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- The femtosecond second hyperpolarizability due to the nenreeenent eleetreme polarization for two
_intramolecular eharge -transfer . molecules, 6-propionyl-2- d:methylannne naphthalene end
2—an1hnnnephthnlene -6-sulfonic acid which peeeess 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 feund that the seeend-
hyperpelanzeblhry increases parabolically from 52X 1073 o 4 3X 10" Fesu ‘with increasing: the
dipole-moment difference from 7.7 to 40 D, and this quenutatwe reletienehnp is well explained b}r'

a quantum-mechanical equation describing the electronic ‘second hyperpelanznbﬂlty of one
molecule with the permanent d1pele~rnement difference. © 1999 Ameﬂenn Institute of Ph}’e:cs

[S0003-6951(99)02025-2]

 Recently, highly third-order nonlinear optical materials
with a femtosecond response and no absorption have come to
be- desired for the development of the ultrafast: optical-
control devices.! One of the Inntenele satisfying these optical
'pmperﬂes is anticipated to be the organic enrnpennd having
the nenlmeaut}* caused b}r intramolecular eharge transfer
(ICT) i1 the nonresonant regien 2 Hewever, the 1nvest10at1en
of the femtosecond nonresonant. d}rnemles of the third-order
optical I]Dnilﬂﬂﬂilt}f for molecules possessmg the Iarve ICT
hardl}-' has been carried out so far. - et b g st
"In this letter, we report that ICT mnleeules w1th the
great difference |A ] =|itpe— 1| (20D) between the
pernlanent eleetne dlpele mement of the exelted state s
and that of the greund etate ;ng ; _hnve the hlgh]}f nonlinear
eleetmnle pnlanzntmn even in the nenreennnnt region, ﬂm:l
the ﬂnrd«euier nenllnemity re‘e‘.pende 1nstantnneeu51y wuhin
the dlilﬂtlDIl of the femtosecond pump pulse. Furthermele it
is fnund expernnentell}' that the angular-averaged second hy-
pEIpOIElI‘!ZE!i)ﬂlt}" {'y} ef the mnleeule mdlcntes a parebohe
'dependenee as an meieaeinfr fnnenen of Ehe dipele -moment
difference |Au| over the wide range from |A z|=5 to 40 D.

The large- ICT eempeunds studied in this mveenwetlen :

_'are 6- prepmnyl-z dlmethyiamlno naphthnlene {FRUDAN)
and, E-enllmennphthnlene-ﬁ -sulfonic: acid (2,6-ANS).. They
were obtained from’ Meleeulnr Prebes Inc.. Their ultrafast
thu‘duerder nenllneer eptleal respenses were exarntned for
the sampie sulutiens dissolved in ethanni (EtOH} at the. di-
lute concentration. The ebserpnen peak of the PRODAN ‘so-
lution is at 360 nm with the Ieng~weve1ength ebserpnen edee
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around 430 nm, where the molar absorption coefficient is
1.6% of the maximum one at 360 nm (the maximum nlelar
absorption eeefﬁelent of 18400 szfmI\'I the. helf width of
2525 em = end the eleetrenle fransition dtpele momient Df
4.5 D) The ebeerpnen peek of the 2,6-ANS solution is at
330 nm w:th the leng-wavelenﬂth abserptmn edge amund
397 nm WIIE:I'E- the melar ebserpnen eeefﬁelent is 1.6% of the
maximum one (the maximum molar absorption eeefﬁe:ent of
50 880 em*f'mM) | & | ?
S;nee PRODAN has a geed eleetren dener ef the dnn—
ethyl emme greup and a weed eleetren necepter of the pre-
nephthelene ﬂng, it shewe e grent eharge-tranefer chereeter
The dipole-moment difference |Au| between the first exeited
electronic state and the gmund state 13 knewn o be 20 D en
the bas;s ef the eetnbhehed meneurement nf the Stekee shlft
of the: abserptmn and emlselen speetm s Sxmllarljr, 2,6~ ANS
has a geed eleetren dener of: the N—phenyl amino greup an{i
a geed eleetren eeeepter of the sulfonate; crreup attached te
the 2 and 6 positions of the naphthalene nng, and henee
1nd1eetesal'1r0e|ﬁ,u.l“‘4{}D4 e
The nppnrntue for the measnrement ef the fenltnseeond
time- dependent thxrduerder HGI]]IIIEE{I]T.}’ using a ttme—fé;

- resolved interferometer with a heterodyne pumip and probe

28

technique is the same as the previously emple}red one, en;g
cept for some points.>® 100 fs pulses at 780 nm with the-
average power of 850 mW at a 100 MHz repetition rate were%
generated from a Kerr-lens mode-locked Ti:sapphire laser.

M.—""

The linearly polarized laser output beam was split in a strong
pump-pulse beam and a weak pulse beam (9:1). The latte: j:.
beam, furthermore; was split in a probe pulse beam and: a;

reference pulse beem (6:4) to compose of the nme—dmsmniif

© 1999 American Institute of thsih%
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FIG. 1. Phase- chancré Sagnﬂis from 7. ljrii I];lM PRODAN sél.utiﬂ.n I[S{}Hd line),
. 1.14 mM 2,6-ANS solution (thick solid line), flint glass as a referem:e (dot-
§:j-': [e{] ling) ml{i Ethdﬂﬂllc solvent {d'ﬁhed llne} -

- interferometer. The carrier frequency of the probe pulse was
. up-shifted by 39.0 MHz using an acousto-optic modulator,
and that of the reference pulse was also up-shifted by 40.0
- MHz using another modulator, Their diffraction efficiencies
. were 60%—65%, and their linear polarizations were parallel
to each other. Both the pulse durations were broadened to
385 fs due to group-velocity dispersion of the materials of
acousto-optic modulators. The probe pulse was time delayed
(7) with respect to the 1.14 kHz chopped pump pulse by a
displacementmeter-attached stepping motor. After the ad-
vanced reference pulse (330 ps ahead of the probe pulse) and
lhe: probe pulse were copropagated, these pulses and the
pump pulse were noncollinearly focussed on the S'lmple s$0-
lution in a I-mm-thick quartz cell {or a reference sample of a
high-refractive-index flint glass with a 1. 2 mm thickness) by
'_a_ 10 ecm focusing lens. Passing through the sample, the
pump-pulse-induced phase-change probe pulse and the refer-
ence pulse were collimated by another 10 cm focusing lens,
and overlapped in space and time at a fast response photodi-
ode. The 1 MHz beat signal of the probe-reference pulses
was detected by an FM ham-radio receiver. The output
yields an electric signal proportional to the derivative of the
_'pmhe-pulse phase change with respect to the time. Since the
'pump pulse was chopped at 1.14 kHz, the receiver output
was modulated at the same frequency. By integrating the
1 odulated output through a lock-in amplifier, the probe-
pulse phase change was measured at each delay time 7.

. Figure 1 shows the typical signal Syz(7) of the femto-
cond time-dependent phase change (solid line) in the non-
Tesonant region for the 7.04 mM dilute solution of PRODAN
nd the signal Sye(7). (thick solid line) for the 1.14 mM
dilute sniulmn of 2.,6- A‘JS In addition, the swnal Sp(T)
(dotted line) for the reference flint glass and the signal S( )
-;-_(f%'__ﬂShed line) for the ethanolic solvent are shown. The refer-
nee signal was measured two times before and after the
'gasuremants of the sample signal and the solvent signal,
ﬂ_d its averaged result is shown in Fig. 1. Both the signals of
:f-_i two ICT -molecule solutions respond instantaneously
ithin 385 fs durations of the probe and reference pulses, as

ell as the case of the reference glass which is already
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TABLE L ‘Third-order nonlinear optical parameters and permanent electric
dipole-moment differences between excited and ground states for different
1CT molecules.

== =

| ™ilesw) <p,>fesu) JAp[(D)

PRUD&N NI:GHS}E B.7xigie 49X 100 20

7.04
oM {:Hﬂ"

2,6-ANS BIXION  43X10% 40

(1.14 mM) N '@

Hﬂas
DEANST Bx10% 7.9
(CHsCH2)2N -@— CH=CH-NOz
= — s

known to indicate the instantaneous response.””* This result
of the instantaneous change in refractive index in the femto-
second time region suggests that the nonlinear response mea-
sured for the two ICT-molecule solutions originates from
only the nonlinear electronic polarization in the off-resonant
region (not from the polarization due to the molecular mo-
tion and/or the intermolecular interaction such as the
[hmphene. solution).”™!* The third-order nonlinear electronic
susceptibility | ;({ Y of unly ICT molecules at the measured
concentration is evaluated from the following equation for
the nonlinear response faster than the pulse employed for the
measuremantﬂ” iz

|Xf3|—{”w.r.r~,:LR|XR I*"(’IQRLJJLJ}K(SI’;SRL_ : (1)

where the integral signals are ST=[*_S/(7)dr for the
sample solutions [i=I/E for S;z(7)], the ethanolic solvent
[i=E for S’E(-rj} and the reference glass [i=R for Sp(],
ST=87,—S%, the linear refractive indices are rq;z=1.362
for the sampiﬂ solutions and nor=2. 148 for the reference
glass, and. the sample and reference lengths are Ly
=1.0mm and Lp=1.2mm. The optical density (OD) of the
1 mm sample solution at the measured wavelength of 780
nm is unmeasurably small (OD<0.01). The subscripts I/E,
E and R refer to the sample solution, the ethanolic solvent
and the reference glass, respectively. The third-order nonlin-
ear susceptlblllt}f l x| of the reference flint glass with iso-
tropic structure is 10.3X107 '3esu in the m}nrcsonant
region>’® . . | 18
The use of the equatmn relatmg the | X f3}| to tha mﬁlecu-
lar  second  hyperpolarizability,  |x{*|=N{(njye
+2)/3}4(7,), enables us to determine the angular- averaaed |
second hyperpolarizability {y;) of the single ICT molecule.!®
He.re N is the number density which is obtamed from the
measured dllute concentration. -

Table I summarizes the ausceptlblllty | ] }[~5 7
X 10" ¥esu obtained for the 7.04 mM PRODAN after the
subtraction of the ethanolic contribution, the susceptlbllny
| 3| =8.1¢ 10~ esu for the 1.14 mM 2,6-ANS, and their
r.:mmspnndmv _ second hype.rpnlauzabllmes {vpr)=4.9
X 10" esu and (jv'AHS} =4.3%10"2esu, as well as their
dipole-moment differences A upr=20D and A ,umsm%}:}
In addition, the result of the {ypg)=5X10"**esu and the
Appep=7.7D obtained by other measurements in the non-
resonant region: for another ICT: molecule, 4-(N,N-
diethylamino)- 8 -nitrostyrene (DEANST), is given,'>!* The
former value is the one obtained for DEANST dissolved in
N-dimethylformamide in the nonresonant region using a
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FIG. 2. ﬂﬁ.p.ﬁ-r.ldé:n{.‘;ﬁ. of second hyperpolarizability ({y,)) on permanent
electric dipole-moment diffﬁrenca between excited and ground statas (Ape)
_ fﬂr different ICT mﬁlecu]es Inset, ( A ,u}z plat of {-y,} S :

Htoseind Tdsolved” dégénemte four-wave mixing
spectroscopy.'” The latter value is the one obtained for
DEANST doped in poly(methyl methacrylate) using an elec-
'troabwrptlﬂn spectrﬂscopy, * which is slightly smaller than
the already known one of a similar ICT ‘molecule, 4-(N,N-
: dimethylamino)- 8 nltmstyrene 1> Figure 2 shows the Ay
* dependence of the () for different ICT molecules. It is

- definitely found from Fig. 2 that second h}fperpolanzablhtles-

- of ICT molecules increase parabolically (solid line) as their
dlpﬂlﬁ-mﬂﬂ’lﬂnt differencﬂs between thﬂ exclted State and the
| around state increase. c
: There is a theoretical equar.mn describing the relation-
Ehlp between the second hyperpolanzabiluy and the perma-
~ nent dlpnleumnmfznt difference for the third-order nonlinear-
ity originating fr{}m the electronic pniarlzatmn in the
nonresonant regmn* 216 That is, the following equation ob-
tained quantum mechanically for a quasi-two- -level model
usmcr the: df:nsity matrlx formallsm in pﬂrturbatmn theory is:

' h”) {ﬁ"aE )3 [#gelug(&ﬁ)z_!#gel ]1 .:: > (2)

whem Lufge| and ﬂ.E v 1epresent an electronic transﬂmn di-
pnlc moment and transition energy between the excited state
and the ground state, respactweiy Setting Eq. {’?) as (‘y
—a(.fli.l,u,)1 b, wherﬂ f)!’ft‘lpge ‘permits us to fit the ex-
pﬁnmantal values in FicL 2 to a SDIId line (in Fig. 2} by a
. least-squares method, and to evaluate | pgel=7.0D. This
' value is rcasonably compared with the transition dlpolﬁ mo-
3 ment I’I’lE:’lSUI‘Ed from the absurptmn spef:trum fnr the I}'plﬂﬂl
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ICT-molecule solution (3-7 D).*' For axample the iff
PRODAN/EtOH solution indicates |u,,|=4.5D.” This de-
viation may be because the |u,,} and the AE,, have been ﬂs
assumed to be not dependent on each ICT molecule It
should be noted that the quantitative result obtained by the .
macroscopic femtosecond experiment directly gives a clean’
evidence over the wide range of the dipole-moment diffﬂr—-;f-?
ence for the microscopic prediction from the quantum-:
mechanical Eq. (2) for noncentrosymmetric molecules. ln
addition, this experimental finding provides good g ﬁuldehnes L
on the practical selection of optical materials possessing an :
ultrafast response (7z), a highly third-order nonlmeam}r
(x®) and no absmrptmn {c), that i is, a 1a1fre figure of me:nt ~:.«f
of ¥*ar.!
In conclusion, the second hyperpolanzabllrty due to the
nonresonant electronic polarization of the ICT molecule pos-_
sessing the great permanent dipole-moment difference be-
tween the excited state and the ground state has been evalu
ated through the measurement of the ultrafast change m%
refractive index for the two ICT-molecule (PRODAN and:%
2,6-ANS) solutions using the femtosecond time-resolved in~
terferometer. It has been found that the second hype:rpalar12-§
ability measured in the femtosecond time region rapidly in-. .
creases from 5% 1073 to 4.3% 10" esu with a parabuhcr-,-
character as the dipole-moment difference increases over [he“
wide range from 7.7 to 40 D. Furthermore, it has been ccm—'
firmed that the quantitative relationship of this expenmentai;
finding is well explained by the quantum-mechanically de-
rived equation which describes the electronic second hj,fpéi’
polarizability of one molecule pﬂssessmg the parmane:n

dzpnle-moment dlfference
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