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Femtosecond Time-Resolved Spectroscopic Studies on Thiophene Oligomers
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Thiophene oligomersn{) with two to six units in solution are studied under pulse excitation (308 nm,350

fs) in the spectral range 4330 nm. Transient absorption and induced fluorescence emerge witt#in 1

ps. An “instant” absorption (A0), which shows a size dependent spectral structure superimposes the induced
fluorescence during the first 500 fs. The fast kinetic processes of diffafleare very similar during the

first picosecond. They were interpreted as relaxation starting from the highest accessible electronic level
down to the lowest excited-state &f each oligomer.

Introduction FEMO model® The increase of the fluorescence lifetime with
n is mainly caused by decreasing triplet formation.

Oligothiophenes (T, n = number of thiophene rings) are . o
Femtosecond experiments reported in this paper are expected

model compounds for polythiophene. They also show promis-

ing properties for device applications as fieid effect transistors, (© allow for the observation of relaxation processes between
luminescence diodésor fast optical switche®. The study of  (he state accessible by energy of excitation (4 eV) and the S

the ultrafast electronic relaxation channels is of great interest Stat€s known by their fluorescence and transient absorption

for the understanding of the electronic behavior, which is Pands (Summarized in Table 1). .
important to device properties. The first femtosecond pumiprobe experiments were re-

Optical spectroscopic properties of oligothiophenes in solution Ported on 2F-4T and 6T1 in dioxar®?' and on 3T by
were central to former investigatiofst8 Picosecond time- Yamaguchi et at?2 These studies showed that the transient
resolved fluorescence measurements were presented inéfs 4 absorption bands known from the picosecond studies emerge
It was found that fluorescence occurs from the lowest excited during the femtosecond excitation pulse. Spectral shifts during
singlet state of 2F6T and that the corresponding S~ S the first picosecond as reported in our previons Wotkwere
transitions are dipole allowed. No crossing of excited B and A Proved to be caused by delay time differences of the spectral
energy level positions with oligomer size, as known for Parts of the white |'9ht femtoseconq prope pylse.
diphenylpolyened2 was observed. The fluorescence lifetimes ~ The femtosecond time-resolved investigation has been per-
increase from about 50 ps in the case of 2T to about 1100 psformed to extend the knowledge of the transient optical behavior
for 6T. The corresponding fluorescence quantum yields increaseof the thiophenes to this ultrashort time region. Open questions,
from 0.01 for 2T2to 0.35+ 0.07 for 6T4 Several investiga-  therefore, are how fast the occupation of the lowest excited
tions showed that the intersystem crossing is very effective for singlet state takes place and whether there are processes to
oligothiophene% 12 and responsible for the high nonradiative observe during this procedure. Furthermore, itis interesting to

decay rates. On the basis of the fluorescence kirfefiand find out if higher electronic states predicted by semiempirical
using the reported triplet absorption speétr®, we were able quantum chemical calculations of 2 influence the relaxation

to understand the transient spectral behaviorn®f on a behavior.

picosecond scal®. In picosecond pumpprobe experiments In this paper we report on the transient spectra and kinetics

we found two typical transient absorptions: Al, red-shifted to of the series of oligothiophenes that appear during and after
stationary absorption, and A2 located close to the respective excitation with 308 nm pulses of 350 fs duration. The transient
fluorescence but of quite different time behavior. Additionally, absorption behavior of 2T could not be measured in our previous
there was the stimulated fluorescence F of eath The red work by excitation withA = 349 nm because of the small
band Al decays monoexponentially and could be assigned toabsorbance of 2T at this wavelength. Using the UV pulses of
the transient absorption occurring from thestte by comparing 4 = 308 nm of the femtosecond spectrometer, we were able to
with the results of time-resolved fluorescence measurements ofinclude 2T in the investigation. For 2T we report the increase
the correspondingT.#~7 The A2 bands appear in nearly the and decay behavior after excitation.

same spectral range of the fluorescence with considerable delay. Additionally, the high excitation intensities of the amplified
The A2 bands show the same spectral band shape like that offemtosecond light pulses allowed the investigation of the
the triplet-triplet absorption spectra of the respective.12 transient behavior after one- and two-photon excitation. The
By our picosecond time-resolved spectroscopic studies, we different excitation conditions may lead to the occupation of
found the intersystem crossing process to proceed with the rateelectronic states of different symmetry, which may affect the
constants of Sdepletion of the corresponding. The results relaxation channels. Processes that proceed after one- and two-
of the picosecond spectroscopic studiesibfare summarized  photon excitation were observed with 6T.

in Table 1. They demonstrate the size dependence of transient

spectra and decay times. Both transient bands, Al and A2, shiftexperimental Section

with increasingn to longer wavelengths. This behavior shows

that even transitions between excited states follow the extended Materials. The nT were produced by Naarmann et al. by
Grignard coupling and were characterized by standard meth-
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TABLE 1
absorption fluorescence absorption A1 absorption A2 lifetime
oligomer Ema/eV (A/nm) EmadeV (A/nm) EmadeV (A/nm) EmadeV (A/nm) 7 (ps)
2T 4.05 (306) 2.50 (495) (5% 5)
3T 3.49 (355) 3.04 (408) 2.07 (600) 2.70 (460) (1843)
4T 3.16 (392) 2.76 (450) 1.75 (710) 2.21 (560) (5853)
2.08 (595)
5T 2.99 (414) 2.57 (483) 1.47 (845) 1.97 (630) (8B®8)
6T 2.85 (435) 2.45 (507) 1.37 (905)
6T1 2.91 (426) 2.44 (509) 1.38 (900) 1.82 (680) (141802)
(6T1) was used in the time-resolved experiments because of (a) . Sample
the better solubility of this material in organic solvents due to Polarizer  (Dioxane) Analyzer
the side groups on the second and fifth thiophene ring. The ﬂ H/ m Poly- CCD-
nT were dissolved in dioxane (Aldrich, spectroscopic grade). Femto- ‘ ‘ U ’ ‘ chromator | array
The maximal concentration wasx 103 mol/L. Stationary second 5o
absorption and fluorescence spectra in dioxane at room tem- .ontinuum
perature are given in ref 15. .
. . . Excitation pulse
Experimental Equipment. The experiments were performed 616nm. 100 fs
using a femtosecond laser spectrometer described elsethere. I ’ PC
It is based on a CPM ring laser that generates red light pulses
(wavelengthl = 616 nm, pulse duration = 80 fs). Excimer (b) (/au.
laser pulses (Lambda Physics EMG 180+ 200 mJ,r = 20 1.2 )
ns) were used for pumping a four-stage dye amplifier. After
amplification the pulses were shortened in a recompression unit.
The amplified pulses = 50uJ,4 = 616 nm,7r = 80 fs) were
used for excitation in the two-photon experiments and a part of
them for the generation of white light pulses (femtosecond
continuumA = 400-800 nm). UV pulses are necessary for ;
one-photon excitation of thiophene oligomers. They were v !
generated by frequency doubling in KDP and amplification of ot 'W ‘
440 490 540 590 640 690 740 790

the UV pulses in a second excimer laser tube. In this way

excitation pulses at = 308 nm withE = 2004J andr = 350 A /nm

fs were available for pumpprobe measurements. The trans-
mitted white light pulses were registered as t&&&and reference
I intensities by an optical multichannel analyzer (OSMA

Figure 1. (a) Optical Kerr effect arrangement to correct for the
dispersion of the femtosecond white light continuum. (b) Spectral parts
of white light continuum measured by Kerr switch.

Spect_roscop|c Instruments). higher intensity could not be performed because of nonlinear
Toimprove the accuracy, about 40 test and reference Spectigneraction processes, e.g., induced Raman scattering, in the
were accumulated and then used to determine the difference, ample

. o S
spectrum at each delay setting. From the transmission measure- .. Effect Measurement of Dispersion of the White Light
Pulse The different wavelengths of a femtosecond white light

ments with and without excitation the difference of the optical
density AD(4,t) averaged om pulses was calculated by eq 1: 156 experience a temporal delay between each other when
they cross optical elements with dispersion. We observed in

- our experiment a shift of the transient spectra during the first 2

(| test,w7| ref,we) . A . -

Z k k ps. This shift was found to be caused by the dispersion of the

AD(A,t) = —log i (1) femtosecond spectral continuum. In the experiments presented
n in this paper we diminished the shift by using Al mirrors instead

of lenses. The remaining dispersion was measured by a Kerr
gate experiment described below and was taken into account
in the femtosecond kinetics and for the interpretation of
femtosecond time- and spectral-resolved measurements. The
ne = no excitation,n = number of selected pulses, testtest polarizers (polarizer before and analyzer behind the sample) are
beam, and ref= reference beam. ThAD(4,t) values were crossed so that no signal of the white light pulse is registered
estimated with an accuracy of about 0.01. From the transientby the CCD array. The polarization direction of the probe light
absorption spectra the kinetics at selected wavelengths werespins in the Kerr cell during the propagation of the strong laser
estimated and corrected for the dispersion of white light pulse. The spectral part of the white light probe pulse that cross
continuum (see below). the excitation pulse in the Kerr cell at the same time gives a
Experiments with UV excitation pulses Bf=4.02 eV ¢ = signal. When the temporal position of the excitation pulse was
308 nm,r = 350 fs) were performed for 26 T1. Strong one- changed to the position of the white light pulse, the different
photon absorption at this wavelength takes place atTa(h = spectral parts of the continuum were registered (Figure 1b). A
2—6), as expected from the stationary absorption spectra.temporal shift of about 66 fs leads to a spectral shift of about
Moreover, we tried to perform experiments using the red pulses 30 nm. This result was taken into consideration in the
of E=2x 2.01=4.02 eV ¢ =616 nm,r = 80 fs). With interpretation of the spectra and of the kinetic curves at selected
two-photon excitation a measurable occupation of excited stateswavelengths.
was obtained only for 6T1. The two-photon absorption was  For the pump-probe measurements on th&, we started
less effective for the smaller molecules. Experiments with with registration of the white light test pulse before the excitation

test,ngy ref,n:
Za testng) etng
J:

where the subscripts mean the following: wewith excitation,
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Figure 2. AD spectra of 2T (Al band) at various delay times: (a) 410 460 510 560 610 660 710
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Figure 4. AD spectra of 3T at various delay times showing wide
pulses have arrived at the sample. By changing the delay, weabsorption A0, absorption Al at 600 nm, and induced fluorescence
registered the first effect on the blue side of the continuum (négative values) F below 500 nm.
because the temporal end of the pulse (blue part of the pulse)

at first crosses the excited sample. state absorption was also found by Yamaguchi € and

explained by vibrational relaxation of higher vibrational levels
of the S1 state. The maximum of Al lies &at= 600 nm as
observed on the picosecond time scale. T2 spectrum F
We measured the optical density differen&B(4,t) during appears delayed from that of A1 under consideration of the white
and after excitation with 350 fs pulses at 308 nm with light pulse dispersion. We found additionally small positive
subpicosecond delay steps. The measurements were performedalues of AD at very small delay times, indicating a further
onnT in solution. The photon energy of 4.02 eV of the 350 fs  transient absorption AQ.
pulses was remarkably larger than the energy of thet&es The transient behavior of 4T is shown between 440 and 830
of thenT (n = 3—6) (see Table 1). The photon energy in the nm in Figure 5. Here, the spectral width of Al is very broad
experiment described here is much higher than in preliminary as already observed on the picosecond time scale. The
experiments where 3.5 eV (347 nm) in ref 15 and 3.2 eV (388 maximum of Al was found at about = 770 nm, which is
nm) in ref 22 were used. From our picosecond spectroscopy larger than observed by picosecond spectroscbpy 700 nm).
studies the spectral positions of the stimulated fluorescence FTo take into account the white light continuum dispersion, all
and the excited state absorption Al are known. Therefore, theparts of the excited-state absorption Al of the whole band arise
femtosecond experiments enable us to study processes that magit the same time. By picosecond spectroscopy, it was found
proceed in the time interval between the population of the that the whole absorption band Al decays simultaneously and
initially excited state at 4 eV and the population of the lowest single exponentially withr = 530 ps'®> Both observations show

Results

excited state due to relaxation processes. that the broad excited-state absorption Al stems from the same
The transient spectra of 296T observed by femtosecond state. PositiveAD values due to an absorption AO seem to
spectroscopy are now described in detail. appear weak at zero decay, but as in the case of 3T the induced

For 2T the emergence of the transient absorption Al of 2T fluorescence is delayed relative to the transient absorption.
is shown in Figure 2. Stimulated fluorescence and triplet  For 5T the emergence of the transient absorptions A0 and
absorptions of 2T are located at shorter waveleri§trsd were Al is clearly seen in Figure 6. AO decays within about 500 fs,
not observed here. Owing to the dispersion of the white light whereas Al increases to a terminal value within about 2 ps.
probe pulse, a spectral shift was observed during the first 500 The induced fluorescence appears delayed because of the
fs after excitation. The maximum of Al is locatediat 495 superposition by A0. The spectral maximum of the excited-
nm. The decay of Al was found to be single exponential with state absorption A1 was not measured in this experiment. It
a decay time of 51 ps (Figure 3). A similar decay time was was found by picosecond spectroscopy to be located at about
found for the fluorescence of 2T Therefore, A1 was assigned 850 nm. The whole absorption A1 was found to decay single
to an absorption from the relaxed Sate to a higher electronic  exponentialy with a decay time of about= 900 ps!®
state. In the case of 6T1 one- and two-photon excitation experi-
For 3T the formation of the excited-state absorption A1 and ments were performedd. The results for 6T1 after one-photon
of the stimulated fluorescence F are shown in Figure 4. We excitation (Figure 7) are very similar to that of 5T. At first,
observed a broad Al band that becomes spectrally narrowerthe transient absorption A0 was observed. The maximum of
within the first picosecond. A spectral narrowing of 3T excited- the excited-state absorption Al was found by picosecond
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Figure 5. (a) AD spectra of 4T at various delay times with fluorescence
F (negative values) and absorption A1 and (b) transient absorption at
longer wavelengths (536830 nm).
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Figure 6. AD spectra of 5T at various delay times with absorptions
A0 and Al and fluorescence F.
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Figure 7. AD spectra of 6T at various delay times with absorptions
A0 and Al and fluorescence F.

6T1

spectroscopy at 900 nm with a decay time 1100 ps'® The
stimulated fluorescence F forms with delay owing to the
existence of AQ.

With excitation by two photonslgx = 616 nm, 80 fs) a broad
A0 band appears fir&t followed by the Al and fluorescence
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Figure 9. (a) Time course of Al bands of thiophene oligomeFs(n
= 2—6). (b) Time course in the spectral regions of induced fluorescence
F of nT (n = 3—6). The early absorption is largest at 5T.

350 fs at one-photon excitation), the existence of AO is
observable as long as it is the case of one-photon excitation,
i.e., the AO band exists longer than the excitation pulse.

To compare the kinetic behavior of th&, the time dependent
AD values were taken out at selected wavelengths of the
corresponding Al bands and fluorescence bands. In Figure 9a
the kinetics of the excited-state absorptions of-BT after one-
photon excitation is shown. For aliT Al increases im-
mediately after excitation and the formation of Al is finished
after a little more than 1 ps. The decay of these bands Al,
which stems from the lowest excited singlet state, demands
several hundred picoseconds and is dependent on size of the
oligomer!®

The appearance of the stimulated fluorescence was found to
be late in comparison to Al for 36T (Figure 9b). The
positive AD values at the beginning of the spectral range of
the stimulated fluorescence were registered clearly for 3T, 5T,
and 6T1 after one-photon absorption.

Discussion

bands. The time behavior at a selected wavelength shows the The transient absorption bands, (S S;) as well as the

strong increase of A0 and Al (Figure 8). A0 is seen for about
500 fs; later, the fluorescence predominates. Though in this

stimulated fluorescence of the thiophene oligomérknown
from picosecond experiments were observed after excitation by

experiment the laser pulse amounts to only 80 fs (compared tofemtosecond pulses (380nm, 350 fs) during their emergence.
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Figure 11. Scheme of energy levels calculated (by CNDO/S)rfor

(n = 2—6).2 The line at 4.02 eV marks the energy of the excitation
photon.

the superimposed AO and F bands are demonstrated by the
differenceNy(t) — Ny(t) in Figure 10.

For comparison the Gaussian excitation pulse is also shown.
Without use of any quantitative values of the absorption or
emission cross section it can be seen already that the ridge of
exceeds the pulse duration and the fluorescence appears delayed.
The situation in Figure 10b resembles tkiB(t) curves obtained
for 5T in Figure 9.

We discuss now fast intramolecular processes that may be

levels: (a) scheme for occupation and decay of levels 3, 2, and 1 with responsible for A0 and the observed fast kinetics. In large

number densitiedls, N, andN; and rate constants, k,, andk;; (b)
number densities of; (x) with ky = (100 psy?, Ny (+) with ko =
(750 fs)1, and the differenceN, — N;) (<) for an excitation pulse of
350 fs. . — Ny) simulates the superposition of absorption A0 and
fluorescence F.

We found that the bands of the different increase within
1-2 ps, which is longer than the doubled half widths of the
pulse.

molecules the density of vibronic states is high and increases
with energy. Therefore, vibrational relaxation of excited
electronic states is known to be very fast, a few 100 fs. The
observed “instant” absorption AO exists longer than a typical
vibrational relaxation time. It demands an electronic state of a
finite lifetime.

We assume higher electronic levels with a lifetime slightly
shorter than 1 ps. The assumption is supported by the

The stimulated fluorescence appears with a delay of about semiempirical CNDO/S calculation. In Figure 11 the electronic

500 fs relative to the Al absorption, although both absorption

level system of thenT calculated in ref 23 is shown. The

and fluorescence stem from the same state, proved by decaycalculation gives the electronic levels without consideration of

measurements with picosecond time-resolved spectros€opy.

the vibrational parts. No alteration of nuclear coordinates after

This delayed appearance of stimulated fluorescence is causeaxcitation was considered. Therefore, it must be assumed that

by a quickly increasing and short-lived absorption AO located
in nearly the same spectral range as the fluorescence.

We do not think that AO is an artifact because it appears at
differentnT at different wavelengths and with different quantity
of AD.

We try to explain the experimental findings with a relaxation

the real electronic levels lie somewhat lower. The level scheme
shows that the high excitation energy of 4.02 eV allows the
occupation of higher electronic energy levels atrdll The
levels nearest the excitation energy are of A symmetry for 3T
and 4T but of B symmetry for 5T and 6T.

In the case of 5T and 6T the excited states with B symmetry

cascade between the levels 3, 2, and 1 (Figure 10a) describedear 4 eV can be occupied by allowed a one-photon excitation

by rate equations for the occupation densibigsdNs/dt = G(t)
- k3N3; sz/dt = k3N3 - k2N2; le/dt = kzNz - klN . We

from the A ground state. For 3T and 4T, states of A symmetry
lie next to the excited state. They need vibromic coupling to

assume that the “instant” absorption A0 is caused by a statebe excited. The initially occurring absorption AO is assumed

located slightly below that level reached by excitation with 4
eV. This state 2, occupied by relaxation of the excited state 3,
decays down to the known electronic state 1 from which the
fluorescence and the (S— S;) — absorption start.

A simulation of this situation by the rate equations demon-
strates the experimentally observed time dependendd®diy
means of the occupation numbers of the initially excited-state
Ns, the absorbing stat®, from which AO starts, and the
fluorescence stath;.

The exciting Gaussian pul€g(t) (350 and 80 fs), the known
decay ratek; of S;, and the estimated time constants kgr~
(100 fsy! and k; =~ (750 fs)y! were included in the rate
equations.

The experimental observed time function of thg {SS;) —
absorption corresponds to the time functionNaft), whereas

to start from one of the higher electronic states near 4 eV.
Relaxation processes from these states may be responsible for
the decay of AO during the first picosecond and for the delayed
increase of stimulated fluorescence of-3T. The two-photon
experiments at 6T support this assump#ibriVe were able to
observe the absorption A0 in the case of 6T1 after two-photon
excitation with a time resolution of about 80 fs. At 6T the
density of electronic states is higher than at smailer At 4

eV above the ground state the A and B states of 6T are very
close. Therefore, one- and two-photon processes may proceed
as well. A direct excitation of A states by allowed two-photon
absorption seems to result in an effective population of gn A

state of 6T accompanied by a strong A0 absorption band.

The depletion of the absorbing electronic state proceeds by

vibronic coupling to the vibrational manifold of1S Fast
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