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We investigate the absorption and emission of photoexcitations in polycrystalline hexapheny! films. Tran-
sient and quasi-steady-state optical modulation spectroscopy is used to identify the photoexcited species and
their time evolution. The observed photoinduced absorption spectrum can be assigned to at least three different
species: (1) transitions between excited state® - S,)) and(2) transitions between triplet state$,(~T,)
which are formed by intersystem crossing from the singlet to the triplet regime in the 100 ps time domain. In
addition we assign one peak to tt8 formation of aggregates in the oligomer films. The depopulation of the
excited singlet states is responsible for both the dynamics of the initial photoinduced absorption and for
stimulated emission. The stimulated emission found in the transient optical modulation spectroscopy shows a
very limited spectral overlap with the photoinduced absorption. In contrast to doping experiments we find no
evidence for long living polaronic states upon photoexcitati®2163-1827)09740-3

I. INTRODUCTION Il. EXPERIMENT

. . . After purification the PHP was evaporated onto sapphire
Due to its thermal stabilitpara-hexaphenyl(PHP; see in high vacuum of pressure 10~ % mbar. The substrate was

Fig. 1) can easily be evaporated to form layers on various : .
substrates. The high photoluminescence quantum Yyiefd at room temperature to obtain=al um thick, homogeneous

N . - . ; polycrystalline layer.
this oligomer makes it a promising candidate for active lay- The transient pump and probe experiments were done at
ers in light emitting diodeSLED’s). These devices were pump P P

built*=* and the inclusion of oligo phenylene vinyleResr r<0(;Bn_2 tekr)npera;uret with dthe f|Imsd n bvacuum_p ( )
the use of color conversion layéreven allows to tune the mbar). Femtosecond pump and probe experiments

color of the device emission. were carried OUt. in the usuel interferometric geometry. We
Depending on the evaporation conditions different de-u‘?'6d a_Tr:sapphrre Iaser_crscrlllator n Kerr 'ef.‘s modelocking

grees of crystallinity’” can be obtained for the oligomer lay- With chirped pulse amplification which provides pulses of

ers. X-ray studies confirm that the growth of crystallites with 150 fS duration at 780 nm and energies up to 3@t 1 kHz

arbitrary orientation and preferred orientation of the PHP'epetition rate. The sample was excited by pulses at 390 nm

chains at 0, 70, or 90° with respect to the substrate plane cf 120 fs duration obtained by freq.uency doubling a fraction

be achieved.Based on reliable band-structure calculationsOf the fundamental beam by an Li8s crystal. The pump-

for poly(para-phenyleng (PPP,®°the anisotropic dielectric pulse energy used in the experiments was 10 nJ, and the

function and consequently the absorption spectra of polyP€am diameter at the sample was about 26@ Probe tun-

and single crystalline PHP can be predicted and confirmedbility was obtained using a white Ilght contlnu_um generated

experimentally:! The absorption behavior of the polycrystal- by focusing the fundamental beam into a flowing water cell.

line films we used in our investigation is characterized by arPesired wavelengths are obtained using 10 nm bandwidth

integration over all orientations. mterference filters or a monochremator: The time dynamics
The intention of our study is to determine the photoex-Of the excited states were monrtorec_i in a_broad range of

cited states governing the optical properties of PHP based offavelengths from 460 to 810 nm using suitable detectors.

continuous wavecw) and transient pump and probe spec-Since the probe beam is unpolarized the measured decay

troscopy. This approach does not require the observed sp€Urves show the time dynamics free from polarization

cies to be emissive. Light-induced time-resolved studies offemory artifact.

polymersshowed that the obtained transient spectra con-

tained the superposed information of subsystems, i.e., a dis

tribution of linear chain segments in heterogenic O O O Q Q @

surroundings?~**Therefore studies of oligomers provide an

opportunity to eliminate the influence of chain length distri-

bution. FIG. 1. Para-hexapheny(PHP) in its aromatic ground state.
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FIG. 2. Photoluminescence emissi@dLEm, dashed lineand
excitation(PLEX, solid ling spectra of polycrystalline PHP at room
temperature.

FIG. 3. cw-PA spectrunitriangles, displaced vertically for clar-
ity) of a polycrystalline PHP film at 90 K, doping induced absorp-
tion (DIA) of PHP (dash-dotted lingin solution as obtained by
The steady-state fluorescence spectra were measured Khannaet al. (Ref. 19, PL emission spectrurtbroken ling from
conventional source—monochromator—sample—monochronfid. 2; points(l) denote the results of transient spectroscopy with
ator—detector geometry, correcting for the spectrafero delay between pump and probe pulse on a polycrystaliine
throughput/response of the components. For the cw-pumfFHP film (solid line guides the eye; see Sec. Il.B
and probe experiments the ultraviolet lin@$1.1 and 363.8
nm) of a Spectra Physics argon ion laser were utilized asw-PA spectrum of a polycrystalline PHP film at 90 K. The
pump source. The probe beam from a tungsten source waggnal at room temperature was also recorded but is below
guided through the sample at 90 K and in vacuum ( the noise level. The low-temperature spectrum can be de-
<10 ° mbar) and after being dispersed by a grating mono-scribed by two Gaussian peaks centered at 1.78 and 1.67 eV
chromator picked up by a silicon photodiode. The pumpwith full widths at half maximum(FWHM) of 69 and 98
beam was chopped mechanically at a frequency of 93 HaneV, respectively. There is an additional weak shoulder at
using the chopper frequency as the reference for an EG&@bout 1.95 eV but no further features are found in the spec-
Princeton Applied Research lock-in amplifier 5210 whichtral range of 1.1 to 2.5 eV. The strong photoluminescence,
measures the pump beam induced modulation of the probexcited by the pump beam, has to be subtracted from the
beam. To extend the spectral range of the probe beam to thghotoinduced absorption spectrum. This causes the noise
infrared we also conducted cw-pump and probe experimentseen above 2.3 eV. In order to illustrate where polaronic
using a Fourier transform infrarg& TIR) spectrometer, cov- States are to be expected we show the doping induced spectra
ering the region of 200—5000 crh (25-620 meV as de- of hexaphenyl radical anions in solution as obtained by
scribed in Ref. 15. Khannaet al,'® which are in accordance with the electron
energy loss spectra for Ridoped PHP! A comparison of
ll. RESULTS the recorded PA spectrum, peaking at 1.67 and 1.78 eV, with
the doping induced spectrum in solution shows that the dop-
ing induced absorbance occurs at higher energy by about 0.4
In Fig. 2 the photoluminescend¢®L) emission and exci- eV and with much broader linewidth. Although doping is
tation spectra of PHP at room temperature are shown. Effiknown to introduce disorder, which influences the shape of
cient excitation of photoluminescence is observed for quanthe observed optical absorption spectra, we conclude that the
tum energies above 3 eV. The excitation spectrum does ndarge deviation between photoinduced and doping induced
show any vibrational replica which can be explained by thespectra rules out singly charged states as possible candidates
torsional degree of freedom of neighboring phenyl rings infor the observed PA. This conclusion is backed by the ab-
the ground stat&® This torsion is hindered by the more sence of any photoinduced infrared active vibrational modes
quinoidal structure of the excited, emitting stdt¥ which  in the range of 200—5000 crhunder the same measurement
leads to a deviation from the mirror image rdfdn addition  conditions as for the experiments in the visible ratggmple
there is substantial migration of excitation energy to the PHRat 90 K, same excitation conditions
sites, lowest in energy, prior to emissithTherefore the PL
emission shows vibrational structure, mainly determined by
the C=C stretching of the backbone. The peak position of
the PL excitation spectrum is determined by a superposition To gain insight into the temporal evolution of the photo-
of absorption parallel and perpendicular to the backbone agxcited states we have also performed transient pump and
expected for a polycrystalline filfithe absorption perpen- probe experiments. In Fig. 3 we show the change of the
dicular to the backbone peaks at about 4.4(¢f. 11]. probe beam transmission upon photoexcitation by the 120 fs
In order to probe the nonemissive photoexcited states ipulses for a zero delaff.e., maximum temporal overlapf
PHP we performed cw-PA experiments. In Fig. 3 we show gpump and probe beam. When we compare these data points

A. Steady-state photoexcitations

B. Transient PA
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FIG. 4. Time resolved photoinduced absorp-
tion in a PHP film at room temperature excited at
-100 390 nm.

1.7 400 Time [ps]

Energy [eV]

to the obtained cw-PA spectrum we see that the peaks mat@nd probe beanfFig. 3) one can see that the transient spec-
quite well in both measurements although the transient extum shows a shoulder at 2.3 eV in the region where the
periments were conducted at room temperature. polaronic transition is expected. Therefore in accordance

The development in time for this PA band is shown in awith photoconductivity data on PHE which show thamo-
three-dimensiona(3D) plot in Fig. 4. Please note that the bile charged stateslecay within 110 ps this may be the
double peak structure seen in the cw-PA is also clearhabsorption signature of the photocreated polarons. The fact
present in the transient spectra. But whereas the peak at 1.8Tat this signal is not observed in cw-PA can be attributed to
eV dominates the transient PA spectrum at zero delay, it ithe absence of significant trapping of these polarons, which
found to be very small in the cw-PA, i.e., it decays muchwould enable to see them in a cw-pump/probe experiment.
faster than the 1.78 eV peak, which is the pronounced one ifthis phenomenon is common for conjugated materials of a
the cw-PA. Therefore we will examine th&T/T(t) traces very low defect conterft*'® Furthermore we can conclude
near these probe wavelengf&80 and 750 nm for the transient spectra that only the short componéunts

Figure 5 shows the time evolution of PA at 680 and 750to 110 p$ can be attributed to mobile charges while the long
nm. Assuming a biexponential decay, the trace at 750 nnfiving componenie.g., 895 ps at 680 nntan only be due to
can be described very well by 24 and 279 ps while the curvérapped charges or neutral states.

at 680 nm yields time constants of 29 and 895(gmooth Another point indicating that the observed peaks in the
curves in Fig. 5. cw-pump/probe spectrum at 1.78 and 1.67 are not due to
charged transitions is their energy spacing of 0.11 eV. For

IV. DISCUSSION dopedquaterphenythe two absorption bands with a spacing

The PL quantum yield in PHP films is 30%A slightly
higher value of 37% is found for solutions of
hexathiophené? For the oligothiophenes it is well estab-
lished that the intersystem crossifi§C) to the triplet mani-
fold is the main nonradiative decay process of the excited 20
singlet stateS;.1%%2 In this case PA bands due ©,—T,
transitions are expected in the near infrared. Due to the for-
bidden character of the spin flip, population of the lower
lying triplet state usually occurs on a hundred ps time scale.
The faster decay of the singlet state prevents a sizable triplet
state population. Alternatively in the condensed phase other
excitations like charged states or intermolecular species
(photoinduced dimers or charge transfer excijomsay
qguench the PI.

For photoexcited long living charged states, which show
lifetimes of the order of Jus and above, we expect a cw-PA -10
spectrum with electronic transitions and infrared active vi- 100 0© 100 200 300 400 500
brational modes, very similar to the doping induced effects.
From Fig. 3 we see that there is no cw-PA peak, similar to
the doping induced transitions in PHP. We also could not FiG. 5. AT/T(t) traces at probe wavelengths 68®lid line)
detect any IR activity of the photoexcited species with aand 750 nn{dashed lingcorresponding to the time behavior of the
relative transmission change greater than1® °. two peaks of the cw-PA. The spectra are normalized for equal in-

When comparing the doping induced electronic transitionensity at zero delay; smooth solid lines are biexponential$ite
in PHP with the transient spectrum at zero delay of pumpgext).

30

10

dT/T

Time [ps]
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of about 0.2 eV(Ref. 19 are attributed to vibrational split- and FWHM, and the 1.67 eV band to aggregate states
ting of the G—C stretching mode of planar-quinoid radical formed in the PHP films.

ions which is strongly coupled to the electronic structiire. ~ While both cw and transient photoinduced absorption data
In accordance with that we find a vibrational spacing of 0.18°robe the population of absorbing species additional insight
eV for planar polyphenylsfor the polaronic transition®  €an be obtained by looking at th& —S, transition (i.e.,
while a considerably lower spacing of 0.08 eV is found for €MiSsion. We find a positiveAT/T above 2.5 eV. As can be

the triplet-triplet transitions in these planar polyphenyls seen in Fig. 3, we find cw-PL in this region. However, there
o oo . . ; i ignifi i f PHP in thi ioRig. 2.
An additional indication against the assignment of th Is no significant absorption o in this regidrig. 2

) 4 ®Therefore we exclude photobleaching of absorptive transi-
1.78 eV peak as due to polarons is there existence of a {igns as a possible reason for the positd@/T and we

well resolved apparent vibrational splittingpecause the vi-  attribute the latter to stimulated emissi¢®E). Spontaneous
brational replica, seen in the absorption spectrum of chargegmission is excluded since the positive signal disappears
states in conjugated oligomers becomes less prominent up@then the probe beam is blocked and spontaneous emission
increasing the size of the molecule. In quaterphenyl it is seeshows no dependence on the temporal pump-probe delay. In
but it is completely lost for hexaphenysee Fig. 3 This  contrast to the PA signal, which probes the indupegula-
behavior is also seen in oligothiopherfés. tion of an absorbing specig@1,), the SE signal yields the

Therefore,(1) the missing IR activity,(2) the apparent population of anemitting speciegn,). This population is
vibrational splitting,(3) the magnitude of the splitting, and described by a nonexponential decay with a initial time con-
finally (4) the energetic position of both the peaks at 1.67stant of 29 ps, which is similar to lifetimes reported for
and 1.78 eV lead us to rule osingly charged statem be  hexathiophene filmp40 ps(Ref. 32]. We expect PA which
responsible for the cw-PA spectf@oubly chargediications IS exclusively due to excited states to show the same decay
of PHP are found to absorb at 1.54 ¢Ref. 19 and show a  time, and in fact the PA curves shown in Fig. 5 show initial
FWHM of 160 meV. Again this does not correspond to whatdecay times of 24 and 29 ps, respectively. Therefore the
we find in cw-PA. Here, however, we have to mention thatnitial PA is partly due to excited states absorpti® - S,)

studies on hexathiopheffenave revealed that by either cool- 25 Well as to triplet absorption. The observed dynamics re-
ing the sample to 10 K or by using a highly ordered film aflect two different processes: at 680 nm the ISC to the triplet,

bipolaronic absorption can be seen. In the case of the highi{fith the triplet absorption fully superimposed on the broader

ordered film bipolarons seem to be the only detectable sp inglet absorption. ’_A‘t 7_50 nm the decay of _the sin_glgt to-
cies in the cw-PA. Therefore we cannot exclude that one ofards @ plateau which is due to trapped excitons within the
the peaks at 1.67 or 1.78 eV might be due to a bipolaroni@g?\lregates' ial behavior i i ical of di
transition. This assignment is however problematic since in onexpon'entla. ehavior In general 1S typ'c‘f" ot disor-
this case photoinduced infrared modes should also be dete @r«_ad organic solids and can be related to a dlstrlb_utlon of
able. Finally we want to mention that the absence of photo-'f_et'mes' The slqwer dynamlcs_ observed a_t 680 nm 1S deter-
induced infrared modes is in agreement with the absence &uned by the buildup of th.e triplet population Wh'(.:h IS ex-
any pronounced peaks in the subgap region of the eIectreP—eCted to be nonexponential as well. In fact the distribution
modulation spectra obtained on PHP. Although performed a‘i’f reqombmatlon _tlmes for the gmglet excitons implies a dis-
room temperature these experiments show a clear polar bution of ISC times to the triplet. As a consequence we

signal for planar polyphenyls, but no charge induced state annot e)(trapolate_asingle '_cime constant for the triplet popu-
fo? PHP29"E° polypheny g ation buildup, which describes the process, but determine

e time scale: it is approximately a few hundred ps.
Concerning the SE we want to add that competition be-
jween SE and PA is intensely debated for conjugated poly-

versus conjugation length,leads to an expected value of mer films \_Nhere—depending on the _syl_wthesis a_nd
around 1.8 eV in good agreement with the 1.78 eV, we Conpur_lflcat|on—|n some cases the broad distribution qf conju-
clude that the 1.78 eV peak in the cw-PA is due to a tripletgalt'on Iengrt]hs |:1fluen9esi the obserhved ph(ljtoph)}§|¢'s)r_
triplet transition. Also fora-sexithiophene a narrow PA peak P© y(para-phenylene viny en)e(PP\A_ omopolymers PA is

of 0.1 eV FWHM was reporteéd and in agreement with the observsed to overwhelm Sﬁifor' dilute PPV/polystyrene
interpretation by other groups®34this peak was attributed blends$® and PPP-typélends’ this competition is not ob-

to absorption by thd, triplet state after a relaxation of the S€ved. We have also demonstrated recently that for a pure

lowest singlet excited sta®, via intersystem crossing. The homopolymer with high intrachain order in the solid state, a

sharp absorption band is the consequence of the strong Iocé‘?‘gder'tgsel mtith¥| supsn:uted PPP& no ZUCh corr_1pet|tt|on IS
ization of the triplet wave function, which has an extension2PServed. in the transiént pump and probe experiments on
of 3.6 A for sexithiophene. PHP we do also only observe competition between PA and

In frozen solutions of oligothiophenes a PA band is found>E in the very limited energy range of 2.2-2.5 eV, where the

below the energy of the triplet-triplet absorptithits inten- cw Pl Intensity 1 down 1o about one-fifth of its maximum
sity depends on the oligomer concentration and it completel?nd the transient pump and probe spectrum shows PA, prob-
dominates the cw-PA of the pure films. Therefore Jansseﬁny due to polarons.. Therefore we observe a nearly com-
et al®*® conclude that upon aggregation of the oligoth- plete spectral separation of PA and SE.

iophenes, small clusters or microcrystallites are formed,
which give rise to a PA band below the triplet absorption.
Based on the previous arguments we assign the 1.78 eV band We have presented and discussed photoinduced transmis-
to triplet absorption in accordance with the expected positiorsion difference spectra of PHP which shows PA and SE on

Based on the previous reasoning and since interpolatinH1
the energetic positions of the triplet-triplet transition of ter-
phenyl, quaterphenyl, and the planar polyphenyls plotte

V. CONCLUSIONS
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the ps scale, while only PA is seen on a ms scale. From thieng lived, appearing in the ms PA and it is assigned to
identical decay behavior of SE and PA during the first 100 psrapped species within aggregates of PHP molecules.

we conclude that the initial PA is due 16,— S, optical
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