylalcohol (PVA) thin films on
glass substrates were prepared with the method depicted in Ref.
[1]. Prior to the preparation of sample films, an array of 8 interdig-
itated aluminum electrodes, each with a width of 0.5 mm sepa-
rated by gaps of 0.5 mm, was deposited on the slide glass by
vacuum evaporation.

White light from a xenon-lamp (Hamamatsu, L2273) was colli-
mated after focused through a 200-pum pinhole and then loosely fo-
cused on the sample to cover the multiple electrode gaps. An ac
electric field of Fex = Fosin(2mft) with Fo~ 10° V/m and
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f =20—-25000 Hz was applied between the electrodes by using a
function generator (NF, 1956 multifunction synthesizer) combined
with a high-voltage amplifier (Matsusada, HEOPT-5B20) to detect
the field-induced absorbance change through a spectrometer with
a multichannel lock-in amplifier [15]. f was extended to a value 10
times as large as that used in the preceding report [1]. The absor-
bance changes due to the Pockels and Kerr effects were detected at
the modulation frequency f and its second harmonic 2f, respec-
tively. Here we focused on the Kerr response, for which Ax was de-
duced from the red shift of the B band for both monomer and J-
aggregates. In order to study the dependence of the signal on the
electric-field strength, the field amplitude was slowly modulated
with a period of 1000 s, while full transmission change spectra
were taken for every 10 s with f = 235 Hz.

The method of data analysis followed Ref. [1]. Because the con-
ventional spin-coating method was used, the axes of the J-aggre-
gates were two-dimensionally oriented parallel to the film plane.
The external electric field Fexx was within the film plane. The local
field F,c was estimated by the Lorentz field with the dielectric con-
stant ¢ as

e+2

Floc :TFexta (1)

where ¢ =5.9 for PVA. The absorption change can be written as
[1,16]

DA 0A A
AA = {A0|A!‘\f ﬁ}|Floc| + {BOAOCE + CO‘Aﬂﬁf W}Floczv (2)

where Ay, By, and Cy are constants depending on the degree of
molecular orientation. These values can be estimated by comparing
[Auly = > Aw|/N determined from the Pockels effect with

[Aulyy = /> |Au>/N from the Kerr effect, where N denotes the
number of monomers or J-aggregates.

3. Results

Fig. 1 shows an absorption spectrum of TPPS J-aggregates, a typ-
ical electroabsorption spectrum, and the fitting curve calculated
from the first derivative of the absorption spectrum.

Absobance

-—=- fitting

2.2 24 2.6 2.8 3.0

Photon energy (eV)

Fig. 1. Top: absorption spectrum of TPPS J-aggregates. Bottom: typical electroab-
sorption spectrum (solid curve) taken at 2f with f= 235 Hz and Fey, = 2.1x10° V/m
for 10 s and the fitting curve (dash-dotted curve) calculated from the first derivative
of the absorption spectrum.
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Fig. 2. The signal intensity (peak absorption change in the B band due to the red
shift at 2f) as a function of the external electric field for aggregates (a) and for
monomers (b) at f=235 Hz. (a) J-aggregates: the fitting curves are proportional to
F2,, (solid curve) and F2%/(a + F2,) (dashed curve). In the unit of 10° V/m for Fex,
a=10.3. The amplitude Fe for the AC electric field was periodically modulated
between 0 and 4 x 10° V/m at the period of 1000 s. The signal spectra were stored
every 10 s with a time constant of 3 s for the multilock-in detection. The data over 3
periods were averaged. (b) Monomers: the fitting curve is proportional to Fﬁxt (solid
curve).

Fig. 2 shows the electric-field dependence of the signal inten-
sity, i.e., the change in the peak absorption of the B band due to
the red shift. For the J-aggregates, the signal intensity deviates
from the quadratic dependence on Fe for higher Fe, while that
for the monomers obeys the quadratic dependence. This depen-
dence was reproduced for periodic cycles of increasing and
decreasing electric field. Fig. 3 shows the electric-field dependence
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Fig. 3. Electric-field dependence of ByAx, which is proportional to AA/F?X[. for
aggregates obtained from the results in Fig. 2a.
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of ByAa, which is proportional to AA/F,
tained from the results in Fig. 2a.

Fig. 4 shows the modulation frequency (f) dependence of the
ratio of Ao for the J-aggregates to that for the monomers. Three
typical patterns for the dependence are shown in (a)-(c). Ax for
the monomers has no frequency dependence, as shown in (d).

No significant change in the absorbance was observed before
and after the electroabsorption experiments for all the samples.
Thus, there was no detectable degradation (such as bleaching ef-
fect) in the samples during the experiments.

Table 1 summarizes the results for the present experiments and
those for the preceding paper [1]. Although the experimental val-
ues for Ag are distributed due to sample dependence both for the
monomers and the aggregates, the ratio of Ao,g t0 Admen

for the J-aggregates ob-
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(enhancement factor) ranges from 500 (low field) to 15 (high field).
The ratio of 60-80 reported in Ref. [1] falls within this range.

In Table 1, errors in Ref. [1] are corrected. In Ref. [1],
Fioc = [(¢ +2)/(3€)]Fext Was used. Therefore Ax was overestimated
because F was underestimated. Au was also in error because the
conversion factor was taken as 1 Debye =3 x 103! Cm, while
the true one is 1 Debye = 3.34 x 1073 C m. The values for Au in
Ref. [1] was doubly overestimated due to the errors in the conver-
sion factor and the local field. The reestimated values in the B-band
are as follows. Ao for J-aggregates is 570-1100 A®> while Aa for
monomer is 10-14 A3, |Aply for J-aggregates is less than 0.17 D
while |Aul, for monomer is less than 0.017 D. |Au|, for J-aggre-
gates is less than 0.009 D while |Au|; for monomer is less than
0.0005 D.
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Fig. 4. Modulation frequency dependence of the ratio of Ax for J-aggregates to that for monomers. Three typical patterns of dependence are shown in (a)-(c). Ax for
monomers in (d) does not have the frequency dependence. B, in Eq. (2) is assumed to have the same value for both monomers and J-aggregates. Fexr = 2.5 x 10° V/m for (a)

and (b), 2.1 x 10° V/m for (c), and 2.9 x 10° V/m for (d).

Table 1
Stark parameters of the TPPS J-aggregate and monomer.
BOAy (AB)a
Work B-band High field Low field
(>3 x 10°V/m) (<2 x 10°V/m)

Present paper Aggregate 100-300 200-2000

Monomer 4-7 4-7
Preceding paper [1] Aggregate 280 (3.1 x 10° V/m)

Monomer 5 (3.1 x 10°V/m)

@ Ao is a diagonal component of the A« tensor. For aggregate, Ao = TrAa while for monomer 2Ax = TrA« [1]. By ranges from 7/20 to 1/2 for monomer and from 1/4 to 1/2 for
aggregate. The local field factor is taken as g = (¢ + 2)/3 = 2.63. The values without this correction are given by g2BoAc. The modulation frequency is in the range of
100 Hz < f< 1 kHz, where no substantial frequency dependence was observed.
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4. Models and discussion
4.1. Molecular rearrangement model

The transition dipole-transition dipole interaction energy J is

expressed by Ref. [17]

2

]:%(1—3c0526)7 (3)
where M is the transition dipole moment of the molecule, r is the
intermolecular distance, ¢g is the background permittivity, and 6
is the angle between the molecular transition dipole moment and
the intermolecular bonding (aggregation) axis. J determines the
absorption energy of the J-aggregates such that the energy shift
from the monomer energy is given by 2J. It depends strongly on
the molecular arrangement. For TPPS J-aggregates, 2] = —0.4 eV
and the field-induced red-shift energy is 1.4 x 107> eV. If we take,
for example, r = 1 nm and 0 = 20°, then the observed energy shift
is caused by the change in 0 as small as A0 = 0.002°, or the change
in r as small as Ar=0.0001 A. The change in the angle seems to be
more probable than that in the distance for the following reason:
The dipole moment is induced in the constituent monomers by
the field, and it rotates due to the torque exerted by the field. In this
case, no change occurs in the center of mass for each molecule.
When the mutual distance changes, however, the monomers lo-
cated on both ends of the aggregates should change its position
by a much larger distance. This is unlikely to occur.

Fig. 5 depicts this model to explain the experimental finding of
the electric-field dependence. Initially, i.e., before the electric field
is applied, the constituent molecules in the J-aggregates are located
at certain stable positions, making a finite angle between the
molecular transition dipole moment and the intermolecular bond-
ing axis, which are determined by the intermolecular interaction
and the polymer potential. When an alternating electric field is ap-
plied, the electric-field induced dipole moments in the molecules

low F - high F
(a) — (b)
F,=0 |[&F &F & V| |2 =% =2 J)
By =ma > > > | [ > > |
(VARVARSIVARSVA
F,, =max WA A

Fig. 5. Schematic of the rearrangement model. Above: (a) With (F # 0) and without
(F = 0) electric field, each molecule in J-aggregates changes its direction such that
the molecular axes are more aligned due to the electric-field induced dipole
moment (expressed by + and —) in the ground state. It does not matter whether it is
in the ground or excited state because there is no substantial difference in the
polarizability between the two as measured for the monomer. Since |/, | < |J,|, the B-
band is red-shifted by 2(|J,| — |/,])- The transition dipole moment is denoted by the
thin double-sided arrows («). The direction of the applied alternating electric field
is shown by the thick double-sided arrow. (b) If the electric field is large, the
molecules are rearranged into the more aligned configurations with J = J, by the
Fo—o(cxF*) component to give a smaller Fy, (< F?)-induced red shift by 2(|Jy| — |I])-
Below: more realistic model for the molecular arrangement with a slipped face-to-
face stacking from top view, which takes account of the molecular structure for the
diacid H4,TPPS?~ monomer. There are two orthogonal transition dipole moments in
the molecular plane. The side view is similar to the arrangement shown in the
above figure.

tend to be aligned along the electric-field direction. As a result,
the angle decreases and the transition dipole-transition dipole
interaction J increases, resulting in the red shift of the J-band.
The upper part of Fig. 5 shows the simplest model for a rod-like
molecule, where the induced and transition dipole moments are
both parallel to the molecular axis. The lower part of Fig. 5 shows
a more realistic model for a disk-like TPPS molecule. The monomer
constituting the aggregates is the diacid H,TPPS?~ molecule such
that the positively charged center of one H,TPPS?>~ molecule at-
tracts the negatively charged peripheral substituents of the adja-
cent molecules to form a linear assembly with a slipped face-to-
face stacking [19]. Since the monomer has two orthogonal transi-
tion dipole moments in the molecular plane, the assembly forms
J- and H-aggregates simultaneously. The lower part shows the
top view of the assembly, while the upper part is regarded as the
side view in this respect. If the TPPS aggregates are isotropically
distributed in the matrix, the electric-field induced shift occurs
evenly in both (red and blue) directions. In the present experiment,
by contrast, we used the spin-coated PVA film, under which the
electrodes were deposited. Therefore, the aggregates were distrib-
uted in the film plane and the in-plane electric field was applied.
This is exactly the case depicted in Fig. 6, where the red shift dom-
inates over the blue shift in agreement with the experiment.

4.2. Electric-field dependence

The intuitive view presented above is theoretically supported
by a simple mechanical model in the following. As shown in
Fig. 7, monomer molecules are positioned in the mechanical equi-
librium such that its molecular axis is tilted by a small angle
0o(< 1) with respect to the intermolecular bonding axis. When
the alternating electric field F is applied in the direction of the
bonding axis, a dipole moment is induced in the molecular axis
of each monomer and is made aligned in the field direction. We as-
sume the Lorentz model with displacement x for the induced di-
pole moment gx in the monomer with g being the electronic
charge. This aggregate can rotate as a rigid body around its center
of mass by the angle of 6 with respect to 0y against the restoring
force. Then, the equations of motion are represented by

m(X + wax) = qF cos(fp — 0) ~ gF, 4)
1(6 + Q20) = gxF sin(6y — 0) ~ qxF (6 — 0), (5)
where m is the mass of the charge, I is the moment of inertia for the
monomer, @y and Q, are the resonance frequencies due to the
restoring force, and 6y — 6 is the angle from the intermolecular

bonding axis. Substituting F = Focoswt and x = xocoswt with
w = 27f (wo, 20 > ), we obtain

F
)

e \

Red shift

Blue shift No shift

in TPPS/PVA film plane

Fig. 6. Four possible directional arrangements of TPPS aggregates in the spin-
coated PVA film. Any arrangement of the aggregate is expressed by the combination
of these four, all of which occur at the same probability. Thus, the red shift is
dominated over the blue shift when the electric field is applied in the film plane.
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cos2wt

aggregation axis % 0 =
90\/ / Q" ,
. - Q. +kF,

0

Fig. 7. Left: definition of the angles 6 and 6, in the mechanical model for the
molecular rearrangement model. The magnitude of the angles is exaggerated. Right:
with F = Fo cos wt applied, the axis of the monomer molecule oscillates with 2«
about the angle of Q20y/(92 + kF2) (Eq. (8)), which is decreased for larger Fo.

q Fo
0= W ®)
q F
XF = TR ) (14 cos2wt) = F,—0 + Fa, cOs 2wt. (7)
2

The first term in Eq. (7) rearranges the molecular axes in a more
aligned position, as shown in Fig. 5b, and the second term modu-
lates them at 2f. Neglecting the higher-order terms than Fé, one
can obtain

2

Q
0o — 0 ~—"%— 0y — ¢ COS 2t 8
0 Q(Z) A 0 d)O ( )
2
~ g1 A cosao 9)
Q+A Q+A
with
_ & K @R e
C2ml @ - w?  2ml @ kFo, 1o
2 2
b AQ2 )y A% an

0o.
(% +A—4w?)(Q5 +A) (2 + A)?

Eq. (9) explains the electric-field dependence of the signal depicted
in Fig. 5, as illustrated in Fig. 7. To be more precise, the Fy depen-
dence of the modulation of | is estimated with Eq. (3) as

M? M?

]:W(l —3cosz(eo—9))EW[—us(eo—eﬁ (12)
with
2
(0p — 0)* =2 ngiAgboé)o cos2mt + C, (13)
0
42
:_2%ogcoszwt+c, (14)
(5 + kFy)
kKFo
~—2———cos2wt +C, (15)
Q + 3KkFj

where C represents terms other than that oscillating with 2« and
the minus sign indicates the red shift in the | band. For order esti-
mation, A is roughly estimated to be 10" s=2 when y is of the elec-
tronic origin such that wy ~ 10'°, q is taken as the charge of the
electron and m as its mass, I is taken as 10 x (proton mass) x (1 A)?,
and Fy ~ 10° V/m. If Q, is in the range of GHz, as is reasonable for
the rotational frequency, A(= kFg) and Qé are comparable in Eq.
(15), resulting in a deviation from the F; dependence of the 2f sig-
nal intensity (red shift in the ] band), as observed in Fig. 2a.

As for the monomer, by contrast, the electric-field dependent
energy is expressed simply by
P*Fg
2mw3
This is purely the electronic response without a saturation effect.
Although there is a contribution from the molecular rotation to
the polarizability as well, it is readily deduced that the rotational

E = —qxFcos(0y — 0) ~ —qxF ~ —

(1 + cos2wmt). (16)

contribution is of higher order than F3 such that the electronic con-
tribution dominates for the 2f response.

4.3. Frequency dependence

The modulation-frequency dependence is more difficult to ex-
plain. As shown in Fig. 4, there are three patterns: as the frequency
is increased, the ratio of Ad,gg to Aome, decreases in Fig. 4a, in-
creases in Fig. 4b, and initially decreases steeply and gets leveled
in Fig. 4c, while Aomon Stays nearly constant in the whole frequency
range in Fig. 4d. It is unknown what experimental parameters and
what conditions for sample preparation determine the frequency
dependence, but one of the possible explanations is as follows.

The observations in Fig. 4a can be explained by the change in
the local-field behavior due to the frequency-dependent dielectric
constant ¢ of a PVA matrix. A hydrophilic-polymer film like PVA
contains moisture in highly humid environment. When many
water molecules enter into main polymer chains, interaction be-
tween the chains is reduced and its dielectric constant ¢ increases
more for lower frequencies, say between 10" and 10* Hz [18]. The
frequency dependence of ¢ for a moistened PVA film was measured
in this frequency range, as shown in Fig. 8. From Eq. (1), the local
field decreases as ¢ decreases with frequency. As a result, the signal
intensity decreases with frequency as shown in Fig. 4a. One of the
drawbacks for this mechanism is that the frequency dependence
for the monomer should also have been observed for this reason.
In addition, the behavior in Fig. 4b and c is left to be explained.

4.4. Coupling model with charge-transfer states

Our final remark is concerned with a possible contribution from
the CT states to the enhancement in the A« for J-aggregates. Cou-
pling between the Frenkel and CT excitations, which is proposed
to be responsible for the difference in the polarizability between
the excited and ground states, has been used to account for the
electroabsorption spectra in polyacene crystals [12-14]. In the
present experiment, there exists one characteristic feature which
cannot be explained by the rearrangement model. As seen in
Fig. 1, the AA spectrum for J-aggregates is not fit completely by
the first derivative of the absorption spectrum, but there is a resid-
ual feature around 2.46 eV, i.e., a small negative peak showing a
decrease in the absorption. This might be a signature of the CT
states which emerges if the wavefunctions of neighboring mole-
cules overlap spatially.

The model Hamiltonian for dimer molecules in Ref. [12] can be
used to obtain some insight into the possible contribution of the CT
states to the difference in the polarizability observed here.

2.0 P
vy
LR
. v | —— 0.5 min
w r LY - = 5min | T
& VA -+ =11 min
8 \\ . \"\ —-= 17 min
c SO\t == 22 min
S 1.0
o
©
Q
©
o
0.0 ool ool Lo

10! 10% 10° 10°
Frequency (Hz)

Fig. 8. Frequency dependence of the capacitance of a PVA film as a function of the
elapsed time after it was placed in highly humid (100%) circumstances.
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E, D, 0 0 2,52 0.01 0 0

D, Eaq, —pF O 001 246 -0002 0

0 —pF Eo. D | | 0 —0002 2525 001]

0 0 D E 0 0 001 28
(17)

where Er, and Er_ are the Frenkel exciton energies for symmetric
and antisymmetric combinations of the locally excited states,
respectively (|AB") £|A"B)), and Ecr, and Ecr_ are the CT exciton
energies for symmetric and antisymmetric combinations of the
charged states, respectively (JA"B*)+|A"B7)). D, and D_ denote
the coupling energies between the Frenkel and CT states, and p is
the dipole moment of the CT states, and F is the static electric field.
The Eg, exciton is optically allowed, while the Er_ exciton is opti-
cally forbidden. The CT excitons have negligible oscillator strengths
in comparison with the Frenkel excitons.

The values for Er, and Ecr, [eV] are taken from the B band
absorption peak and the negative peak in the AA spectrum, respec-
tively. Ecr_ [eV] is assumed to be located slightly above the Eg,, in
order to induce a significant red shift by F as a result of repulsion
between closely spaced Er, and Ecr_ states. Er_ [eV] is taken to
be sufficiently distant from Eg,, reflecting the large J, but it does
not precisely follow the experimental value since this is the dimer
model different from the real situation for the J-aggregates. p is as-
sumed to be e x 1 nm with e being the charge of the electron, i.e.,
one electron is moved between the molecules separated by 1 nm.
The values for D, and D_ [eV] are taken from Ref. [14]. Then, the
above matrix is numerically diagonalized both for F=0 and
F =2 x10° V/m as follows:

Ep. 2.52162
E&, | | 245838 ()
B2 2.52464
B 2.80036
for F =0, and
Er. 2.52159
Eqr, | | 245832 (19)
Ef. 2.52473
E 2.80036

for F =2 x 10° V/ma.

The E7, state red-shifts to Ef, by 3 x 107 eV in reasonable
agreement with the experiment, and the EY;, state decreases its
oscillator strength to give the EET , state: For F =0, the Ecr. state
acquires the oscillator strength by coupling with the optically al-
lowed Ep, state alone, and for F # 0, it decreases the oscillator
strength by coupling not only with the Ep, state but also with
the Ecr_ state. This simple model shows the possibility that cou-
pling between the Frenkel and CT excitons is the origin of the large
difference in the polarizability observed for the J-aggregates.

However, this model needs further theoretical refinement. First,
this is a simplified model, where only the dimer is considered. Sec-
ond, the energy positions for both Ecr, and Ecr_ states need to be
theoretically justified. It is artificially assumed here, to reproduce
the experimental observation, that Ecr, is only slightly below Eg,
and that Ecr_ is at nearly the same level as Eg,. Third, this model

can hardly explain the deviation from the quadratic dependence
of the signal on the electric-field strength.

5. Conclusion

We have found a deviation from the quadratic dependence of
the Kerr signal intensity on the electric field for TPPS J-aggregates.
This behavior is characteristic of J-aggregates and is not observed
for monomers. The modulation frequency dependence has also
been observed only for J-aggregates, and it has three typical pat-
terns. These unique features can be explained qualitatively by
the molecular rearrangement model proposed in the present study.
This model is quantitatively reasonable as well: The observed large
enhancement in Ax accompanying aggregate formation is shown
to be caused by an angular rearrangement as small as 0.002° of
the constituent molecules in response to the applied electric field.

In comparison, we have examined the validity of the coupling
model of charge-transfer and Frenkel excitations: The enhance-
ment in Ax can be explained quantitatively. In addition, the resid-
ual feature at 2.46eV in Fig. 1 can be explained qualitatively,
although the signal intensity has not been evaluated quantita-
tively. Nor is it possible to explain the non-quadratic dependence
on the electric field, so that it needs further theoretical refinement.

The rearrangement model is therefore considered to be as
appropriate as the conventional coupling model for explaining
the electrooptic response in porphyrin J-aggregates. In order to
give a further experimental support to this model, one needs to
study samples with orientational order of the aggregates other
than that in a spin-coated film or another geometry of the applied
electric field direction with respect to the sample.
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