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Using a variety of steady-state spectroscopies we studied the long-lived photoexcitations and electronic
excited states of poly disubstituted acetylene (PDM\), the backbone structure of which is a disubstituted
trans-polyacetylene, as well as PDBBu/Cy, blends. The cw spectroscopies include absorption, photolumi-
nescence(PL), photoinduced absorptioPA), and PA-detected magnetic resonaf®ADMR). Although
PDPA-nBu is a degenerate ground-state polymer, nevertheless, and in contrast to trans-polyacetylene, we
found that it has a strong PL band with quantum efficiency larger than 60%. From polarized PL studies on
stretched oriented films we conclude that the PL emission originates from intrachain excitons rather than the
polymer side groups. This shows that the lowest-lying exciton in PDB&-is aB,, state rather than af,
state, in contrast to the order of the lowest-lying excitonic states in trans-polyacetylene. The polarized absorp-
tion in PDPANBuU contains three distinctly different bands with different polarization properties, which are
interpreted according to the model of Shukla and Mazumdar. The PA spectra of pristine and photo-oxidized
PDPA-nBu films show neutral and charged solitons as well as polaron excitations, whereas the long-lived
photoexcitations in PDPAWBuU in solution are mainly polarons. This may be due to destabilization of the
soliton-antisoliton pairs in the polymer chains in solution caused by short conjugation length. From the PA and
PADMR spectroscopies of PDPABU/Cy, blends we conclude that a photoinduced charge-transfer reaction
takes place, again in contrast to blends of other nonluminescent polymers. Interestingly the PA spectrum of
PDPA-nBu/Cgy blends shows both charged polarons and charged solitons that are correlated with the PA band

of Cg,. We found that the ratio between charged solitons and polaron excitations depends ggdbecen-
tration in the blend, the film morphology, and temperature. It is shown that the mechanism by which two
polarons on the same PDRABu chain recombine into two charged solitons is the dominant process that

determines the soliton/polaron ratio in the blends.
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I. INTRODUCTION PDPA-BuU the order B,-2A, was attributed to the small
electron-electron interactioff
It has been shown that the emissive and nonlinear optical The polarized absorption spectra of PDRBu were re-
properties of the centrosymmetrig-conjugated polymers cently calculated revealing the existence of three absorption
are determined by the order of the two lowest excitedbands: (i) a lower-energy band associated with intrachain
state$® with odd and even symmetry, namelyB] and  exciton transitions,(ii) an intermediate-energy band that

2A,,
sizg of the bond alternatiorg(stands for even parity and
for odd parity. For theC,;, symmetry group electrical dipole
transitions are allowed between states with opposite parity. It
has been established that in nonluminescent polymers the
2Aq level is lower than B, whereas in luminesent poly-
mers the 2 state is higher than theBl, state®

The disubstituted polyacetylene, PDP¥Bu (displayed in
Fig. 1) is similar to trans-polyacetylene, where one side
group is a phenyl ring and the other is a phenyl attached to a
butyl group? Although PDPAnBuU is a degenerate ground-
state (DGS) polymer as was deduced from doping
experiments, nevertheless it has strong photoluminescence
(PL), which conflicts with what is known about the DGS
polymers® Unlike the other luminescent-conjugated poly-
mers, where the order of the lowest-lying excitons has been
explained as a result of the large dimerizatiorin
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which are determined by electron correlation and theoriginates from transitions between the chain backbone states

C4H,
FIG. 1. The backbone structure of PDRBU.
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and states of the phenyl ringsharge-transfe(CT) exciton  polydiacetylene onto &.% It was concluded that in lumi-
transitiond, and(iii) a strong band in the high-energy range nescent polymers, such as p@alkylthiopheng [P3AT]
(=6 eV) that is due to the phenyl side groups. and polyp-phenylene vinylene[PPV] where the photoin-

Picosecond transient photoinduced absorptle) mea-  duced CT reaction was observed, the Coulomb interaction is
surements were completed in PDP#u films at low exci-  sufficiently well screened so that upon photoexcitation the
tation intensity, and it was found that an exponential decayhotoinduced CT reaction can take place. In the theoretical
with lifetime =600 ps fits the data wellThe radiative life- model elaborated for CT in a molecularly doped conjugated
time 7, was calculated using the relationship for the PLpolymer presented in Ref. 24, it was shown that the photo-
quantum efficiencyy=br, /7, whereb was the photogenera- induced CT due to exciton dissociation between a polymer
tion efficiency of the relaxed exciton BlL),, which was  chain and an acceptor molecule reaches a maximum when
assumed to be 1. Fay=50% the radiative lifetime was cal- the energy difference between the dopant-polymer HOMO
culated to ber,=1.2 ns. This is close to the radiative life- levels, is approximately equal to the exciton binding energy.
time of PPV that is known as a strong luminescent The paper presents CW spectroscopic studies of pristine
m-conjugated polymet. PDPA in films and solutions and blended witg,CIn Sec. Il

The time-resolved PL in PDPABuU film was also we present the experimental techniques used in our measure-
investigated® It was shown that there is a spectral depen-ments. Section IlI presents the absorption and PL spectro-
dence of the PL decay time, displaying a double exponentiadcopic results of PDPABuU in the form of stretched oriented
decay at shorter emission wavelengtfor 475 nm 7;  films, as well as long-lived photoexcitations in pristine films
=0.10 ns andr,=1.2 ns) and a single exponential decay atand in toluene solution using PA and PA-detected magnetic
longer emmission wavelengtfior A\=625 nm,7=2.74 n§.  resonancéPADMR) techniques. We also show evidence of
This shows that the PL component with shorter wavelengtiphotoinduced CT in films of PDPABU/Cy, blends. Section
is faster than that with longer wavelength, indicating excitonlV summarizes the results.
migration to longer chains with lower excitation energy. The

lack of overlap between PL and absorption and its high quan- Il. EXPERIMENTAL METHODS
tum efficiency make PDPAWBuU suitable for optical applica- ] . )
tions such as laser actiihand light emitting diodes PDPA-nBu powder was synthesized using diphenylacety-

(LED).*2 It was found that in PDPABU films there is high ene monomers and the TacBu,Sn catalyst>**Thin films
optical gain when excited with short optical pulses at mod-Of pristine PDPAnBuU were prepared from toluene by spin
erately high excitation intensities. Above a threshold excita£asting or dropcasting on KBr or sapphire substrates. The
tion level of about 1 MW/crA which is considered to be Solution of the PDPARBU/Cyo mixture was prepared by
relatively low, it was found* that the emission bandwidth Mixing Ceoin xylene with PDPAABU dissolved in xylene of
around 510 nm narrows from 100 nm to below 10 nm. ~ appropriate ratio to get the desire¢,@PDPA-nBu weight

CT processes inr-conjugated polymer/g blends have ratio. The photo-oxidized samples were prepared by expos-
been investigated in a series of studids’ In some ing the polymer fims to laser light in &f. To obtain
polymer/G, mixtures the CT process from the polymer to stretched films, the polymer solution was dropcasted onFo a
Ce takes place in the ground stdfyhereas in many others polyethylene s.ubstra.te and manually stretched to achieve
it is photoinduced® 1" The photoinduced CT between the Various stretching ratio¥. . . _
m-conjugated polymer chains and thg,@nolecule is gov- The PA technique _has been extenswely used in semicon-
erned by energetics, i.e., by the relative position of the polyductors for the detection of a long-lived photogenerated spe-
mer energy levels with respect to those of thg Gopant’® ~ cies sample t_)y measuring the chan_gé', in transmissionT
The quenching of PL, the increase of the photocurrent, an@f the pré)be light due to the absorption of the photogenerated
the absorption band of in the PA spectrum have provided specieg® The _spe_ctral response _of the optical setup is elimi-
evidence for photoinduced CT inggdoped polymerd3-17 nated when dividing\T by T. AT is correc.ted for the PIT of
Transient spectroscopy measurements have demonstratilf Sample. Therefore, the quantity that is measured is
that the forward C_T process is very fest, occurring in less AT Ty Tor—PL
than 10 2 s following the pulse excitatioff. The studies of —_———,
weak infrared PL, which results from radiative electron-hole T Tors
recombination between the fullerene excited state and polywhereT,, (T¢) is the transmission through the sample with
mer ground-state revealed that the backward process is vetle laser light on(off).
slow?! This is due to the large size of the@opant mol- The PA spectra were obtained at 80 K using ari Aaser
ecules that stabilizes the charge separation. The electrq@oherent, Inova 90 seriebeam at 458 nm or 360 nm. The
added to the sphericalggmolecule is self-trapped, forming laser beam was modulated with a mechanical choffpiemn-
a polaron with a charge distributed mostly along the equatoford Research Systems, Inc, Model SRb40 a typical fre-
rial line of the molecule and a lattice distortion with a mini- quency of 100 Hz. The probe beam was derived from a
mum dimerization along the same liffe. tungsten-halogen lam@@sram HLX 64655 in the spectral

Studies of photoinduced electron transfer focusing on theange 500 nm—2.4m, and a glow bar for the range 2.4-15
effect of strong Coulomb correlation have shown that theum. A parabolic mirror directed the transmitted light through
strong Coulomb binding of the electron and hole in the ex-the sample onto the entrance slit ofld4)-meter monochro-
cited states inhibits the photoinduced electron transfer fronmator (Aries, Model MC 20. At the exit slit of the mono-
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chromator the light was detected by a solid-state photodetec- 1.5
tor. Depending on the spectral range, the following detectors
were used: SUDT Model 10DP/SB or UV10Q) GEEG&G
Judson Model JD-16 InSbh (EG&G Judson Model JD-14

and MCT (EG&G Judson Model JP The signal from the
detector was preamplified and detected by means of a lock-in
amplifier (EG&G Princeton Applied Research Model 5209,
Stanford Research Systems Model SR 830 DieRerenced

to the pump beam modulation. Several long pass filter and
grating combinations were used to cover the entire spectral
range of our measurements, which was 0.1-2.5 eV. The PL
spectrum was measured with the same setup except that the  0.04+—= T T
probe light was blocked. The PL spectrum was also corrected 2 3 4 5 6
for the spectral response of the apparatus. Photon Energy (eV)

To obtain the midinfra_red region of the PA spectrum, aPA g5 5 The absorption spectra of PDPBu films: unstretched
setup based on a Fourlearl transform infra®d1R) spec-  (sojid ling) and stretched orientedotted ling. The inset shows the
trometer was also uséf®' The FTIR spectrometer was absorption spectrum of an unstretched film above 5 eV.
modified such as to allow access for a cryostat and laser

beam. A shutter was used to turn the laser illumination on therhe superconducting magnéfmerican Magnetics, Inc.
sample on and off. The PA spectrum was obtained by takingroducy generated a dc magnetic field in the range 0~30 000
a number of scans with the laser on and the same number @f ith homogeneity of-1x10 4 G. The current through
scans with the laser off, opening or closing the shutter. Ane superconducting magnet was controlled by the computer
large number of scans were recorded to get a good signal-tgnrough a digital-to-analog converter with a minimum mag-
noise ratio and overcome the detection limitation establishegetic field step of 1 G. The magnet was kept at liquid-He
by the digitization resolutiof The total number of scans is temperature. TheT/T overall sensitivity of the apparatus
the product between the number of the scans chosen for oRg;s of the order of 108 (Ref. 33.
sweep, which gives the average spectrum, with the laser on
(off), and the number of sweeps with the laser(off). The
measurements were run by a macro basedopus com-
mands, which performed a number of loops to produce the A. Undoped PDPANBuU
data files of the spectra with the laser on and off,
respectively’®

The PADMR setup contains, in addition to the regular PA  Figure 2 shows the optical-absorption spectrum of a drop-
setup, the electron magnetic-resonance Pdttconsists of a  cast PDPAnBuU film on polyethylene substrate. The absorp-
high-Q magnetic-resonance cavity with windows for the op-tion spectrum was corrected for the absorption of the sub-
tical transmission, a magnet to generate a dc magnetic fieldtrate. The sharp rise at the absorption onset implies a narrow
a microwave generator, and a microwave modulator. The midistribution of the polymer conjugation length. The absorp-
crowaves were introduced into the resonant cavity through &on spectrum exhibits three distinct spectral features. The
waveguide. The sample was placed in a cryostat and cooldatoad, low-energy band with its vibronic progression peak-
to liquid-He temperature. The changésg, in transmissionT  ing at 2.93 eV and 3.29 eV, respectively, is assigned to the
of the probe light through the sample in the dc magnetic fielcabsorption of ther-a* intrachain exciton. The middle part
with the excitation laser on, due to the microwave absorpof the spectrum with peaks at 4.13 eV and 4.64 eV, respec-
tion, were measured using a phase-sensitive technique. Twively, is assigned to the absorption of a CT exciton due to
types of PADMR spectra were measurédhe \-PADMR transitions between the backbone polymer chain and the ben-
spectrum in which the wavelength is scanned keeping conzene side groupSThe strong high-energy band peaking at
stant the dc magnetic field at resonance, andHHRADMR  5.75 eV corresponds to the absorption of the benzene mol-
spectrum where the magnetic field is scanned keeping corecule, and is displayed more clearly in the inset of Fig. 2.
stant the probe wavelength. The custom-made microwave The absorption spectra with polarization paralle)
cavity was a 3-GHz coaxial resonant cavity operating in aand perpendiculafy) to the drawing axis of the stretched
TEM; mode. The microwaves were generated by a Hewlettfilm of PDPA-nBu are displayed in Figs.(8 and 3b), re-
Packard(HP) Model 616 A uhf generator, which produces spectively> The stretched oriented film was obtained by
signals of frequencies in the range 2—4 GHz. The microstretching the polyethylene stripe to a 5.6:1 ratio. As a refer-
waves were modulated with an HP 11720A pulse modulatoence for the absorption spectra we used a polyethylene sheet
and amplified by a rf amplifieMini-Circuit, Model ZHL-5)  that was stretched at the same ratio as the sample, and mea-
with a maximum output power of 1 W that was introduced surements were done with an identical polarizer with that
into the waveguide connected to the cavita function gen-  placed in the sample channel. The absorption spectrum with
erator(BK precision 3010 provided the reference signal for incident light polarized parallel to the drawing axishows
the lock-in amplifier and the signal for the input modulator. only two distinct features: the low-energy—=* band with
The modulation frequency was set between 100-200 Hzhe peak of the 0-0 transition at 2.90 eV and a featureless
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Ill. RESULTS AND DISSCUSION

1. Absorption spectroscopy
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FIG. 3. The polarized absorption spectra of a stretched orientedyitation (dashed ling spectra of PDPAaBU, (b) x-polarized

PDPA-nBu film: (a) x-polarized(solid line) andy-polarized(dash- (solid line) and y-polarized PL banddotted ling of a stretched
dotted ling absorptions between 2 to 5 el x-polarized(solid  giented PDPARBU film.

line) andy-polarized(dash-dotted lineabsorptions above 5 eV.

dicates that the emission directly follows the relaxation

broadband extended between 4 eV and 4.8 eV, assigned fpocess® The peak in the excitation spectrum at 3.29 eV at
CT transitions. The high-energy band that is ascribed to thehe first vibrational level of the B, is associated with the
benzene moiety, which is very strong in the unstretchedast radiative recombination component that takes place in
sample, is however absent in the parallel polarized absorghe same chain where the exciton was initially photogener-
tion spectrum. The absorption band with polarization perpenated. The PL emission that originates from the other excited
dicular to the drawing direction shows a blueshift in the low-states takes place after thermalization is completed, as the
energy band, with the 0—0 peak transitign at 3 eV and a  result of the exciton migration to chains with larger conjuga-
well-defined vibronic structure associated with it, implying ation length, and is associated with the slow component of the
simple vibronic activity with a narrow distribution of the transient PL deca}f’
phonon energy. Stretching does not to affect much the per- The PL of the stretched oriented film measured by rotat-
pendicular absorption component. ing the analyzer in front of the monochromator, displayed in

The CT-type absorption features are associated with alrig. 4(b), shows a PL polarization anisotropy with preference
sorption bands at 4.13 eV and 4.55 eV, respectively. Thelong the stretching direction. This proves that the emission
4.13-eV band is the same location as that in the absorption Gomes from the polymer chain rather than the side grétips.
the unstretched sample indicating that stretching does not
affect this transition. The assignment of this band as CT-type
absorption is thus consistent with its small dependence on
polarization. The strong band at 5.42 eV due to the absorpl-D
tion of the benzene moiety is ascribed to transitions amon
localized orbitals,|—I*, which according to the theoretical
prediction should bg polarized’?8

3. Photoinduced absorption spectroscopy

Figure 5 exhibits the PA spectra ofa) a pristine
DPA-BuU film, (b) an oxidized PDPARBuU film, and (c)
%ristine PDPARBU in toluene solution. Pristine PDPABuU
films [Fig. 5@)] show mainly a single PA band at 1.7 eV,
which is due to neutral photoexcitations that are associated
with spin 1/2, and therefore this PA was identified as due to
photogenerated neutral soliton-antisoliton pai®’-&°).°

Figure 4a) shows the absorption, PL, and PL excitation These species are probably photogenerated in the picosecond
spectra of a PDPABU film. The PDPAnBU film has strong  time domain, together with intrachain excitofis.The
PL with quantum efficiency higher than 60%, as measuredbranching ratio between the neutral soliton pairs and intrac-
with an integrated sphere. The PL spectrum consists of hain excitons is not known at the present time. Several
broadband peaked at 2.4 eV with no vibronic structure. ltmechanisms have been advartcemlexplain the process by
exhibits a relative large Stokes shift between the first absorpwhich the neutral soliton pairs are photogenerated in PDPA
tion peak and the PL pedk. polymers. One mechanism may be the dissociation of the

The PL excitation spectrum shows that there is a smalRA, state into two soliton-antisoliton pairs during the hot
excitation band below the gap, followed by a sharp rise at thexciton thermalization process following photon absorp-
absorption onset. This result is consistent with a narrow distion.3"*8 Another mechanism may be a triplet exciton disso-
tribution of the polymer conjugation length; most of the PL ciation into a soliton-antisoliton pair following intersystem
originates from intrachain excitons that are created on chainsrossing from the singlet to the triplet manifofdThe ques-
with a short conjugation length, which then migrate to longertion of which mechanism is viable in PDPABu may be
chains where radiative recombination takes piicEhe ap- resolved by picosecond pump-probe measurements, which
proximate step-function shape of the excitation spectrum inactually are underway in our laboratory at the present fitne.

2. Photoluminescence spectroscopy
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81 between 1.7 eV and 2.95 eV, measured at different delay

6 (a) 5 times showed that a long-lived PA feature at 2.3 eV starts

4 8 emerging after 200 ps and persists for hundreds of nanosec-

2 onds. The broadband at 0.23 eV that contains the IRAV fea-

0 T . T . tures was measured to have the same dynamics as that of the
E 4] ®) s° high-energy PA band at 2.3 eV. The time-resolved PA spec-
2 s’ P, trum for time below 200 ps displays a PA band at 1.7 eV,
o 27IRAV p 5y, which was assigned to excitofsThus some of the excitons
o ‘/‘V.“’M. o — in PDPA-nBu in toluene solution dissociate into polarons in

J© about 200 ps.

{IRAV From the PA spectrum in PDPABU in solution, in con-
27 p* trast to PDPARBU films, we do not observe long-lived neu-
o_ﬂnwﬁl«« tral and charged solitons. Since the CT reaction between the

0.0 0.5 1.0 1.5 2.0 25 polymer chain and the solvent molecule is relatively slow
Photon Energy (eV) (200 p3,*? this permits the generation of long-lived neutral
solitons in the polymer chains either vi#g (Refs. 37 and
38) or via triplet dissociatiof? following intersystem cross-
ing. Also two adjacent polarons on the same chain would
eventually recombine to form long-lived charged solitbns.
To explain these seemingly contradictory facts we therefore
conclude that soliton excitations are unstable on the polymer
The PA spectrum of photo-oxidized PDRMBu [Fig.  chains in solution. This may be related to the small polymer
5(b)] contains, in addition to th&, PA band at 1.7 eV, also Cconjugation length in solution, which is in agreement with
three other bands at 0.3, 1.0, and 2.5 eV, respectiély. the PDPAnBuU absorption blueshift that was observed in
These PA bands are correlated with a strong photoinducegPlution® Since solitons are topological excitations and
infrared active vibratioIRAV) band at 0.16 eV indicating therefore are created in pairs of solitons and antisolitons,
that they are due to charged spedi&She strong PA band at then the polymer chains simply do not contain long enough
1.0 eV is similar to a doping induced absorption band inconjugations to permit two topological phase changes that
PDPA and therefore was identifieds due to charged soli- characterize soliton-antisolitbrpair excitations. Resonant
tons (S* andS™). The two other bands at 0.3 and 2.5 eV, Raman-scattering studies in films of PDPBu have
respectively, were shown to correlate to each other, and b@dicated* that the mean chain conjugation is short, of about
associated with spin 1/2, and therefore were idenfifies ~ Seven repeat units. In solution the bulky side groups may
due to photogenerated polarons. It is worth noting thafnore easily rotate and thus further shorten the mean conju-
PDPA-BU is the first DGS polymer in which both long- 9ation to be below about five repeat units. This short conju-
lived charged polarons and solitons are simultaneousl@ation would destabilize topological sqhton excitations be-
present in the PA spectrufn. cause of the excess energy associated with two-phase
The PA spectrum of PDPABU in toluene solutiorfFig. changes associated with a soliton-antisoliton pair.
5(c)] shows only two PA bands at 0.3 and 2.5 eV, respec-
tively. The similarity of these PA bands to those of the photo- B. Cgo doped PDPANBuU
oxidized film[Fig. 5b)] is obvious and thus, similarly as for
the photo-oxidized film, we also identify the PA bands in
PDPA-nBu in solution as due to polaron excitations. We The energy diagrams of the PDRABuU polymer and &
conjecture that there exists a photoinduced CT reaction bénolecule are shown in Fig. 6. Having its LUMO level within
tween the polymer chain and solvent molecule, in which théhe gap of the polymer, & is thus a weak dopant for
photogenerated exciton on the polymer chain dissociates iniBDPA-NBu. Therefore a CT process is expected to occur in
an anion on the solvent molecule and a positive polaron othe excited state, either by exciting the polymer chain or the
the polymer chaiff! This mechanism is similar to the well- dopant G, molecule.
known photoinduced CT process that occurs in polymers The visible near IR absorption spectra of pristine
doped with G,.1** PDPA-nBu and G, doped PDPARBuU are shown in Fig. (&)
Intrinsic processes that lead to polaron formation inand compared with the absorption spectrum gidéped
PDPA-nBuU in solution could also exist. One possible proces?DPANBu. The steep onset of the absorption spectrum of
is electron hopping between chains stacked on to each othgristine PDPAnBuU suggests a relatively defect-free film
in a bunch, where the interchain distance is small. Anothewith a narrow conjugation length distribution. In the
process is electron hopping on the same chain among diffePDPA-nBu/Cgq blend the weak absorption ofsgcaused by
ent conjugated segments separated by torsion points that ian allowed dipole transition at 3.7 eV is also observed. The
terrupt the chain conjugation, or on different chains bondedbsorption tail below the gap in the blend is associated with
by crosslinks. The cw PA results in solution are supported byan increase in the width of the conjugation length distribu-
the PA transient results presented in Ref. 42, where polarotion and also with weak absorption of thgGnolecule due
photogeneration was reported. The time-resolved PA spectita a dipole forbidden transition at 1.8 eV highest occupied

FIG. 5. The PA spectra ofa) pristine PDPAnBuU in toluene
solution, (b) pristine PDPAnBuU film, and (c) photo-oxidized
PDPA-nBu film. The polaron P;,P,), neutral soliton §°), and
charge soliton $) absorption bands are assigned; IRAV stands for
infrared active vibrations.

1. PA spectroscopy
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The absorption spectrum of the PDRBU/Cy, blend in 0 0.5 1 15 2 25
the midinfrared rang€Fig. 7(b)] shows that there is no new Photon Energy (eV)

IRAV feature, indicating that electron transfer from the poly-

mer chain to G, molecule does not take place in the ground-  FiG, 8. The PA spectra of PDPABU/Cq, mixtures at different

state. If CT would have taken place, then an absorption band,; concentrationsta) 0.5%, (b) 3%, and(c) 7%. TheP,, P,, S*

around 1250 cm* would be seen, as in the absorption spec-s°, c,,, EA absorption bands are assigned.

trum of iodine-doped PDPABuU (Ref. 5 [also shown in

Fig. 7(b)]. as in pristine PDPA3BuU (see Sec. Il A3. Itis seen that the
Figures 8a)-8(c) illustrate the PA spectra of PDPA- polaron 'bands diminish at hlg.here(g:concentratmn as d|§—

nBu/Cy, films of different G, concentrations: 0.5%, 3%, cussed in Ref. 27. The photoinduced infrared active vibra-

and 7%, respectively. The PA spectra were measured at 80 NS (IRAV) are the signatures of photogenerated charged

using the 2.73-eV A laser line with a power of 250 mw, €xcitations on the polymer chaiffS. Its huge oscillator

The spectra show the characteristics of PA bands of bot trength is caused by the small kinetic mass of the spéties.

charged 6*) and neutral £°) solitons, and, in addition, two n PDPA-NBuU/Cgy mixtures we also observe a clear signa-

PA bands at 0.37 eV and 2.35 eV, respectively, which Weture of a photoinduced CT process; namely, a sharp PA band

. - A at 1.15 eV that is due to photogenerateg € this occurs as
assigned &y and P, transitions of polaronsR™), similar a result of photoinduced electron transfer from the polymer

chain onto the g molecule. It has been shown thaj@self

1.6

> | - PDPAmBUC does not have any absorption features or PA bands between
h—4 80 7 . . .
@ 124 —— PDPA-nBu (@) 0.05 and 1.4 eV the peak at 1.15 eV and its vibronic struc-
Sosl] - PDPABU/, tures are therefore due tog{C These transitions were also
S 04 observed in the absorption spectrum gf @at was induced
S ™ and generated by-ray irradiation®

00 Il

T . The PA spectra of the PDPABuU/Cgq mixture for the 7%

o
1.0 1.5 3.5 4.0 4.5

2'?9hot02ﬁ5EnerS§? (eV) Cgo concentration that was obtained with UV laser excitation
< PDPA-NBU/C,, ) (see Fig. 9 exhibit approximately the same features as those
o IRAV excited with the visible laser light. The slight modification is
: the appearence of the PA band due to thg t@plet-triplet
transition at 1.7 e\(Ref. 46 that is superimposed on ti&?
A AM__,\/ RIIRR AR PA band. The photobleachirigB) below the band gap is due
ALl . - to Gy electroabsorptiofEA) that overlaps with the PA of
the blend spectrum; it may be due to the electric field in-
duced by the photogenerated carriré\s was shown in
FIG. 7. The absorption spectra of-doped and undoped Ref. 48, Gg exhibits EA spectral features around this spec-
PDPA-nBu compared with the absorption spectrum of tral range. The CT process is sample dependent duggo C
PDPA-NBU/Cy, mixture in (a) visible spectral range andb) segregation in the parent solutiShComparing the PA spec-
infrared spectral range. trum of photo-oxidized PDPABu film with that of the
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Photon Energy(eV) FIG. 11. The temperature dependence of the PA bands in 7%

PDPA-nBu/Cy, blend for (a) polarons(squarey charged solitons
(triangles, and neutral soliton&circles, and(b) the charged soliton
and G bands.

FIG. 9. The PA spectrum of PDPABu doped with 7% G,
measured with UV excitation.

PDPA-nBu/Cgy composite, we conclude thatg&molecules o o . )
in the polymer/G, blend play the same role as the defectsmolecular recombination kinetics. A different dependence is

sites in the photo-oxidized PDARBU film.?’ exhibited by the positive charged solit&i and polarorP ™

To find the nature of the different PA bands in the PDPA/bandsS*, the PA signal, increases approximatelyl a&” for
Ceo blend we investigated the PA dependencies on laséaser intensity up to 100 mW, and &8° at higher laser
power and frequency**°In Fig. 10@) we show the chopper power. This means that a monomolecular recombination ki-
frequency dependence of the various PA bands measured anatics is present at low laser intensity, whereas a bimolecular
laser power of 100 mW. The lifetime of the photogenerateckinetics® becomes dominant at higher laser excitation
carriers was determined by fitting the experimental data withintensity*>*° The polaron band also showd %*° power law,
a monomolecular recombination process assuming a rectameaning a monomolecular recombination kinetics behavior
gular lifetime distribution, this model was presented in Ref.up to 80 mW and bimolecular behavior above it, with a
47. For the photogenerated polarons we got a decay timgower law of 1% The similar intensity and frequency de-
g,l/strlbuélog betwe?jn]c O—tﬁ‘ ms, tforI thelz_tchargetd soll'[(())ns6 bebendencies 08" and G, PA bands given in Figs. 16) and

een 0—3 ms, and for the neutral solitons between 0—6 ms, -

The laser intensity dependencies of the 0.37-, 1.2-, an?!o(d) show.that the process by whi@T and G, are photo-

; S generated is correlated.
igli_t?)\r: Pepz;lf) 2228 Saz;e g\';gﬁgﬁvdﬂ;’;gfé%fff’rﬁir? hﬁsnrﬁgtr:s[ The temperature dependence of the three dominant PA
P ysap g bands in PDPARBU/Cy, is exhibited in Fig. 1(a). They

show different temperature dependencies. The soliton and
polaron PA dependence on the temperature were fitted with a
model presented in Ref. 51. The model allows to obtain the
energy levels and the concentration of the dominant traps.

We note that the charged soliton PA signal remains con-
stant up to 140 K, decreases slightly up to 200 K, and then
- - monotonical increases above 200 K. The local minimum of
09 1113 15 the soliton PA signal at 200 K coincides with a small increase
in the population of polarons. The evolution of t8¢ and
Cgo PA with temperaturdFig. 11(b)] indicates that the ab-
sorption of the G, PA band does not change when the tem-
perature increases. It stays the same on top oSthéand,
which however increases with the temperature. This implies
that there is a process that depends on the temperature, which
createsS* from polarons but without involving the gmol-
ecules. This can be explained using the following scenario:
Laser Power (mW/em?) Photon Energy (V) The photoinduced polarons are stabilized by thg &hions

FIG. 10. The dependence of the different PA bands in 7%and this reduces their mobility. When the temperature in-

PDPA-NBU/Cq, film on (a) chopper frequencyb) pump intensity. ~ creases then the polaron mobility also increases, favoring the
The dependence of th8" and G, PA bands on(c) the pump  encounter between two polarons on the same chain, as well
intensity and(d) the chopper frequency. as a neutral soliton encounter with a polaron. Thus, the reac-
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FIG. 12. The PA spectrum of 7% PDPABuU/Cgy mixture (dot- Magnetic Field (Gauss)

ted ling compared with the\-PADMR spectrum atH=1010 G FIG. 13. TheH-PADMR spectrum at 1090 nm showing two
(solid ling) for s=1/2 resonance. The inset is thePADMR at  resonances ai, andH, due to polarons andg, respectively. The
2900 nm. fit to the data using two different Lorentzians is also shown.

tions leading to the charged soliton population enhancemeritre. The PADMR spectrum shows the photoinduced CT sig-

at high temperature are nature, namely, a band at 1.15 eV that is due to tha@ion.
o The band associated with;Cgoes together with th&* PA

P*+P*—S*+S*, (2)  band showing the same sign, thus the PADMR spectrum re-
produces the PA spectrum. The positive sign of $ieand

SP+PF S . (3) Cg, PADMR bands implies that they are associated with a

geminate recombination proceSs’ This means that a
At low temperatures the polaron and charged soliton geneharged soliton is generated as a result of two exciton disso-
eration is mainly an extrinsic process mediated by thg C ciation onto two dopant § molecules having spins in an
dopant. A polaron is generated via exciton dissociation on aantiparallel configuration following charge separation. This

adjacent Gy molecule would imply an exciton diffusion on a small distance before
- the electron transfer. The speed of the CT process, which is
Ex+ Cgo— P + Cgo, (4)  estimated to be less than 1 Pssupports the small diffusion

length of the exciton, which seems to be important in keep-
%—g the spins in antiparallel configuration.

The other features associated with sflif2) resonance in
the A-PADMR spectrum are explained by the distant pair
model?®5% implying that both neutral soliton and polaron
recombination processes are related with the same types of
spin pairs. One of the interesting aspects of X\RBADMR
spectrum is the reversed intensity ratio of the neutral soliton
band to the polaron band, as compared with that in the PA
spectrum. This can be explained assuming a branching pro-
cess that involves the spin parallel pairs. One part of the
parallel spin pairs contributes to processes related to the po-
laron, while the other part contributes to processes related to
the neutral soliton. Another peculiarity of thePADMR

Magnetic-resonance experimental methods such aspectrum is a huge disproportion between the strength of the
electron-spin resonancéESR and light-induced ESR high-energy polaron band at 2.4 eV and the low-energy band
(LESR) were used before to reveal the CT in polymegC at 0.3 eV, which are reversed with respect to those found in
mixtures®” Using the ESR technique it was shown that therethe PA spectrum. This might be attributed to the EA signal
is CT reaction in the ground state of p@kylthiophen¢  induced by the electric-field modulation of the photoinduced
PAT-Cgo composite’ Two resonances were found in PARC  charged speciegharged solitons and polaronsvhich over-
composites; one afj=2.002, which is due to the doping laps with the PADMR signal, reducing the signal associated
induced polaron in the polymer, and the othergat1.999  with the high-energy polaron band absorptfdn.
associated with g anion. The charge separation in PDRMuU/Cg, can be also ob-

To study the photoinduced CT process in theserved in theH-PADMR spectrum at 1090 nniFig. 13,
PDPA-nBu/Cy, composite, PADMR measurements werewhere the two PADMR resonances that correspond to
also performed. Figure 12 displays thePADMR spectrum  and the G, anion, respectively, are well resolv&dFitting
compared to the PA spectrum of PDRPBU/7% Gy, mix-  theH-PADMR spectrum with two Lorentzians we found that

whereas the charged solitons are generated when two ex
tons dissociate into two adjacenggInolecules close to one
another on the same polymer chain,

2Ex+2Cs— P "+ P " +2C;(—S"+S"+2C;,.  (5)
The polarons may be also created vig €xciation, when
a hole transfer takes place from thgy,@o the the polymer
chain upon @, photoexcitation. Indeed the polaron action
spectrum shows a sharp increase above 3.5 eNjich may
be correlated with the excitation of the@nolecule®

2. PADMR spectroscopy
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8 FF resonances. The feature associated §gi€ not clearly re-
= A @) A =690 nm solved in this measurement due to a lower signal-to-noise
< %1 HF ratio. Thex-PADMR spectrum for the resonance at 1075 G
o A shown in Fig. 14c) exhibits only one band, which is the
400 600 800 1000 1200 evidence for the g triplet.

Magnetic Field (Gauss)

2 (b) Mow G IV. CONCLUSIONS
+ 1]
0 v S S In this work we investigated the photophysical properties

E W of PDPA-nBu. We found that PDPABu has strong PL with
3 4 y T - T y quantum efficiency of about 60%. The PL excitation depen-
° @ 1.7+ H=1075G dence and the polarized PL measurements show that the PL
2 emission originates from the radiative recombination of in-
trachain excitons. The strong PL emission in PDfBd,
0 A\ T . which is a degenerate ground state, is explained by the order
1.0 1.5 2.0 25 of the lowest-lying exciton state:Bl, lies lower than 2,
Photon Energy (eV) due to a small on-site Coulomb interaction in this polymer.

FIG. 14. The PADMR spectra of 7% PDPABU/Cyy: (a) H This energetics is opposite to that in trans-(CHThe rela-

scan at 690 nm an() \ scan at 1010 G showing the neutral soliton tively qull on-site eIeCtron-.eIeCtron Interaction in
and charged soliton bands, respectively, énd\ scan at 1075 G PDPA-NBU is due to the screening effect of the polymer
showing the triplet PA band in g. bulky side groups, which also leads to a transversal delocal-

ization and a confinement of the exciton along the chain. The
) ) e effective on-site electron-electron interaction can be thus
the species associated witR™ has a resonance atl written as Uo;;=U—W,, where W, originates from the
=1011 G with ag factor of 2.12, whereas thegganion has  transversal electron delocalizati6filn PDPA-NBuU, U is
resonance atl=1016 G, withg=2.11. ~0.6 eV? which is much smaller compared with)
The two spectral contributions associated with the PA=0.9 eV obtained in trans-(CH)>®
band at 1.7 eV can be resolved in our PADMR measurements The PDPAnBu absorption bands were identified, corre-
[Figs. 14b,0]. This PA band has contributions from two |ating the experimental data and theoretical mdd&he
different transitions: one transition is attributed to the neutrathree absorption bands were assigned as follows: the lowest-
solitor? and the other to the & triplet**>* The spin(1/2)  energy band accompanied by the vibronic side bands was
reasonance at 1010 GFig. 14b)] corresponds toS°,  ascribed to intrachain exciton; the second band peaking
whereas the powder pattern shape resonance centered aabund 4.2 eV is due to a CT transition between the chain
1010 G that correlates with a resonancedat 475 G is re-  and phenyl side groups; and the high-energy band is due to
lated to the G triplet [Fig. 14(c)]. Triplet powder patterns the phenyl ring absorption.
are determined by the anisotropy of the zero-field splitting The PA spectrum in PDPABU toluene solution indicates
(ZFS) tensor, whose elements depend on the H-&1dD  that long-lived polarons are photogenerated, although po-
parameters! The H-PADMR spectrum with probe wave- |arons were considered before to be unstable in DGS poly-
length set at 690 nm is displayed in Fig.(@4and shows mers. The PA spectrum of the pristine PDRBu film, on
both the full field(FF) and half field(HF) powder patterns of the contrary, displays a strong PA band at 1.7 eV assigned to
the Gy triplet, as well as the doublet resonance associatedeutral solitons and two small bands at 0.3 eV and 2.3 eV,
with the neutral solitors’. respectively, which were assigned to polarons. The polarons
The two bands peaking at 975 G and 1075 G, respeamay be created in polymer solution by CT between the poly-
tively, are associated with the powder pattern related to thener and solvent or by CT between two adjacent conjugated
Am=*1 transitions, while the band peaking at 475KF)  segments on the same chain or neighboring chains. The lack
is associated witilg=4 transitions®> The HF powder patern, of soliton PA in the PDPARBuU solution may be due to ex-
which formally is ascribed taAm=*2, becomes allowed cess confinement of the photoexcitations in the short conju-
due to the mixture of the Zeeman states as a consequencegdted segments. The confinement does not allow a lattice
the interaction of the spin magnetic dipoles. The three splitdistortion with change in phase that is related to soliton-
ted energy levels due to spin related magnetic dipole-dipolentisoliton pairs to occur due to the shortening of the conju-
interaction depend on the ZFS paramet&snd D, which  gation length. The observed blueshift of the absorption spec-
can be estimated from the FF triplet powder pattern. Therum of PDPANBuU in solution compared to the absorption in
values obtained for the ZFS parameters from FF resonancé#ms is in agreement with the shortening of the chain conju-
areE=0 eV andD=1.42<10 ® eV (0.0115 cm?), which  gation length.
are close to the values obtained for they, Criplet Using PA and PADMR spectroscopies it was shown that
(0.0117 cm'1) 345 in PDPA-NBU/Cg, blends CT reaction takes place in the ex-
Figure 14b) shows the\-PADMR spectrum between cited states. No features associated with CT were seen in the
1-2.25 eV for the doublet resonances at 1010 G: the spedinear absorption spectrum of the mixture. The PA spectrum
trum shows neutral soliton, charged soliton, ang @lated  of the blend shows the signature of the photoinduced CT
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reaction, namely, a PA band peaking at 1.15 eV due to th@e| a hole transfer takes place when thg, @olecule is
photogenerated &g. It also indicates the existence of long- photoexcited.

lived polaron and soliton excitations on the polymer chains. Evidence for photoinduced CT in PDPABU/Cy, Was
Close to the high-energy polaron band at 2.4 eV, phoalso found in PADMR measurements:PADMR spectra
tobleaching was found and was attributed to photoinducedhowed a band at 1.15 eV ascribed i ©r magnetic field

EA of the G due to the electric field associated with the corresponding to spifit/2) resonance. Thel-PADRM scan
photogenerated charged species. The qualitative change gf 1090 nm shows two resonances associated with polarons
the PA spectrum in the high-energy polaron region dependand G, respectively. Fitting the resonance band at 1090 hm
on the inhomogeneties in the sample due to thes€grega-  with two Lorentzians, we obtain thg factors of the two
tion in the blend. It was shown that charged solitons are alsgpecies; one ag=2.12 for polarons and the other gt
generated on the polymer chains via the photoinduced CT 3 17 for G

process as a result of dissociation of two excitons into two

adjacent @ molecules, resulting in a pair of charged soli-

tons in the pplymer chain and twoggions. Two d|ff_erent ACKNOWLEDGMENTS
photogeneration channels were found for polarons in PDPA-
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