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Nonresonant femtosecond second hyperpolarizabilities of intramolecular
charge-transfer molecules with great excited- and ground-state
dipole-moment differences
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The femtosecond second hyperpolarizability due to the nonresonant electronic polarization for two
intramolecular charge-transfer molecules, 6-propionyl-2-dimethylamino naphthalene and
2-anilinonaphthalene-6-sulfonic acid which possess the great permanent dipole-moment difference
between the excited state and the ground state, is obtained from the measurement of the ultrafast
change in refractive index using a time-resolved interferometer. It is found that the second
hyperpolarizability increases parabolically from 5310234 to 4.3310232esu with increasing the
dipole-moment difference from 7.7 to 40 D, and this quantitative relationship is well explained by
a quantum-mechanical equation describing the electronic second hyperpolarizability of one
molecule with the permanent dipole-moment difference. ©1999 American Institute of Physics.
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Recently, highly third-order nonlinear optical materia
with a femtosecond response and no absorption have com
be desired for the development of the ultrafast optic
control devices.1 One of the materials satisfying these optic
properties is anticipated to be the organic compound hav
the nonlinearity caused by intramolecular charge tran
~ICT! in the nonresonant region.2 However, the investigation
of the femtosecond nonresonant dynamics of the third-o
optical nonlinearity for molecules possessing the large I
hardly has been carried out so far.

In this letter, we report that ICT molecules, with th
great differenceuDmu5umee2mggu(>20 D) between the
permanent electric dipole moment of the excited statemee

and that of the ground statemgg , have the highly nonlinea
electronic polarization even in the nonresonant region,
the third-order nonlinearity responds instantaneously wit
the duration of the femtosecond pump pulse. Furthermor
is found experimentally that the angular-averaged second
perpolarizability ^g& of the molecule indicates a parabol
dependence as an increasing function of the dipole-mom
differenceuDmu over the wide range fromuDmu>5 to 40 D.

The large ICT compounds studied in this investigati
are 6-propionyl-2-dimethylamino naphthalene~PRODAN!
and 2-anilinonaphthalene-6-sulfonic acid~2,6-ANS!. They
were obtained from Molecular Probes, Inc. Their ultraf
third-order nonlinear optical responses were examined
the sample solutions dissolved in ethanol~EtOH! at the di-
lute concentration. The absorption peak of the PRODAN
lution is at 360 nm with the long-wavelength absorption ed

a!Electronic mail: mikio@eng.hokudai.ac.jp
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around 430 nm, where the molar absorption coefficien
1.6% of the maximum one at 360 nm~the maximum molar
absorption coefficient of 18 400 cm2/mM, the half width of
2525 cm21 and the electronic transition dipole moment
4.5 D!.3 The absorption peak of the 2,6-ANS solution is
330 nm with the long-wavelength absorption edge arou
397 nm where the molar absorption coefficient is 1.6% of
maximum one~the maximum molar absorption coefficient o
50 880 cm2/mM!.

Since PRODAN has a good electron donor of the di
ethyl amino group and a good electron acceptor of the p
pionyl group, attached to the 2 and 6 positions of the la
naphthalene ring, it shows a great charge-transfer chara
The dipole-moment differenceuDmu between the first excited
electronic state and the ground state is known to be 20 D
the basis of the established measurement of the Stokes
of the absorption and emission spectra.3 Similarly, 2,6-ANS
has a good electron donor of theN-phenyl amino group and
a good electron acceptor of the sulfonate group attache
the 2 and 6 positions of the naphthalene ring, and he
indicates a largeuDmu540 D.4

The apparatus for the measurement of the femtosec
time-dependent third-order nonlinearity using a tim
resolved interferometer with a heterodyne pump and pr
technique is the same as the previously employed one,
cept for some points.5,6 100 fs pulses at 780 nm with th
average power of 850 mW at a 100 MHz repetition rate w
generated from a Kerr-lens mode-locked Ti:sapphire la
The linearly polarized laser output beam was split in a stro
pump-pulse beam and a weak pulse beam~9:1!. The latter
beam, furthermore, was split in a probe pulse beam an
reference pulse beam~6:4! to compose of the time-division
© 1999 American Institute of Physics
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interferometer. The carrier frequency of the probe pulse w
up-shifted by 39.0 MHz using an acousto-optic modulat
and that of the reference pulse was also up-shifted by 4
MHz using another modulator. Their diffraction efficienci
were 60%–65%, and their linear polarizations were para
to each other. Both the pulse durations were broadene
385 fs due to group-velocity dispersion of the materials
acousto-optic modulators. The probe pulse was time dela
~t! with respect to the 1.14 kHz chopped pump pulse b
displacementmeter-attached stepping motor. After the
vanced reference pulse~330 ps ahead of the probe pulse! and
the probe pulse were copropagated, these pulses and
pump pulse were noncollinearly focussed on the sample
lution in a 1-mm-thick quartz cell~or a reference sample of
high-refractive-index flint glass with a 1.2 mm thickness! by
a 10 cm focusing lens. Passing through the sample,
pump-pulse-induced phase-change probe pulse and the r
ence pulse were collimated by another 10 cm focusing le
and overlapped in space and time at a fast response pho
ode. The 1 MHz beat signal of the probe-reference pu
was detected by an FM ham-radio receiver. The out
yields an electric signal proportional to the derivative of t
probe-pulse phase change with respect to the time. Since
pump pulse was chopped at 1.14 kHz, the receiver ou
was modulated at the same frequency. By integrating
modulated output through a lock-in amplifier, the prob
pulse phase change was measured at each delay timet.

Figure 1 shows the typical signalSI /E(t) of the femto-
second time-dependent phase change~solid line! in the non-
resonant region for the 7.04 mM dilute solution of PRODA
and the signalSI /E(t) ~thick solid line! for the 1.14 mM
dilute solution of 2,6-ANS. In addition, the signalSR(t)
~dotted line! for the reference flint glass and the signalSE(t)
~dashed line! for the ethanolic solvent are shown. The refe
ence signal was measured two times before and after
measurements of the sample signal and the solvent sig
and its averaged result is shown in Fig. 1. Both the signal
the two ICT-molecule solutions respond instantaneou
within 385 fs durations of the probe and reference pulses
well as the case of the reference glass which is alre

FIG. 1. Phase-change signals from 7.04 mM PRODAN solution~solid line!,
1.14 mM 2,6-ANS solution~thick solid line!, flint glass as a reference~dot-
ted line! and ethanolic solvent~dashed line!.
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known to indicate the instantaneous response.5,7,8 This result
of the instantaneous change in refractive index in the fem
second time region suggests that the nonlinear response
sured for the two ICT-molecule solutions originates fro
only the nonlinear electronic polarization in the off-resona
region ~not from the polarization due to the molecular m
tion and/or the intermolecular interaction such as
thiophene solution!.7,9,10The third-order nonlinear electroni
susceptibilityux I

(3)u of only ICT molecules at the measure
concentration is evaluated from the following equation
the nonlinear response faster than the pulse employed fo
measurement:5,7,11,12

ux I
~3!u5$n0I /E

2 LRuxR
~3!u/~n0R

2 LI /E!%3~SI
T/SR

T!, ~1!

where the integral signals areSi
T5*2`

` Si(t)dt for the
sample solutions@ i 5I /E for SI /E(t)], the ethanolic solvent
@ i 5E for SE(t)] and the reference glass@ i 5R for SR(t)],
SI

T5SI /E
T 2SE

T , the linear refractive indices aren0I /E51.362
for the sample solutions andn0,R52.148 for the reference
glass, and the sample and reference lengths areLI /E

51.0 mm andLR51.2 mm. The optical density~OD! of the
1 mm sample solution at the measured wavelength of
nm is unmeasurably small (OD,0.01). The subscriptsI /E,
E and R refer to the sample solution, the ethanolic solve
and the reference glass, respectively. The third-order non
ear susceptibilityuxR

(3)u of the reference flint glass with iso
tropic structure is 10.3310213esu in the nonresonan
region.5,7,8

The use of the equation relating theux I
(3)u to the molecu-

lar second hyperpolarizability, ux I
(3)u5N$(n0I /E

2

12)/3%4^g I&, enables us to determine the angular-avera
second hyperpolarizabilitŷg I& of the single ICT molecule.10

Here, N is the number density which is obtained from th
measured dilute concentration.

Table I summarizes the susceptibilityuxPR
(3)u55.7

310214esu obtained for the 7.04 mM PRODAN after th
subtraction of the ethanolic contribution, the susceptibil
uxANS

(3) u58.1310214esu for the 1.14 mM 2,6-ANS, and the
corresponding second hyperpolarizabilitieŝgPR&54.9
310233esu and^gANS&54.3310232esu, as well as their
dipole-moment differencesDmPR520 D andDmANS540 D.
In addition, the result of thêgDE&55310234esu and the
DmDE57.7 D obtained by other measurements in the n
resonant region for another ICT molecule, 4-~N,N-
diethylamino!- b -nitrostyrene~DEANST!, is given.13,14 The
former value is the one obtained for DEANST dissolved
N-dimethylformamide in the nonresonant region using

TABLE I. Third-order nonlinear optical parameters and permanent elec
dipole-moment differences between excited and ground states for diffe
ICT molecules.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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femtosecond time-resolved degenerate four-wave mix
spectroscopy.13 The latter value is the one obtained f
DEANST doped in poly~methyl methacrylate! using an elec-
troabsorption spectroscopy,14 which is slightly smaller than
the already known one of a similar ICT molecule, 4-~N,N-
dimethylamino!- b -nitrostyrene.15 Figure 2 shows theDm
dependence of thêg I& for different ICT molecules. It is
definitely found from Fig. 2 that second hyperpolarizabiliti
of ICT molecules increase parabolically~solid line! as their
dipole-moment differences between the excited state and
ground state increase.

There is a theoretical equation describing the relati
ship between the second hyperpolarizability and the per
nent dipole-moment difference for the third-order nonline
ity originating from the electronic polarization in th
nonresonant region.2,16 That is, the following equation ob
tained quantum mechanically for a quasi-two-level mo
using the density matrix formalism in perturbation theory

^g&}
1

~DEeg!
3 umgeu2@~Dm!22umgeu2#, ~2!

where umgeu and DEeg represent an electronic transition d
pole moment and transition energy between the excited s
and the ground state, respectively. Setting Eq.~2! as ^g&
5a(Dm)22b, whereb/a5umgeu2, permits us to fit the ex-
perimental values in Fig. 2 to a solid line~in Fig. 2! by a
least-squares method, and to evaluateumgeu57.0 D. This
value is reasonably compared with the transition dipole m
ment measured from the absorption spectrum for the typ

FIG. 2. Dependence of second hyperpolarizability (^g l&) on permanent
electric dipole-moment difference between excited and ground states~Dm!
for different ICT molecules.Inset, (Dm)2 plot of ^g l&.
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ICT-molecule solution ~3–7 D!.2,17 For example, the
PRODAN/EtOH solution indicatesumgeu54.5 D.3 This de-
viation may be because theumgeu and theDEeg have been
assumed to be not dependent on each ICT molecule
should be noted that the quantitative result obtained by
macroscopic femtosecond experiment directly gives a cl
evidence over the wide range of the dipole-moment diff
ence for the microscopic prediction from the quantu
mechanical Eq.~2! for noncentrosymmetric molecules. I
addition, this experimental finding provides good guidelin
on the practical selection of optical materials possessing
ultrafast response (tR), a highly third-order nonlinearity
(x (3)) and no absorption~a!, that is, a large figure of meri
of x (3)/atR .1

In conclusion, the second hyperpolarizability due to t
nonresonant electronic polarization of the ICT molecule p
sessing the great permanent dipole-moment difference
tween the excited state and the ground state has been e
ated through the measurement of the ultrafast change
refractive index for the two ICT-molecule~PRODAN and
2,6-ANS! solutions using the femtosecond time-resolved
terferometer. It has been found that the second hyperpola
ability measured in the femtosecond time region rapidly
creases from 5310234 to 4.3310232esu with a parabolic
character as the dipole-moment difference increases ove
wide range from 7.7 to 40 D. Furthermore, it has been c
firmed that the quantitative relationship of this experimen
finding is well explained by the quantum-mechanically d
rived equation which describes the electronic second hy
polarizability of one molecule possessing the perman
dipole-moment difference.
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