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Estimate of the effective conjugation length of polythiophene
from its |x®(w; w,®,— w)| spectrum at excitonic resonance
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The spectra of the third-order optical nonlinearilx,(S)(w;w,w,—w)|, around excitonic resonance in a
spin-coated film and a Langmuir-BlodgetLB) film of polythiophene derivative, pol@{2-((S)-2-
methylbutoxyethyljthiopheng, were measured using the degenerate four-wave-mixing method. The obtained
value of | y®(w;w,w,— )| at the excitonic resonance was10 7 esu, which was the largest value ever
obtained in conjugated polymers. From the absorption spectréydfid spectra, the average effective conju-
gation lengths of the spin-coated film and the LB film were estimated to be approximately 20- and 36-
thiophene rings, respectivelyS0163-18208)50144-Q

Since polythiophene has a large and fast third-order optidenoted as (S)MBET] around excitonic resonance using the
cal nonlinearity| x®®)|, it should become a useful material in degenerate four-wave-mixindFWM) method, and esti-
all-optical devices. Besides its properties with practical ap/hated an average conjugation length by fitting an absorption
plicabilities, polythiophene serves as a model system for unSPectruma(w) and a|x'¥)| spectrum to a theoretical model.
derstanding the electronic and optical properties of onelN€ reason for using (BMBET instead of P3AT is that
dimensional systems with nondegenerate ground state (SMBET is expected to have better regularity than P3AT

; . : . . -for reasons which will be mentioned later. We investigated a
Excitons in one-dimensional system play an essential role ”gpin-coated film and a Langmuir-BlodgettB) film of

Iinear_ and no_nlinear optical properties. The nature_ _of eXClp(g)MBET, and found that the average conjugation lengths
tons in polythiophene, however, had not been clarified untikor the spin-coated film and the LB film were approximately
recently, because the quality of sample characteristics SUCiU-thiophene rings and 36-thiophene rings] respecti\/e|y_

as the effective conjugation length was not good enough for Since optical properties of polythiophene in the visible
the investigation of its excitonic features. A recent advancaegion are mainly due to a singlet exciton with odd parity
in the synthesis techniques has produced highly orderedB,,?> we only considered théB, state and its vibronic
poly(3-alkylthiopheng (P3AT), containing almost 100% sidebands in our study. The excitonic transition energy in a
head-to-tail(HT) coupling of the alkyl sidegroupsand the — Molecule with conjugation lengtN, wy, is approximately
excitonic structure in HT-coupling P3AT has been clearly9iven b

determined. Furthermore, enhancements in the third-order

optical nonlinearity have been reported for such highly or- on=A+ N’ D
dered P3AT* The enhancements can be interpreted as a

result of an increase in the effective conjugation length of thevhereA andB are constants determined by the band gap of
polymer chain. The absolute value of the effective conjuga? thiophene monomer, the exciton-transfer energy, and the

tion length in polythiophene, however, has not been reIiabl)%(r)utlﬁi?bhgr';[grﬁﬁt'g%gr%%rgvﬁ Uj':ngxggl}/:r:?laa?esgrrﬁggp bde"’_‘ta
measured yet, despite the fact that it is a most importan P g ' 9 9

hysical quantity to determine optical properties such as thtween experimental data and equatidy. The dipole mo-
physical g y P Propertis ent of excitonic transitiony, is proportional to the square
excitonic resonance energy, the transition dipole momen

. Ve ; Yoot of the conjugation length.®° Therefore,a and| x(®)
and optical nonlinearity. The estimated values of the conju 001 Of the conjugation 1eng erefore.a and | ™)

. X ; : . of the molecule with conjugation lengti are proportional
gation length vary widely, ranging from 4-thiphene rings 2 ; ;
. X to N and N respectively, i.e.,
100-thiophene rings.

In this study, we measurdg'®)| spectra of the thin films ane| unl?<N, 2
of a polythiophene derivative, pdB{2-((S)-2- . i
methylbutoxyethyljthiopheng, with HT coupling[hereafter |xN o] | o< N2, 3
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CHs low temperaturé8 K) in vacuum in order to prevent chemi-
H> o oH cal chagges.bDFWM efxperiments r\]/vere performedlusing a
o] 3 two-incident-beam configuration. The DFWM signal inten-
\C/ \C * C/ sity increased in proportion to the third power of the incident
/ \ Ho H» Ho pulse intensity up td;,~ GW/cn?, which corresponds to the
s exciton density of~10" cn?. The signal became saturated
n at higher intensity] x(®)] was estimated from the cubic de-
FIG. 1. The chemical structure diagram dSMBET. R-O-R pendence region considering the absorption and the refrac-
is an ether coupling. tive index dispersiom(w), which was approximately deter-
mined by the Kramers-Kronig analysis of the absorption
spectrum.
|x®)| spectra of PS)MBET at 8 K are shown in Fig. 3.
Although the estimated value ¢£®)| has some uncertainty

Fig. 1. The sidechain contains an ether coupling (R‘QiR [mainly arising from the approx?mate determination of
addition to C-C couplings. Oxygen in the ether coupling had'(®)]. we can see clear peaks which are due to one-photon
only two coupling units, while the C-C coupling has four. resonance of the exciton and its vibronic sidebands. The

Therefore, the ether coupling is less rigid than the C-C couP€ak value ofx'¥| are~10"" esu, which to our knowledge
pling, and the sidechain in®MBET is flexible. Thus, this 1S the largest value ever obtained in conjugated polymers. In

flexibility reduces the repulsion between the sidech&ins. Fig- 3 the absorption spectrunt & K is also shown for
Consequently, )MBET can be expected to have good comparisonthe solid c_:urvsa We can see that each peak of
regularity with long conjugation lengths. In the presentthe vibronic structure ifx®)(w)| is located at lower energy
study, RSMBET was synthesized by a modified Rieke than the corresponding absorption peak, as shown by the
method'? and had a number-averaged molecular weighffows in Fig. 3. These shifts are caused by the difference in
(M,) of 1.06x 10%, indicating that there are on average ap-the N-dependence between(w) and|x{(w)|.
proximate 80-thiophene rings per one molecule. Thin films We show the precise formulas af(w) and|x{&(w)| at
for optical measurements are prepared by the spin coatinfpie exciton resonance assuming the exciton system is an
and LB methods. The thickness of the spin-coated and LBdeal two-level system, i.e., an extreme case of the phase-
films are several 10 nm and about 13 nm, respectively.  space filling model. This assumption is justified by the fact

Figure 2 shows the absorption spectra at room temperdhat we observed no DFWM signal due to two-exciton states
ture arl 8 K of (a) a spin-coated film, antb) an LB film of  (such as a biexcitgrand exciton-exciton interactions, which
P(SMBET. The structure in these spectra is much betteishould be observed in the negative time-delay region and/or
resolved than those in previously reported spectra of highlyinder perpendicular-configuration excitatfonin the ideal
ordered P3AT, and is as clear as that of an annealedtwo-level modelay(w) and|x(w)| can be expressed’4s
samplé? Several peaks can be seen in the structure. The
interval energies of these peaks correspond+®ibration
energy(0.18 e\) and are independent of temperature. We Aoy | un|? T,
can assign the lowest energy peak to fii&s, exciton band ay(w)= c A (N) 1+ (0—wy)2T2
and the higher-energy peaks to its vibronic sidebands. The 2
width of each peak corresponds to the distribution of the T,
conjugation length. Each peak becomes clearer and shifts to
the lower energy side at low temperature, because the back-
bone conformation can be made more regular, when the ther-
mal motion of sidechains is suppressed. By comparing the 4
absorption spectréa) and(b), the LB film appears to have a X (w)|=5f(N)
larger average conjugation length than the spin-coated one. 3

In DFWM experiments, we used 80-fs pulses from an
optical parametric amplifie€OPA) seeded by an amplified N2f(N) T3 s,
mode-locked Ti:AJO; laser. The sample was maintained at a [1+ (0= wn) T3]

This difference in theN dependence is essential for our es-
timation of conjugation lengtiN.
The chemical structure diagram of3MBET is shown in

4

| en*T1T3 1
77 [1+(0—oy)?T5%?

®
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FIG. 2. Absorption spectra of(BIMBET at room temperature d8 K for (a) a spin-coated film an¢b) an LB film.
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FIG. 3. |x®| spectra(square dgtof P(SMBET at 8 K for (a) a spin-coated film an¢b) an LB film. Absorption spectrésolid curve
is also shown for comparison. The peaks pf)| are located at lower energy side than the absorption peshisvn with arrows

wheref(N) is the number density of molecules with conju- the experimental and calculated spectra é6®). Although
gation lengthN, and T, and T, represent the population there is a small discrepancy ix®(w)|, which may be
relaxation time and the dipole dephasing time of the excitorcaused by experimental errors and by using our simple
system, respectively. In this model the relationship betweemodel, the calculated spectra resemble the experimental ones
[x®(w)| and a(w) obeys a scaling law,|x®)(w)| in shape. The best fit values of the parameters are listed in
«{a(w)}*? that is consistent with scaling laws proposed forthe figure captions of Figs. 4 and 5. The fitted values\of
various organic materiafS:*® Observable spectra(w) and  andB, which are the same for the spin-coated and LB films,
|x®)(w)| are obtained by the summation over the range ofare consistent with absorption data of thiophene oligoffier.
the value ofN, and by adding the contribution of the vi- Since the strength of the electron-phonon interaction must
bronic sidebands. The contribution ratio of threvibronic  vary with conjugation lengtiN, we should use different val-

sideband is determined by the Frank-Condon paraniéter, ues ofS according toN. To simplify the fitting procedure,
however, we used a single value §f This simplification

F :e_ssm © might also have caused the discrepancy f¥)(w)|. It is
MmO mt noted that our best fit valuesE 1.9) is close to the one for
HT-P3AT (S~2),2 and is much larger than that of polyeth-
where Huang-Rhys paramet&rrepresents the strength of ylene (5~0.5) 2 The best fit values oN,, in the spin-

the electron-phonon mtgractlon: . . coated and LB films are 20-thiophene rings and 36-thiophene
If we assume that t‘_N_'StS’ ‘_Nh'Ch break conjl_Jgatlon bonOISrings, respectively. Although these values can be varied to
occur at random positions ina molecule with a constant, e extent with a slight change of the other fitting param-
probability, the number density of the molecule W'.thﬁclgmu'eters, it is certain that they are within the error of
gation lengthN is given by an exponential distributif + 3-thiophene rings in the value df,,. In our calculation,
N we ignored the spectral width of the laser pulse and the in-
N exp( - ) (7)  terference of x{¥)(w)| between differenN. A more precise
ave ave calculation including the above effects are in progress, and at
where N, is the average conjugation length. In order tothe present stage it shows almost similar results as the
estimateN,, . we fitted the calculated absorption apd®)|  present calculation.
spectra to the experimental ones using & In the fitting As shown with the arrows in Fig. 3, the peak-position
procedure, we varied the Huang-Rhys param@ek, andB  difference betweenx(w) and [x®)(w)| in the spin-coated
in Eq. (1), andN,,.. We usedT, of the experimental values film is larger than that in the LB film. In our model larger
(T,=30fs at the excitonic resonancel,=10fs at 1- Na,e produces a smaller peak shift pf®(w)|. In the case
vibronic sideband andT,=8fs at 2-vibronic sideband Of T,—® andN,,¢>B/A, the peak shiftA, is easily calcu-
which were obtained from the peak shifts of the time-integralated to be

f(N)=

signals of DFWM. B 1
The results of the fit are shown in Fig(gpin-coated film A= o ' ®)
and Fig. 5(LB film). We obtained close agreement between 2Naye Nage
(a) ) 'experin;emal i 12 (b)
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FIG. 4. Fits of(a) absorption spectrum an@) |x‘®| spectrum for a spin-coated film of ®MBET. The best fit parameters are
=1.9,B=3.8,S=1.9, andN,,.=20.
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FIG. 5. Fits of(a) absorption spectrum an(th) |X(3)| spectrum for an LB film of FS)MBET. The best fit parameters afe=1.9, B
=3.8,S5=1.9, andN,,.= 36.

Although a finiteT, makesA larger, the inverse proportion- tion length is distributed over some range, it cannot be sym-
ality is approximately valid. metric.

Even though we used the exciton model for the analysis In conclusion, we measured(w) and |x®)(w;w,w,
of the data, there are arguments against the exciton model in )| around excitonic resonance in spin-coated and LB
conjugated polymers. One of the arguments for ruling out thdilms of poly(3{2-((S)-2-methylbutoxyethyljthiopheng,
exciton model is the fact that the O-vibronic transition lineand estimated the average effective conjugation lengths
shape is well fitted to a broadened square-root singularity aN,, .. This is the first time thal,,. is estimated from both
expected for band models in a one-dimensional system. The linear absorption spectrum and a nonlinear spectrum. Al-
assertion is that the exciton model should predict symmetri¢hough the distribution function of the conjugation length we
line shape. In our model, however, the exciton transition lineused is very simple, the experimental spectra can be well
shape becomes asymmetric because of the complicated deproduced. Using our model the asymmetric profile of the
pendence of the excitonic parametershnin Figs. 4 and 5, absorption lineshape is well explained in the framework of
the calculated exciton transition lineshdfevibronic com-  the exciton model. Since the effective conjugation length of
ponent ofa(w)] are shown by dotted curves. If the conjuga- polymers is not constant, it is important to obtain the distri-
tion length were identical for all molecules in the sample, thebution function of the conjugation length and its average
exciton lineshape would become symmetric. If the conjugavalue for the analysis of optical properties of polymers.
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