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The first series of conjugated organic polymers with the fornfdild-[2-(RO)-5-(RO)CsHz] —N=N—CeH,s—
C=C-},, where R= methyl, R = hexyl (7a) and R= hexyl, R = SiMext-Bu (8), were produced in
palladium-catalyzed cross-coupling and homocoupling reactions of selected bis(bromo) and bis(alkynyl) azo
monomers. The molecular weightd) for the conjugated polymers ranged from 5500 to 22 000. Degenerate
four wave mixing (DFWM) with 780 nm femtosecond pulses was used to investigate electronic third-order
nonlinearities for azo monom&aand conjugated azo polymeéa. Both compounds had ultrafast nonlinearities
with 73 = 100 fs response time. The real part## second hyperpolarizabilityy7,, is negative, Rer7, =
—(4.3+ 0.3) x 1046 m® V2. Polymer7as second hyperpolarizability also has an imaginary component,
Im y7a=(1.7+ 0.3) x 1046 m° V2. Calculated per repeat unit, polymer, = (4.6+ 0.5) x 10746 m°>V 2

and is about 780 times larger than that for mono@&ry-, was analyzed with the three-level modeta
enhancement is attributed to the conjugation effects in the polymer and contributions from a two-photon
state. Polymefia's excited state had a 3.4 ps lifetime, as determined by DFWM.

Introduction DFWM results show that the second hyperpolarizability of
) ) ) ~_ this polymer is much higher than that for nonconjugated azo
Conjugated organic polymers possess a unique combinationgyes, making materials incorporating azo functional groups and

of electronic and optical properties. In recent years variations rigig alkynyl linkages interesting for further studies and
in structure have produced conjugated polymers with excellent nopjinear optical device applications.

solubility, adequate thermal stability, and intriguing optical
propertiest It is the ability to tailor and make systematic Experimental Section
structural changes at the molecular level that has made possible

the concept of “molecular electronic3”.

Although many types of linkages have been placed in the

Methods. All manipulations of compounds and solvents were
carried out by using standard Schlenk techniques. Solvents were

backb f : iqated ool ncludi h | degassed and purified by distillation under nitrogen from
ackbone of conjugated polymers, Including SUch EXamples aSg, 4 g drying agents. Infrared spectra were measured with a

heterocycles, vinyl, ethynyl, and various hydrocarbon aromatic Perkin-Elmer 1750 FT-IR spectrometer; bVis spectra, with

rings, we are not aware of any conjugated polymer containing HP-8452A and Ocean Optics USB208H.NMR and3C NMR

the azo linkage. quymers.containing the azo .Iinl@dwe a measurements were performed using Bruker AC-200 MHz,
rich history of use in imaging (e.g., holographic storage) and Varian Mercury 300 MHz, or Varian Inova 400 MHz spec-

more recently azo-cont‘_aining polymers have s_how_n t_he ability 4o metersiH NMR and!3C NMR chemical shifts are reported
to generate surface relief gratings by simple irradiafichlt versus the respective solvent residue peak (soléht13C:
was recently suggested that azo dyes and polymers arecpCl, 6 7.25 ppm,d 76.9 ppm; DMSOde, & 2.62 pp,m 5

potentially useful in optical switching applications between 600 36.9 ppm). The organic reagents were purchased from Aldrich
and 900 nm and 11661500 nm! Chemical Co. and used as received. Size exclusion chromatog-
In this paper we report the synthesis and nonlinear optical yaphy (SEC) data were collected on a Hewlett-Packard 1100
studies of the first conjugated organic polymers to contain the Hp| ¢ system employing a PL size-exclusion column (300
azo linkage in the polymer backbone: 7.5 mm, 5um particle size). Molecular weight data are
referenced relative to polystyrene standards. Polymer analyses
OR' were preformed using a Perkin-Elmer TGA 7 and DSC 7 system.
N Elemental analyses were performed at Atlantic Microlab Inc.,
N Norcross, GA.
RO n Experimental Setup for Femtosecond Nonlinear Spec-
troscopy. The regeneratively amplified femtosecond Ti:sapphire
Conjugated Azo Polymers laser system (Spectra Physics) produces 1 mJ pulses at 1 kHz
repetition rate. The laser wavelength was set at 780 nm. The
T Virginia Commonwealth University. autocorrelation function of the instrument was monitored by
*NAWCWD. measuring noncollinear second harmonics generation in a 0.5

10.1021/jp0269080 CCC: $25.00 © 2003 American Chemical Society
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SCHEME 1: DFWM Experimental Setup?
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aKey: A/2, zero-order waveplates; P, Glan laser polarizers; BS1, BS2, BS3, beamsplitters; PD, photodiode; PMT, photomultiplier; MFM, motorized
filter wheel; F, OD= 4 neutral density filter; PC, personal computer; PCI/GPIB, computer control interface. Inset: four wave mixingsjgnal
is observed at the phase-matched direction sokfiabs + Kpump2 + Korove T Ksignas = O, wherek; are wavevectors of the four beams.

TABLE 1. Maximal Pulse Energies and Intensities Used in To monitor laser pulse energy and sample stability, an
DFWM Experiments additional reference beam was aligned through the sample and
pulse energy, beamradiug,  peak intensity, measured with an amplified photodiode. The reference beam
beam ud mm G W cnr? was attenuated with a neutral GB4 filter and passed through
pump 1 84 1.0 195 the sample about 3 ns before the pump pulses.
pump 2 72 1.0 16.3 The DFWM signal is spatially separated from the pump and
probe 50 1.2 8.4 the probe and is propagating in the direction satisfying the phase-

aThe beam radius is taken as the radial distance at which the intensityMatching conditions (inset in Scheme 1). The DFWM signal
fell to half of its value, assuming a cylindrical TElmode intensity was detected with the near-IR sensitive photomultiplier (H6780-

distribution.® Average peak intensity is calculated as (pulse energy) 20 photosensor module with R7400U-20 PMT tube, Hamamat-

x (tp) ™t x (7 x radiug)~ assumingr, = 130 fs. su). A computer-controlled motorized filter wheel was placed
in front of the photodetector and allowed measurements in a

mm BBO crystal. The typical autocorrelation function had a wide dynamic optical signal range. The PMT signal was

full-width at half-maximum (FMHM) of 156-200 fs. amplified with the 300 MHz preamplifier (SR445, Stanford
The degenerate four wave mixing (DFWM) setup utilizes Research Systems). Photomultiplier and photodiode signals were
near-counter propagating beam geometry (Schenié 1). gated and integrated with the boxcar signal averagers (SR255,

Three beam splitters (BS1, BS2, and BS3) separate probe,Sta”ford Research Sy_stems) and digitized by the 16 bit ADC
pump, and reference pulses. Pump and probe pulses overlap ipard (PCI-6Q35E, National Instruments) in the personal com-
the sample as shown in the Inset of Scheme 1. Pump beamsquter. Lab View based software was developed to collect the

are collimated to a 1.0 mm radius with two planar-convex lenses. Signal and reference data and to control the delay line, the
The probe beam is focused withfa= 1500 mm planar-convex rotation stage, the sample positioning stage, and the motorized
lens; the probe beam radius at the sample holder is 1.2 mm filter wheel. Several thousand data points were collected and

Time dependence of nonlinear signals was measured by delayinggver{jlgecl Lor %"wlh rt'r;]eazuzementt(a; a ra:? ?]f 1200 data p?ints
probe pulse with the computer-controlled translation stage er Secgf;f)- dnfy eth ata poin sborlw Icth re fterencte p(lj sz
(ILS250, Newport). A computer-controlled rotation stage (SR50 energy diiiered trom the average by 'ess than two standar

Newport) with a zero-ordef/2 waveplate and a Glan laser deviations were mclluded in the analysis. . .
X VI . : For DFWM experiments, samples were dissolved in freshly
polarizer was used to control excitation intensity. The highest

ulse energies and intensities used in the measurements ardiSti”ed THF, filtered through a 0.46m PTFE syringe filter,
P 1ETgIe &nd placed in 1 mm path length quartz cells. Solutions were
summarized in Table 1.

) o ) ~ magnetically stirred during experiments by placing a small
Reproducible sample positioning was achieved by translating stjrring bar (Aldrich) in the sample cell (to fit into the 1 mm
the sample cell with the 1 in. stage and the computer-controlled path |ength cell, the Teflon coating of the stirring bar was
motorized actuator (CMA-12CCCL, Newport) to maximize the  yemoved). Sample stability was checked by-\s absorption.
nonlinear signal (Scheme 1). The thickness of the transient pegenerate Four Wave Mixing (DFWM). Third-order

grating formed by the pump pulses in the sample was also nonlinear polarizationP;®, as measured by DFWM, is given
measured by translating the sample. When the angle betweery10

the pump 1 and pump 2 beams was °L@Ad the angle between
pump 1 and probe beams wa$ 6he fwhm of the transient ®_3 .@®
grating was~60 um. P = 2% BEE (1)
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SCHEME 2

1a, R = methyl

1b, R = hexyl 2a, R =methyl | iodohexane/K,CO,
2b, R = hexyl or
TBDMSCI/Et,;N/CH,CI,
OHex
OR'
—_— =—TMsS
R— N
\
\N@ = R Br N,
MeG — L,PdCl,, Cul \NO—Br
Et,N, PPh, RO
4a,R"= SiMe,
K,CO,, MeOH
5a R'= H 3a, R = methyl, R' = hexyl
a8, 1= 3b, R = hexyi, R' = TBDMS
LDA, Me,SnCl
6a, R"= SnMe,

wheree is a dielectric constang, Ex, E are amplitudes of was prepared from 3-bromo-4-methoxyphenol and the diazo-
electric field components, angfy) is a third-order nonlinear ~ nium salt of 4-bromoaniline analogous to the procedure

susceptibility tensor. In DFWM, both real and imaginary parts described previously by Sttea and co-workerd! We recog-

of %) contribute to the signalsampie and the signal is given nized from previous work in the field that to create processable

byll polymeric materials, we would need to have some substitution
on the polymer backbori€ In addition, for future and potential
B 2|samp|e2 { 1 — exp(—gampi | applications we sought an unsymmetrical substitution pattern.
Isample_ samp@ 4\ alsample X With these considerations in hand we prepared monoB)é&is

'sample and6 as outlined in Scheme 2.

eXP 0 sampid! pumpd pumpd probe (2) The phenolic hydroxy group of substituted azobenzetes
and2b was easily alkylated with 1-iodohexane to aff@alor
alternatively protected as thert-butyldimethylsilyl (TBDMS)
ether. Palladium-catalyzed ethynylatiérof the resulting di-

wherelsampleis the optical pathlengtmsampieis the refractive
index, and pumps, [pumpz | provedre intensities of respective beams.

Thel_absorpt;ion coefficienty, includes bOtL‘ lineard) and o moazobenzergawith (trimethylsilylacetylene followed by
ngn mearba SOFpt'O”“ff—. ao + ﬁé' T W ere(;z IS ﬁlt"k‘l’o' cleavage of the TMS group produced the diethynyl monomer
photon absorption coefficient ands intensity (when all three i a7 04 isolated yield.

beams overlap in the sample célk= Ipump1+ Ipump2t lprobd- Polymer 7a synthesized by cross coupling & and 5a
Solutic_m third-order susceptibility is determined from compari- (Scheme 3) is soluble in common organic solvents, such as CH
son with the known reference, usually solvent: Cly, CHCL, and THF. The polymer was characterized by proton
| Jn 2| NMR spectroscopy an(_JI SE_C analys_is (Figure 1). _
78 =1 [ 2 5°"’e”j sample Polymer7aobtained in this synthetic route had much higher
P Isolvenknsampl lsovent molecular weight ¥, = 18 400) than that made by an
( onlsampIe )ex ;{Odsample) @) alternative cross-coupling reaction betweamand bis(tribu-

2

1 — exptalsampd
(it is assumed that the solvent does not absorb at the experiment 600 ]
wavelength). At low sample concentrationgmple & Nsolvent 1
(Nsolvent = 1.407 for THF)? and lsampie = lsovent When the -
experiment is carried out in identical sample cells. 450
Different xg’mp'ecomponents were measured using pulses of ]
different polarizations. Zero-order halfwave platé&?, and
polarizers, P, were used to set the polarizations of pump 1, probe,
and signal pulses (Scheme 1). When all beams had vertical -
polarization (further callegyyypolarization), componery@w ]
was measured. For some experiments probe and signal beams i
were polarized horizontallyx¢yx polarization; the first index
denotes the signal polarization, and the last index, probe

. . 3)
polarization) and component;,, was measured. 6 7 8 0 10

Signal, a.u.

0 LN B N L L L Y L B L L L B B B

Time, min

) Figure 1. Size exclusion chromatogram of polyni&a (M, = 18 400;
Monomer and Polymer Synthesis3-Bromo-4-methoxyphe-  polydispersity= 2.76). The molecular weight was measured relative
nol (1a) was prepared according to a literature procedéa to polystyrene standards.

Results
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SCHEME 3
OC¢H,,
L,PdCl,/Cul/Ph,P
5a + 3a N\
EtN N =
CH,0 n
Polymer 7a
OSiMe,(t-Bu)
L,PdCI/THF '7 —
3b
N\ / N\\
Bu;Sn—=—=—=5nBu, N
CeH, 0

Polymer 8

TABLE 2: Linear and Nonlinear Optical Characteristics of 3a and 7a in THF Solution

extinction coeff, Reyp? Im y P
abs max, nm L mol~tcm? fwhm2cm™ x10749md V2 x10749md V2 [YIl71He € 7,9ps
3a 327 1.2x 10¢ 4775+ 50 5.9+ 1.5¢ 98 0.1
399 9.0x 10° 4030+ 35
7a 383 1.4x 10¢ 77554+ 280 —(4300+ 300) 17004+ 300 7.7x 10 0.1
486 2.4x 10¢ 3200+ 65 1.7+ 0.3

2 Estimated by fitting absorption bands to Gaussian functib@btained by fitting concentration dependence data (Figure 6) to eq 6 and assuming

3) _
Xgl'l-)iF =

0.72x 1002 m? V=2 (1 x 10~ *esu)!+17 ¢3aand7asecond hyperpolarizabilities were calculatedids= ((Rey)? + (Im y)?)¥2 the THF

second hyperpolarizability was assumeghs = 0.06 x 1074° m° V-2 (4.3 x 10737 esu).? Response times were determined by fiting DFWM
kinetics to one (forBa) and two (for7a) exponential functiondsigna = A1 exp(—t/z1) + A, exp(—t/zz), whereA; is the amplitude of component

€ y3a sign could not be determined.

tylstannyl)acetyleneM, = 3100). Polymerization of monomer
3b with the bis(tributylstannyl)acetylene employing the pal-
ladium-catalyzed Stille coupling reaction produced poly@er
The incorporation of the silyl-protecting group provides an
opportunity for future manipulation of the polymer backbone.
Polymer8 is also quite soluble in common organic solvents.
Absorption Spectra. Monomer3aand polymei7aelectronic
absorption spectra in THF solution are shown in Figure 2.
3a absorption maxima are at 327 nm (extinction coefficient
€327=1.2 x 10* L mol~* cm™1) and 399 nmd3zg9 = 9.0 x 10°
L mol~! cm™1); these strong absorption bands are attributed
to m—a* transitions. The7a absorption spectrum is different
from the3a spectrum. Fora, extinction coefficients are higher,

to 383 nm €33 = 1.4 x 10* L mol~1 cm™) and 486 nm
(€486 = 2.4 x 10* L mol~1 cm™1). These features show that
electronic coupling between the monomer units is strong, as
is expected for the conjugated polym& To estimate absorp-
tion band broadening fo7a, both bands were fitted with
the Gaussian functions. The fitting results are summarized in
Table 2.

No aggregation or other concentration-dependent effects were
observed in the absorption spectra up to the highest sample
concentrations used in the experiments, 40 mmoB&and 15
mmol for 7a. Absorption spectra were periodically checked
during and after the experiments. Because trans and cis isomers
for azobenzené!® and related azo chromophores (such as

absorption bands are broadened, and the maxima are shiftetbisperse Red dye, DR¥)have different electronic absorption

2.5x10*

.1

2.0x10°

1

Extinction coefficient, L mol cm

1.5x10°

1.0x10*

5.0x10°

0.0

300 400 500 600 700 800
Wavelength, nm

Figure 2. Electronic absorption spectra and linear extinction coef-
ficients for3a (—) and7a(--+) in THF solutions.

spectra, the absence of spectral changes indicates that the azo
chromophores did not undergo irreversible photoisomerization
to the Z-isomer under the experimental conditions.

Intensity Dependence Figure 3A,B shows DFWM signal
intensity dependence f@a (concentration 13 mmol) anda
(concentration 6 mmol) solutions in THF; these signals are
compared to the neat THF reference signal. Because pumpl,
pump?2, and probe pulses are derived from a single laser pulse,
the cubic intensity dependence is expected and is observed (but
only at lower excitation intensity fofa). The data were analyzed
by the nonlinear least-squares fitting of the signiglmpie to
the expressionsample = Mlexcitation- Fitted exponents are =
2.99 + 0.03 for neat THFn = 2.97 + 0.03 for 3a solution,
andn = 3.10+ 0.10 for 7a solution. For7a, only intensities
0.08max < lexcitation < 0.29max Were included in the fit.

At high excitation intensityl¢xcitation™> 0.30may the 7asignal
saturates and deviates from a simple power law (Figure 3); no
such saturation is observed f8a at the same concentration
and excitation intensity. Different processes can give riséato
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Figure 3. yyyypolarization DFWM signal dependence on the excitation
intensity shown in linear scale (A) and le¢pg scale (B): W) 7aat 6
mmol concentration;&) 3aat 13 mmol concentration®() neat THF.
The excitation intensity is normalized in this graph; peak intensities of
pump and probe pulses when intensityl are given in Table 1. Data
were fitted to the cubic power law as explained in the text; fit results
are shown as solid lines.

Figure 4. yyyypolarization DFWM kinetics measured la= 0.2 yax
excitation: (A) kinetics for7a (4 mmol solution in THF); (B) kinetics
for 3a (20 mmol solution in THF). In both graphs smaller amplitude
kinetics were measured for the neat THF reference.

signal follows the cubic power lav@a and7ayyyypolarization
DFWM kinetics show a pulse-width limited response (fwhm
signal saturation: (1) The real component & second = 200+ 20 fs, Figure 4). In addition to the major ~ 100 fs
hyperpolarizability, Re/®), is negative (see below), which leads  component, th&#a DFWM signal also has a slower-decaying
to the laser beam defocusing at high intensities and cancomponent with about 56100 times smaller amplitude (see
contribute to the apparent signal saturation. (2) Two-photon pelow). Instantaneous DFWM signals are characteristic of
absorption (TPA) can also cause deviations from the cubic electronic nonlinearity. In contrast, orientational or isomeriza-
intensity dependenc®.The azo chromophore TPA spectrum  tion-related nonlinearities would be observed on the slower time
is similar to the ground-state spectrdfsupport for TPA is scales.
also found in kinetics data (see below). By assuming that the  Additional information about the nonlinear mechanism can
?gzﬂ ﬁleviates fIFOV_n t?eheXpeCtQﬁnal 0 |egcitati0n3_0n|y de? to be obtained by comparing,/yyandxyyxpolarization kinetics.
s can be eetmated by fiting iz intensiy dependence o | o1uon (1Sotropic medium) ensqtin,e has only fhree

' independent components, a;g@yy Xxyyx nyyx Ay

eq 2. This analysis yieldsgl) = 2.5 x 10°°m>G W™; when When the experimental wavelength is far from the one- photon

I =1 mm ( is optical path in the sample cetip = 0.025 m G resonance Kleinman svmmetrv also apolies %@@
W1, However, the beam overlap region (transient grating in y y PP nyyx
= Therefore, for electronic nonlinearity far from reso-

the sample) is smaller; for the beam geometry used in experi- — yyxx 3 3
ments the transient grating thickness was = 60 um. This nance the expectq@amp|ecom_ponent ratio i%yylyyx =
It value yieldsa, = 0.42 m G W The estimated TPA Figure 5 show§ayyyypolarization (A) and<yyxpolarlzatlon

coefficient can be compared to = 1.7 x 103 m G W1 for (B) DFWM kinetics measured dtycitation = 0.3 max (intensity

a DR1/PMMA side chain polymer (determined by Z-scan with = 0 3 in Flgure 3). The ratio of the kinetic amplitudes g,/

150 fs pulses at 820 nm, PMMA is poly(methyl methacryladt®)).  lyy= [\ xo]? = 8.60+ 0.25, oS f4\) = 2.90+ 0.15.

Therefore, polymefahas a much higher nonlinear absorption Therefore both instantaneous response;ea 100 fs time scale

coefficient than the DR1 dye and exhibits optical limiting at andx ]Xxwx value support DFWM signal assignment to the

780 nm.Further studies of optical limiting by Z-scan techniques electronlc nonlinearity.

could be used to more accurately determine two-photon absorp- Comparison of7a yyyy and xyyx polarization kinetics in

tion coefficient. Figure 5 also reveals that onfyyyypolarization kinetics has a
Nonlinear Kinetics. DFWM kinetics were measured at small picosecond component. As shown in the inset of Figure

lexcitation = 0.2max (intensity= 0.2 in Figure 3), where th&a 5A, the data measured on the longer time scale can be fitted
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Figure 5. 7ayyyy(A) andxyyx(B) polarization DFWM kinetics. Data
were measured in 10 mmol solutions witke 0.3 max €Xcitation. The
inset in A shows longer time kinetics on a log-linear scale and a two
exponential fit withz; = 100 fs (0.97 amplitude) anch = 1.7 + 0.3

ps (0.03 amplitude) lifetime components.

with 71 = 100 fs (0.97 amplitude) anh = 1.7 + 0.3 ps (0.03
amplitude) lifetimesxyyx polarization DFWM measurements
do not probe populations of the excited states, wheygsg
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Figure 6. Concentration dependence fta () and3a (@, inset) third-
order susceptibilities in THF solution. The data were obtained with
I = 0.2max excitation inyyyy polarization measurements. The solid
line shows a nonlinear least-squares fit#f data to eq 6. Second
hyperpolarizability values are Rga= —(4.3+ 0.3) x 1074 m° V2

and Imy7a=(1.7 £ 0.3) x 104 m° V2,

[sample] |xsamp,42 — eq 2), the concentration dependence study
allows us to determine the sign. Macroscopiﬁnmels related

to solute and solvent second hyperpolarizabilitigsiue and

Y solvent ast

2= (N +N 4)
wheref is the Lorentz local field factor (for isotropic liquid
f = (n® + 2)/32* and N is a molecular number density
(number of molecules per cubic meteppoe Can have real
and imaginary componentszsoiue = R€¥solute T 1 IM Ysolute
i is an imaginary unit,A= —1. Reysouteis related to nonlinear
refraction index changes in the sample, jggie iS related to

the two-photon absorption. For low concentration solutions

solute! solute solveni’ solven)

polarization measurements reflect thermalization dynamics Xsolvent'\’ f *“Nsoiveny’soventand eq 4 can be written as

originating from the molecular excited states. Becauserthe
= 1.7 ps component is observed only in thgyconfiguration
and its amplitude increases at higher excitation intensity
(amplitude is 0.03 alexcitation = 0.3 max and <0.02 atlexcitation
= 0.2max Figure 4), the 1.7 ps component is assigneddo
excited-state dynamics. Two-photon absorption leadingao
excited-state formation was also inferred from the DFWM signal
saturation in the intensity dependence (Figure 3). Within the
signal-to-noise ratio for the experiment, thdifetime was the
same in kinetics measured Wikkitation= 0.3 max 8Nd lexcitation
= 0.2max

Second Hyperpolarizability from Concentration Depen-
dence Data.Nonlinear susceptibility concentration dependence
data (Figure 6) were obtained by verifying the cubic intensity
dependencesammelj lexcitation %%, at each sample concentration
and then measuring kinetics Wltbxcnanon 0.2 nax Solution
and neat THF kinetics amplitudestat 0 were used to calculate
the susceptibility ratio according to eq&;= 0 was assumed.
The results show that polymera solution susceptibility

3

__ ¢4 3
Xsample =f Nsolut&/solute+ Xgo)lvent (5)
The absolute value of susceptibilitigoy,,J, is'?

3 _ 4 3 2
(sa)mplé (lf NsoluteReysolute+ Xgo)lvenl +
|f Nsolutelm Vsoluté )1/2 ( )

Third-order susceptibility is measured irf Wi~ values reported
in these Sl units are related to commonly used esu units as

¥®(esu)= 9 x 1034y )(SI).2* Second hyperpolarizability is

measured in MV 2 (Sl units) and can be expressed in esu units
asy(esu)= 9 x 10"%4my(Sl).2* We have adapted the suggested
THF third-order susceptibility value%(ﬁ),F = 1.4 x 1022 m?

V=2 (1 x 10" esu)!? A similar value ¥ = (1.2+ 0.3) x
1071 esu) was recently reported in optical Kerr effect studies
at 800 nm with 100 fs pulsés.

According to eq 6, the initialy®) /x5 decrease in

decreasest low polymer concentration, reaches a minimum at Figure 6 clearly demonstrates that Rg < 0 (because solvent
about 1.3 mmol and becomes larger than the solvent susceptibil-Re ytue > 0). Because the solution susceptibility does not reach
ity at about 3 mmol. zero in Figure 6, Imy7, = 0. The second hyperpolarizability
Although a DFWM measurement at a single concentration values were determined by nonlinear least-squares fitting of the
does not yield the sign of third-order nonlinearity (because data to eq 6, yielding Rgza= —(4.3+ 0.3) x 10746 mé V2
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and|Im y74 = (1.7 &£ 0.3) x 104" m® V=2 (Table 2). The (2) Contribution from the two-photon state (last term of eq
negative Re/7, value is interesting, because materials with 7) can also determine the negative sigryaf When the energy
Rey < 0 are relatively rare, but potentially important in optical of the two-photon stateky, (Eo2 = Awoy), is below the two-
device applications. In materials with Re< 0 the laser beam  photon resonance, the two-photon term will have a negative
is defocused due to the self-action, and this defocusing protectssign (i.e., this term will be negative if the two-photon-state
the organic material from damage. energyEo; is less than 25 640 cm, because 780 nix 12 820

3a concentration dependence data were also collected.cm™1). The elusive two-photon state is largely unknown, and
Because of the smalleg, value, it was not possible to determine its existence is usually postulated or inferred indirectly, such
susceptibility changes at low8a concentrations, and therefore, as, for example, in conjugated porphyrin oligom&% In
Reysaand Imysavalues could not be determined. At the highest conjugated polymers and oligomers two-photon state is either
concentration (38 mmol) thga solution signal had an amplitude ~ a charge transfer or a singlet biexciton statéFormation of
1.4 times larger than that of the solvent (Figure 6 and kinetics such a state was directly observed in kinetics (Figure 5A), but
in Figure 4). From these data, it is possible to estimate3tne  the energy of this state is not known. Frequency dispersion data
second hyperpolarizabilityys) = (5.94 1.5) x 1074°mS V2, for yzaare required for definite assignment, because at different
Therefore, the second hyperpolarizability (calculated per repeatexperimental wavelengths nonlinearity due to the two-photon
unit) is about 780 times larger for polym@éa as compared to  state would change the sign.

monomer3a. It was previously found that Re < 0 for azo 7a Excited-State Lifetime.In addition to pulse-width limited
chromophores similar t8a,7?5>26and thus it is likely that/za electronic nonlinearity, a small 1.7 ps lifetime component was
is also negative. observed irvaDFWM kinetics. Within the signal-to-noise ratio
for the experiment, this component is only observed/ymy
Discussion polarization experiments and is not present3a solution

kinetics at either polarizatioyyyypolarization DFWM kinetics

Mechanism of Third-Order Nonlinearity. On the basis of reflects the concentration of molecules in the excited state, and

the mstr_mt_aneous time response = 19()(3];5’ (aa)nd third-order the 1.7 ps component is attributed to ffeeexcited state formed
susceptibility tensor component ratig, . /x = 3, the

. L . X Xyyx by two-photon excitation. When the excited state decays with
nonlinearity is electronic. A concentration dependence study wWas\a first-order rate constank, the DFWM signal is time

used to determin_e second hyperpolarizability_ of monoﬁmr dependent aample= lo.sample€XP(—2K(), Wherelo sampieis the
and polymer7a (Figure 6); values are summarized in Table 2. qjqna| amplitude at= 0.2 Therefore (provided that observed
Next, we consider quantum chemical description of second yinetics is first-order),7a excited-state lifetimezes, can be
hyperpolarizability using a three-state mo#gt125.2729 estimated ages = 1.7 x 2 = 3.4 ps, ork = (3.4 psy! =

2.9 x 10 s71. Similar excited-state kinetics components with
MOleﬂz M014 lifetimes in the several picosecond range have been reported
(o1 — @ — ITy)’ - (001 — @ — ITy)’ for several azobenzene derivati}?éihese transient absorption
01 0 01 0 picosecond dynamics were attributed to transis'®32and cis
M012M122 — trans® isomerization. Because of the difference between
2 - ) substituted azobenzenes and polynier assignment of the
(@o = @ = ITo) (@, = 20 — Loy observedk = 2.9 x 10" s! rate constant process to the
isomerization, intersystem crossing, or biexciton dynamics must
whereMo; is the transition dipole moment to the one-photon await detailed transient absorption studies. The small amplitude
state,My; is the transition dipole moment between the one- of the 7, = 1.7 ps component does not preclude analysis of
photon and two-photon statese; andwo; are frequencies for  femtosecond electronic nonlinearity, which is dominan® 8
transitions between the excited (one-photon and two-photon) signal amplitude at excitation intensity used in concentration
states and the ground stalfg; andl'o; are dephasing parameters  dependence experiments).

that account for the linewidths. The firsttermin eq 7 is related  Comparison with Third-Order Nonlinear Azo Side-Chain

to the dipole moment difference between the first excited and polymers. To our knowledge, this is the first report of the

the ground states\u = w11 — uoo). This term is positive, and  nonlinear optical properties of a conjugated polymer incorporat-

is only available in noncentrosymmetric molecules. The con- ing an azo linkage in the polymer backbone. Earlier studies

tributions of the second and third terms in eq 7 determine the examined third-order nonlinearities in azo dyes and in polymers

magnitude and the sign of for many molecule$® Using the with the side chains containing azo groUp8:22:23.26,3337

model of eq 7, large negativie;a can be related to: Perhaps the most commonly studied azo chromophore is DR1
(1) Nonlinearity due to one-photon state is represented by dye?202223.26,33,34

the second term of eq 7. Theoretical and experimental studies

of donor and acceptor substituted polyenes revealed that the N < > o

second term will be dominant andwill have a large negative \N_O_N’/ ’

value when the bond-length alteration in the molecule is /_/

minimal2” Structural rigidity was also proposed to determine HO

large negativey values, for example, in squarylium dy&s.

Negativey in metal-substituted azo derivatives was recently ~ The second hyperpolarizability of DR1 is similar to that of

assigned to this mechanisihPolymer7adoes have necessary 3a. For example, in PMMA/DR1 thin films Rg®pr; = —6.6

electronic symmetry and structural rigidity strong electronic x 107 m2 V=2 were reported (Z-scan studies with 20 ps pulses

coupling between the monomer units is evident from the at 610 nm)® The second hyperpolarizability can be estimated

absorption spectrum (Figure 2), and the alkynyl linkages in a as|Reypri| = |[ReyCpri/(Nf4)| = 2.3 x 10749m°>V 2 (because

polymer backbone provide for structural rigidity. Therefore, N = 5.6 x 10?®* m~3 andf = 5.0 (n = 1.58))2% This Reypr1

nonlinearity due to the one-photon term is likely to be important value is about half the value d¢f3 = 5.9 x 1074 m® V2

for 7a (Table 2).

y O
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In contrast to conjugated polymé&ig, attaching side-chain (5) Rochon, P.; Batalla, E.; Natansohn, &ppl. Phys. Lett1995 66,

azo chromophores to the polymer backbone does not change 136-(6) Trinathy, S. K Kim, D. Y.: Lee, T. 5. Jiang, X. L: Li, L Kumar
significantly-® For exampley® = 13.2x 1072m? V™2 (20 ; pgum ‘Prepr. (Am. Chem. Soc.,:DPolym. Chem 1996 37 (1), 123.

mmol solution in CHCI,, Z scan measurements at 1064 nm (7) Brzozowski, L.; Sargent, E. H. Mater. Sci.-Mater2001, 12, 483.
with 50 ps pulsesjlecreasedo y©® = 10.5 x 1072t m? V2 (8) Eichler, H. J.; Gater, P.; Pohl, D. WLaser-Induced Dynamic
(same chromophore concentration) when DR1 was covalently Gratings Springer-Verlag: Berlin, 1986.

attached to the maleic anhydride and octadecene copolymerSOé%o*B“‘letz"z‘?rés%_ M.; Denning, R. G.; Anderson, H. L. Am. Chem.
backboné3 Because of the weak electronic interaction, the two- (10) Gubler, U.; Bosshard, C. Molecular Design for Third-Order
photon absorption coefficient also did not change in the azo Nonlinear Optics. IrPolymers in Photonics Applicationsllee, K.-S., Ed.;
side-chain polyme# whereas we observed a large increase in Springer: Berlin, 2002; p 123.

_ ; s (11) Prasad, P. N.; Williams, D. Introduction to Nonlinear Optical
the two-photon absorption coefficient for polyméa (see Effects in Molecules and Polymetohn Wiley & Sons: New York, 1991.

ReSUItS)' . . . ) ) (12) CRC Handbook of Chemistry and Physiggth ed.; Lide, D. R.,
Very large thermdP-6and orientational nonlinearies (includ-  Ed.; CRC Press: Boca Raton, FL, 1996.
ing nonlinearity due to photoisomerization of the azo link3ge) (13) Giles, R. G.; Hughes, A. B.; Sargent, M. ¥/.Chem. Soc., Perkin

have also been reported for azo chromophores, but they do not'ans: 11991 6, 1581.
P P ! Y (14) Pardo, M.; Joos, K.; S¢fe, W. Liebigs Ann. Cheml982 99.

proyide th(_e fer_ntoseco_nd/picosecond response times required for (15) Maruyama, T.. Kubota, K.: Yamamoto, Macromoleculed 993
optical switching applications. 26, 4055 and references therein.

In summary, we have synthesized new conjugated organic (16) Neenan, T. X.; Whitesides, G. NI. Org. Chem1988§ 53, 2489.
polymers containing azo groups and alkynyl linkages in the  (17) Slepkov, A. D.; Hegmann, F. A.; Zhao, Y. M.; Tykwinski, R. R.;
polymer backbone and have characterized third-order nonlinear<&mada, K.J. Chem. Phys2002 116 3834.

! . . . 18) Lednev, I.K,; Ye, T. Q.; Abbott, L. C.; Hester, R. E.; Moore, J. N.
optical properties in THF solution. The polymé&ga second 3 |(3hy)sl Chen\{. A998 102 9?61_

hyperpolarizability isy7a = (4.6 + 0.5) x 1074 m°® V~2. The (19) Nagele, T.; Hoche, R.; Zinth, W.; WachtveitGhem. Phys. Lett.
y7avalue per polymer repeat unit is about 780 times larger than 1997 272 489. . _
vsa for the corresponding monomaa. Significanty enhance- (20) Loucif-Saibi, R.; Nakatani, K.; Delaire, J. A.; Dumont, M.; Sekkat,

. . . . - Z. Chem. Mater1993 5, 229.
ment is attributed to the conjugation in the polymer backbone (21) Thorne, J. Fi G.; Kuebler, S. M.; Denning, R. G.; Blake, I. M.;

and rigid coupling between the monomer units, as well as Taylor, P. N.; Anderson, H. LChem. Phys1999 248 181.
contribution from a two-photon state. Large electronic nonlin-  (22) Delysse, S.; Raimond, P.; Nunzi, J. Bhem. Phys1997, 219,
earity has a negative sign and a femtosecond respanse (341

L9 . : ; (23) Yamakawa, S.; Hamashima, K.; Kinoshita, T.; SasakiAlpl.
100 fs), making it interesting for further studies and optical pp,/c™ et190g 72 1562.

device applications. (24) Butcher, P. N.; Cotter, DThe Elements of Nonlinear Optics
Cambridge University Press: Cambridge, U.K., 1990.
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