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We have studied third-order nonlinear optical(NLO) properties of charge-transfer-(CT) type conjugated
copolymer composed of an electron-donating molecule, thiophene, and electron-accepting one, quinoxaline,
using the electroabsorption, two-photon absorption, and third-harmonic generation spectroscopies. The analy-
ses of the obtained nonlinear optical spectra reveal that the CT character of the excited states leads to small
oscillator strength of linear absorption but large third-order nonlinear susceptibility, resulting in the strong
enhancement of figure of merit for NLO devices.
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Since Sauteretet al. reported the enhancement of optical
nonlinearity in polydiacetylenes due to one-dimensional
(1D) confinement of electrons,1 third-order nonlinear optical
(NLO) properties of conjugated polymers have been exten-
sively studied.2 Many theoretical approaches have also been
tried to explain the mechanism of the NLO properties in
conjugated polymers.3–5 Among them, Dixitet al.4 proposed
a simple description of the electronic states of conjugated
polymers based on the Peierls-extended Hubbard model.
Their model is successful in explaining various optical pro-
cesses in conjugated systems, including not only nonlinear
optical processes but also the dynamical behaviors of photo-
excited states.6–14 According to their model, third-order op-
tical nonlinearity in conjugated polymers is dominated by
three essential states, which are a ground stateuGl, a one-
photon allowed stateuBl with odd parity, and a one-photon
forbidden stateuAl with even parity. As for linear optical
response, most of oscillator strength from the ground state is
concentrated on theuGl-to-uBl transition with the transition
dipole moment expressed askGuxuBl. The stateuAl, which
lies immediately above the stateuBl, closely relates to third-
order nonlinear optical response as well as the stateuBl. It
has been suggested that these features are essentially inde-
pendent of physical parameters dominating electronic struc-
ture such as on-site and nearest-neighbor Coulomb repul-
sions and strength of bond alternations.

Both the excited states,uBl and uAl, in conjugated poly-
mers are considered 1D excitons, which have the intermedi-
ate character between Wannier and molecular(Frenkel)
excitons.15,16The natures of these two exciton states,uBl and
uAl, are considerably different; the stateuBl is strongly
bound exciton and the stateuAl is rather delocalized one. As
a result,kGuxuBl becomes very large, whilekBuxuAl is not so
increased due to the different spatial extension of the states
uBl and uAl. The largekGuxuBl increases not only the third-
order nonlinear susceptibilityxs3d but also the linear absorp-
tion coefficienta, so that it does not necessarily enhance the
figure of merit (FOM) for NLO devices defined asxs3d /a.
Therefore, largekBuxuAl will be desirable for good NLO ma-
terials. The enhancement ofkBuxuAl is expected to be

achieved by making the stateuBl as delocalized as the state
uAl.

A possible approach for this is to introduce charge-
transfer(CT) character into the lowest exciton in conjugated
polymers. Recently such CT-type polymers have been syn-
thesized, in which electron-donating aromatic molecules and
electron-accepting ones are alternately bonded to compose
conjugated chains.17–19 In these copolymers, the optical gap
corresponds to the CT transition from the highest occupied
molecular orbital(HOMO) of donor to the lowest unoccu-
pied molecular orbital(LUMO) of acceptor. It is expected
that the CT character will make the stateuBl delocalized.
This will lead to the enhancement ofkBuxuAl through the
resemblance of the spatial extension of wave functions of the
two excited states.

In this paper, we report the third-order NLO properties of
a CT-type copolymer composed of electron-donating mol-
ecule, thiophene(Th), and electron-accepting one, quinoxa-
line (Qx), poly(2,3-bis-(3-octyloxyphenyl)quinoxaline-5,
8-diyl-alt-thiophene-2,5-diyl) (PThQx) [see Fig. 1(a)]. To re-
veal the effect of the introduction of the CT character, we
have performed comparative studies of NLO properties be-
tween PThQx and homopolymer, poly(3-hexylthiophene)
sPThd (see Fig. 1(b)), using electroabsorption(EA), two-
photon absorption(TPA), and third-harmonic generation
(THG) spectroscopies. The EA and TPA spectra reveal the

FIG. 1. Molecular structures of PThQx(a) and PTh(b).
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overall excited-level structure including one-photon forbid-
den states, dominating the NLO responses. Moreover, we
quantitatively evaluate the third-order nonlinear susceptibil-
ity xs3ds−3v ;v ,v ,vd by THG measurements. From the
analysis of xs3ds−3v ;v ,v ,vd spectra based on a simple
discrete-level model, we evaluate the transition dipole mo-
ments between the odd and even excited states as well as the
oscillator strength of the transition from the ground state to
the lowest odd excited state. Comparison of the transition
dipole moments and the oscillator strength between PThQx
and PTh reveals that the introduction of the CT character to
the lowest excited state enhances the FOM for the NLO de-
vices in PThQx.

PThQx is synthesized from two monomers,
2,5-bis(trimethylstannyl)thiophene and 2,3-bis(3-
octyloxyphenyl)-5,8-dibromoquinoxalines by organometallic
polycondensation. The synthetic method was previously re-
ported in detail.17 The head-to-tail poly(3-hexylthiophene)
sHT-PThd and random poly(3-hexylthiophenes) sRa-PThd
are synthesized by the method reported in Refs. 20 and 21,
respectively. In Ra-PTh, 20% of Th-Th couplings are of
head-to-head type, making the chain regiorandom.

The spin-cast films of PThQx and PTh are fabricated from
CHCl3 solution onto SiO2 substrates. For the EA experi-
ments, we used the film spin-cast onto an ITO-coated SiO2
substrate, on which a semitransparent aluminum electrode is
evaporated. The alternating voltage(frequencyf =1 kHz ) is
applied between the ITO and the electrode. The 2f compo-
nent in the change of absorbance is picked up by a lock-in
amplifier. To obtain TPA spectrum, the excitation profile of
two-photon excited luminescence was measured on PThQx
and Ra-PTh by varying the excitation photon energy from
0.73 to 1.3 eV and monitoring the luminescence intensity at
a fixed energy, 1.75 eV, which is close to the peak of the
luminescence spectrum in both polymers. In the THG experi-
ments, an OPO laser pumped by a Nd:YAG laser was used as
a light source(900–2100 nm, pulse width,6 ns). Third-
order nonlinear susceptibilityxs3ds−3v ;v ,v ,vd is obtained
by the Maker’s fringe method.22 A sample is mounted in a
vacuum cell to avoid the THG from air. A SiO2 plate was
used as a reference sample. All the optical measurements
were performed at room temperature(RT) except for the EA
measurement of HT-PTh done at 77 K in which the measure-
ment is difficult at RT due to the low resistivity.

Figure 2(a) shows the absorption spectrum of PThQx,
which has three peaks labeled by I, II, and III. The lowest
absorption peak I is located around 2 eV. This energy is
lower than both of the peak energies of homopolymers, PTh
s2.4 eVd and polyquinoxalinesPQxd s3.5 eVd.23 Such a low
energy shift of the peak I indicates the CT character of the
lowest excited state in the copolymer. Namely, the peak I
corresponds to the CT transition from the HOMO of the
donor (Th) to the LUMO of the acceptorsQxd with odd
parity. The peaks IIs3.41 eVd and III s4.35 eVd can be as-
signed to the intramolecular(IM ) HOMO-LUMO transitions
of Qx and Th, respectively. In HT-PTh, most of the oscillator
strength concentrates on the absorption peak around 2.4 eV,
as seen in Fig. 2(d). That is in contrast with PThQx, in which
the higher-lying absorption peaks II and III have large ab-

sorption coefficients comparable to the lowest peak I.
EA measurements are useful to investigate the overall

energy-level structure in the excited states including one-
photon forbidden states with even parity. The EA spectrum
of PThQx is shown in Fig. 2(c), in which two oscillating
structures are observed around 2 and 3.5 eV. To understand
the origin of these structures, we first compare the EA spec-
trum with the energy-derivative of absorption coefficient,
da /dE [Fig. 2(b)], which corresponds to the Stark shifts of
the one-photon allowed states with odd parity to the lower
energy. The lower-energy part of each oscillating structure
indicated by the solid-line arrows in the EA spectrum is al-
most reproduced byda /dE. However, each oscillating struc-
ture has a discrepant positive component in the higher energy
part indicated by the dotted-line arrows. As observed in vari-
ous conjugated polymers,6,7,9,14,24–29applied electric field
mixes the one-photon allowed state with odd parity and the
one-photon forbidden state with even parity, and makes the
latter weakly allowed. Therefore, the emergent positive com-
ponent around 2.5 eV is attributable to the CT excited state
with even parity. It is natural to consider that the two CT
states with odd and even parity correspond to the above-
mentionedessential states, uBl anduAl, respectively. Another
positive component around 3.7 eV is reasonably assigned to
the IM excited state with even parity.

FIG. 2. Absorption coefficient(a) spectra[(a) and(d)], energy-
derivative ofa [(b) and(e)], and EA spectra[(c) and(f)] of PThQx
and HT-PTh, respectively. In(c) and(f), solid-line arrows show the
structure corresponding to the Stark shift of the one-photon allowed
state. Broken-line arrows to the electric-field induced absorption of
one-photon forbidden state. Schematics of the lowest two excited
states in PThQx and PTh are shown in(g) and (h), respectively.
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The absorption spectrum, the first energy-derivative of the
absorptionda /dE and the EA spectrum in HT-PTh are pre-
sented in Fig. 2(d)–2(f), respectively. The EA spectrum
shows a single oscillating structure at 2–3 eV. As in the case
of PThQx, the lower energy part of the oscillating structure
indicated by the solid-line arrow is reproduced byda /dE
and, therefore, can be assigned to the Stark shift. The posi-
tive signal observed in the higher energy part indicated by
the dotted-line arrow reflects the one-photon forbidden state
with even parity. These two states are regarded as theessen-
tial states. Above 3 eV, no other signal is observed in the EA
spectrum of HT-PTh. It is in contrast with the results of
PThQx, in which the higher-lying excited states above
3.5 eV show significant contribution to the NLO susceptibil-
ity.

The essential excited statesof PThQx and HT-PTh de-
duced from the EA measurements are schematically drawn in
Figs. 2(g) and 2(h), respectively, by means of a simple local-
ized picture. In this picture, the lowest one-photon allowed
excited statesu1ld in PThQx, which is observed in the ab-
sorption spectrum, is the odd linear combination of the left-
ward and rightward CT excited states,uLl and uRl, while the
one-photon forbidden excited statesu2ld observed in the EA
spectrum as the field-induced absorption is their even linear
combination. On the other hand, in HT-PTh, the stateu1l is
the exciton with an electron and a hole located on the same
site and the stateu2l is a CT state composed of the even
combination of the rightward and leftward CT states as
shown in Fig. 2(h).

To detect the one-photon forbidden states with even parity
more directly, we have performed TPA experiments in
PThQx. The obtained spectrum is shown in Fig. 3(a) by the
open circles. A distinct peak is observed at 1.24 eV in fun-
damental photon energy, indicating that the stateu2l is lo-
cated at 2.48 eV. For comparison, we show the TPA spec-
trum of Ra-PTh in Fig. 3(b) by the open circles. With an
increase of energy, the TPA starts to increase at about 1.1 eV
and is accompanied by a shoulder structure around 1.2 eV.
The shoulder structure and the background component are
attributable to TPA to the stateu2l and the continuum, respec-
tively, since the one-photon forbidden exciton state is usually
located very close to the edge of the continuum in conju-
gated polymers.3

In Fig. 3(a), the THG spectrum of PThQx is shown by the
filled circles. It has two prominent structures around 0.65 eV
and 1.05 eV in fundamental photon energy. The energy po-
sition of the lower peaks0.65 eVd is just one third of the
peak energys1.95 eVd of the absorption spectrum, so that we
reasonably attributed this peak to the three-photon resonance
to the stateu1l [P1 in Fig. 3(c)]. As for the 1.05-eV peak,
there are two possible interpretations of resonant structures.
One is the two-photon resonance to the stateu2l (P2) and
another is the three-photon resonance to the higher-lying
one-photon allowed IM stateu3l (P3). These two processes
are not exclusive alternative, but may coexist. In order to
clarify the contribution of the two resonant processes, we
have fitted the xs3d spectrum by using the following
equation,30 including the oddsu1ld and evensu2ld CT states,
and the oddsu3ld and evensu4ld IM states

xs3ds− 3v;v,v,vd

<
N

e0

e4

"3F k0uxu1lk1uxu2lk2uxu1lk1uxu0l
sv1 − iG1 − 3vdsv2 − iG2 − 2vdsv1 − iG1 − vd

+
k0uxu3lk3uxu4lk4uxu3lk3uxu0l

sv3 − iG3 − 3vdsv4 − iG4 − 2vdsv3 − iG3 − vdG . s1d

Here,N is the density of aromatic molecules;vi andGi are
the energy and the damping constant of the stateuil, respec-
tively. In Eq. (1), only the two main terms are presented and
the other six subsidiary terms are omitted for simplicity. The
first and second terms represent the NLO process associated
with the CT and IM excited states, respectively. Since the
natures of the CT excited states and the IM excited states are
considerably different from each other, the transitions be-
tween these two kinds of excited states are neglected. In the
fitting procedure, it was found that the absorption band I in
Fig. 2(a) cannot be explained by a single band due to the
presence of a phonon side-band related to the

FIG. 3. THG spectra(dots), absorption spectra(solid lines), and
TPA spectra(open circles) of PThQx(a) and Ra-PTh(b). The bro-
ken lines show the THG spectra calculated based on the discrete-
level models. The dotted lines are drawn as guide to eyes for TPA
spectra. Figure(c) shows schematically the resonant processes in
THG (P1: the three-photon resonance to the stateu1l, P2:the two-
photon resonance to the stateu2l, and P3: the three-photon reso-
nance to the stateu3l).
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C=C stretching mode. Considering that the absorption band
I is composed of the zero phonon line of the lowest one-
photon allowed CT state(the stateu1l) and its phonon side-
band (the stateu18l), the absorption band I can be well re-
produced. In this case, two CT statesu2l and u28l
corresponding tou1l andu18l, respectively, should be consid-
ered for the one-photon forbidden CT state as well. However,
these two bands could not be distinguished in our NLO spec-
tra. This is possibly due to the broadening of the spectral
shape related withu2l andu28l. Therefore, in our analysis, we
consider only a single stateu2l for the one-photon forbidden
CT state and assume thatk1uxu2l=k18uxu2l. The calculated
spectrum obtained by using the complete expression ofxs3d

is presented by the broken line in Fig. 3(a), which reproduces
well the experimentalxs3d spectrum. The obtained param-
eters are v1=1.95 eV, v18=2.1 eV, v2=2.48 eV, v3
=3.1 eV, v4=3.47 eV, k0uxu1l=0.59 Å, k0uxu18l=0.695 Å,
k1uxu2l=k18uxu2l=11.2 Å, k0uxu3l=0.803 Å, k3uxu4l=15.5 Å.
The higher-energy peak cannot be explained by the two-
photon resonance to the stateu2l nor the three-photon reso-
nance to the excited stateu3l alone, but can be reproduced by
the superposition of these two resonance processes.

In Fig. 3(b), we present the THG spectrum of Ra-PTh by
the filled circles, which is considerably different from that of
PThQx. The THG spectrum of Ra-PTh shows a single peak
at around 0.8 eV and a shoulder structure at around 1.2 eV,
which can be reproduced only by the first term in Eq.(1) as
shown by the broken line in Fig. 3(b). In this fitting calcula-
tion, two phonon side-bands,u18l and u19l, related to the C
=C stretching mode were taken into account as in the case of
PThQx. The obtained parameters arev1=2.08 eV, v18
=2.26 eV, v19=2.44 eV, v2=2.4 eV, k0uxu1l=0.16 Å,
k0uxu18l=0.53 Å, k0uxu19l=0.95 Å, k1uxu2l=k18uxu2l
=k18uxu2l=4.9 Å. The main peak and the shoulder structure
of thexs3d spectrum are attributable to the three-photon reso-
nance to the one-photon allowed state and the two-photon
resonance to the one-photon forbidden state.

The maximum value ofxs3d in PThQx reaches 2
310−11 esu, which is larger than that of Ra-PThs0.9
310−11 esud. In order to clarify the difference of the NLO
response between PThQx and PTh, we compare the obtained
parameters of the two polymers in Fig. 4. The oscillator
strengthf of linear absorption per aromatic unit(Th or Qx)
in PThQx is 0.43, which is much smaller than that of PTh
(0.76). As for k1uxu2l, PThQx shows a larger values11.2 Åd
than PThs4.9 Åd. Taking into account the spatial configura-
tion of an electron and a hole in the excited state, we can
deduce that the CT copolymer has smallerf and larger
k1uxu2l as follows. In the exciton picture, the magnitude off
is determined by the amplitude of the envelope function of
the exciton at the origin in the relative coordinate between
the excited electron and hole.31 The amplitude at the origin
corresponds to the probability of the on-site or the IM exci-
tation. Therefore, the CT copolymer has relatively smallf as
compared with the homopolymer. On the other hand,k1uxu2l

is dominated by the similarity in the spatial extention of the
envelope functions between these two excited states. In the
CT copolymer, their envelope functions will be similar to
each other except for the symmetry because both states es-
sentially have the CT character. It results in the enhancement
of k1uxu2l. As shown in Eq.(1), xs3ds−3v ;v ,v ,vd is propor-
tional to k0uxu1l2k1uxu2l2 and therefore to fk1uxu2l2. In
PThQx,xs3d is enhanced as compared with Ra-PTh, since the
increase ofk1uxu2l overcomes the decrease off.

In applications of NLO materials to optical switching de-
vices, the third-order NLO process represented by
xs3ds−v ;v ,−v ,vd is used. Thisxs3d is not reported in this
paper. However, the magnitude can be discussed because it is
governed by fk1uxu2l2, as is the case with
xs3ds−3v ;v ,v ,vd. Considering the largexs3ds−3v ;v ,v ,vd
in PThQx, xs3ds−v ;v ,−v ,vd will be also large in PThQx.
The figure of merit(FOM) for optical switching devices is
usually described byxs3ds−v ;v ,−v ,vd /a, which should be
enhanced further in PThQx, since the CT character of the
lowest exciton state in PThQx leads to the decrease off and
therefore the decrease ofa. From these results, we can dem-
onstrate the following strategy to enhance the magnitude of
the FOM for NLO materials; the FOM should be enhanced
by strengthening the CT character in copolymers, which is
achieved by increasing the electron-donating character of do-
nor molecules and the electron-accepting character of accep-
tors.

In summary, we have investigated NLO properties of a
CT copolymer, PThQx. On the basis of the EA and TPA
spectra, we have demonstrated that one-photon forbidden CT
state with even parity located just above the one-photon al-
lowed CT state with odd parity plays an important role in the
NLO response. The THG measurements showed that the
maximum value ofxs3d reaches 2310−11 esu in PThQx,
which is larger than thats0.9310−11 esud of Ra-PTh. The
analysis of the THG spectrum as well as of the absorption
spectrum reveals that the transition dipole moment between
the two CT excited states is enhanced, while that between the
ground state and the one-photon allowed CT state is sup-
pressed in PThQx, as compared with Ra-PTh. These features
will lead to the enhancement of FOM for NLO devices in
PThQx.

FIG. 4. Comparison of the parameters concerning the linear and
nonlinear optical responses between PThQx and Ra-PTh.
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