J. Phys. Chem. B006,110,5351-5358 5351

Long-Lived Photoinduced Charges in Donor-Acceptor Anthraquinone-Substituted
Thiophene Copolymers

Silvia Luzzati,*'* Markus Scharber,*8 Marinella Catellani, " Francesco Giacaloné,
JoseL. Segura! Nazario Martin,"" Helmut Neugebauert and N. Serdar Sariciftci*

Istituto per lo Studio delle Macromolecole, Consiglio Nazionale delle Ricerche, Via Bassini 15,

1-20133 Milano, Italy, Linz Institute for Organic Solar Cells (LIOS), Physical Chemistry, Johannes Kepler
University Linz, Altenbergerstrasse 69, A-4040 Linz, Austria, and Departamento deic@uDrganica,
Universidad Complutense, 28040 Madrid, Spain

Receied: Nawember 9, 2005; In Final Form: January 23, 2006

The photoinduced charge-transfer properties of a series of polyalkylthiophene copolymers, carrying
anthraquinone substituents covalently linked to the conjugated backbone, have been studied in the solid state
by photoinduced absorption (PA) and light-induced electron spin resonance (LESR) spectroscopy. The
measurements indicate the formation of metastable charges arising from the photoinduced electron transfer
from the polythiophene backbone to the anthraguinone moieties. At low temperatures (below 200 K), long-
lived persistent charges are formed, exhibiting lifetimes that extend for several minutes; their recombination
kinetics has been studied by following the formation and decay of the PA and LESR signals. The results are
rationalized using a model originally proposed to describe the low-temperature recombination kinetics of
long-lived photoexcited carriers in amorphous inorganic semiconductors. It is clearly evidenced that, in these
polymers, the number of acceptor substituents in the chain, easily tuned by chemical tailoring, plays a key
role in the photoexcitation scenario.

Introduction These features are fulfilled in conjugated polymer/fullerene
Conjugated polymers have been the subject of a large number?/€Nds, where the kinetics of the photoinduced charge-transfer
. d . o rocess has been studied in detail: the charge separation occurs

of academic and industrial studies in the past decades becausg " 4 t time scale after photoexcitatimnd the back transfer
?IJ: thelr_ potentlall_ ap_phcatlonls In organic eklectr:omcst.) Among occurs on the order of microseconds at room temperétAte.

1e various applications, polymeric materials have been con- lower temperatures, the charge-separated states are living longer
S|dgred for the fabrication of low-cost photoelectric conversion (milliseconds at 80 K) and persistent charge carriers, with
devices such as photodetectqrs or solar _ééIIs. . recombination lifetimes that extend over several minutes or

The charge photogeneration in conjugated polymers is hours, have also been obserfédThe recombination mecha-
intrinsically poor, as t.he phptoabsorp.tion. cregteg ele.etl"mhe nism ,of these persistent char§esas features common to
pairs that are bound in excitons. T_helr dl_ssoc_|at|on, |r_1du_ced_ by disordered inorganic materials, such as hydrogenated amorphous
a char_ge transfer betwegn_r_natenals with different lonization ;0.6 and germaniurtf It has been suggested that, in polymer/
potentials and electron affinities, enhances the photoconductlvefullerene blends, the charge trapping at lower temperatures is
response of the material, opening up to polymeric photovoltaic not related to sbecific polymer impurities and defects but is
applications. The discovery of an efficient photoinduced charge intrinsic to disordered organic and inorganic mateals
separation between conducting polymers, acting as donors, and . . . . o
fullerene and its derivatives, as accepfotsiggered numerous The most promising polymeric photovoltaic device architec-
investigations in this field, spanning from the search for new ture is the bulk heterojunction, in which the electron-donor

donor/acceptor systems to the optimization of the device POlYMer is blended with acceptor molecules (i.e., fulleréhes
architecture. or polymerst2 The tendency for phase segregation of the donor

The assessment, by photophysical studies, of the photoinducecﬁnd acceptor components has a crucial role in device efficien-

13 imi H
charge-transfer process of polymer/acceptor composite films is Cﬁi’ SO thﬁt lmuch fetfgort Eats bet‘?“ dt;alvogedoto th?t?]ptlmlzatloré
of fundamental interest for both material characterization and ©' € Morpnology o the photoactive biend. ne of the propose

device fabrication. In particular, the formation of long-lived approaches to attain control of the morphology of the denor

metastable charged states, arising from a fast electron transfefAcCePtOr phases is to design macromolecules in which the donor

from the electron-donating conjugated backbone to the accep-a.nd acceptor moieities are chemically Iinked. Systems such as
tors, is a prerequisite for the photogeneration of free carriers. diblock co_pol_ymers have been synthesd@bﬁ_. Moreover the
covalent linking of electron-accepting moieties to a hole-

. transporting conjugated polymer backbone has also been
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silvia.luzzati@ismac.cnr.it. proposed. These macromolecules have, in principle, two dif-
T Consiglio Nazionale delle Ricerche ferent pathways (“cables”) for different signs of charges, so they
 Johannes Kepler University. , have been viewed ideally as “double cables” in which a balanced
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CHART 1: Chemical Structure of the PTAs
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accept_ors .SUCh aszfullerene (zjenvatn]/éé,g tetra_cyanoan- Figure 1. UV—vis absorption spectra of the PTA films. The absorp-
thraquinodimethan®,?! perylene$? and phthalocyaninéshave tions of PTA100 and PDT are compared in the inset,
been synthesized. One of the major issues arising from these
studies is the need to obtain processable polymers with highand warm the sample to room temperaturelfta before starting
contents of acceptor substituents. to cool it again to the working temperature. The annealing to
Within this approach, we have prepared a series of poly- room temperature is necessary to eliminate the persistent signal
thiophene copolymers containing, in the backbone, alkylthio- completely. The decays were measured by a similar procedure,
phene units and thiophene rings with anthraquinone acceptorwith the scans recorded in darkness instead of under illumina-
moieties in the alkyl side cha#tf.The peculiar feature of these tion, after 3 min of laser exposure.
materials is that the content of acceptor can be easily tuned The LESR samples were prepared by filling a quartz ESR-
and even 100% anthraquinone substitution leads to a solublegrade tube with thick polymer films obtained by drop casting
polymer. onto a plastic substrate; the ESR tubes were sealed under helium
Following the initial report showing the occurrence of a atmosphere. LESR was measured with a Bruker EMX spec-
photoinduced electron transfer from the polythiophene backbonetrometer (X band), with a cryostat that controls the temperature
to the anthraquinone acceptor moiefied this work, a more between 4 and 40 K. The samples were excited with ah Ar
detailed photophysical characterization is presented. The kineticslaser line excitation at 459 nm through an optical fiber that
of persistent photogenerated charges, observed below 200 Kterminates at the quartz tube inside the cavity. A microwave
is studied by following the formation and decay of the power of 20uW was used for all measuremengsvalues were
photoinduced absorption (PA) and light-induced electron spin determined using a Bruker weak pitch sample to calibrate the

Absorbance (a.u.)

resonance (LESR) signals. spectrometer. The samples were cooled in the dark, and after
_ . each measurement, annealing to room temperature was per-
Experimental Section formed to ensure the complete recombination of the previously

The copolymers, containing decyithiophenes and anthraquinone-€Xcited carriers. The decay of the LESR signal was detected
substituted thiophene monomers, were prepared by chemicalfor 1 h after the illumination had been turned on for 5 min and
oxidative coupling with FeGl We synthesized a polymer with then turned off.
all of the thiophene rings substituted with anthraquinone and
three copolymers with 25%, 50%, and 75% of the units
containing acceptor molecules (herein PTA100, PTA25, PTA50, (a) Electronic and Structural Characterization. The UV—
and PTA75, respectively); their chemical structures are reportedvis absorption spectra of the copolymers films are reported in
in Chart 1. The macromolecular characterization indicates that Figure 1. The spectra display an absorption band in the visible
the random copolymers contain the same comonomer ratio asregion that is due to the—z* transition of the polythiophene
the monomer feed at the start of polymerizatéi polyde- backbone and a series of bands in the UV region that originates
cylthiophene (PDT) obtained by the same synthetic route, with from the anthraquinone moietiésThe absorption band of the
a similar degree of regioregularity, was used for comparison. thiophene backbone is affected by the copolymer composition.

The samples for the photoinduced absorption (PA) measure-A red shift is observed upon increasing the anthraquinone
ments were prepared by drop casting from solutions on KBr content, suggesting that these substituents are inducing a better
windows. The film thickness of the different copolymers was conjugation and/or a better three-dimensional organization of
adjusted to obtain similar absorbances at the laser excitationthe copolymer chains. The homopolymer PTA100 displays the
wavelength (OD of 1.7 at 514 nm). The samples were kept in most red-shifted spectrum, withnax at 540 nm. This feature
a variable-temperature cryostat allowing measurements in thecan be reasonably ascribed to a better order because of the
range 78-300 K. homogeneity of the side chains. It can be seen from the inset

The PA spectra were measured with an FTIR spectrometerthat PDT has a spectrum slightly blue-shifted with respect to
covering a spectral range from 0.05 to 1.8 eV. The fractional PTA100, with Amax at 510 nm. Considering that the two
changes in transmission were measured in response to arhomopolymers have similar degrees of regioregularity, this is
incident laser line at 514 nm by the subsequent accumulationan indication that the anthraquinone molecules play a specific
of scans with laser on and laser off. The on/off modulation was role in driving the chain ordering. In fact, in a previous paper,
driven by a mechanical shutter with frequencies varying from we studied the degree of order of PTAs by X-ray diffraction,
0.5 to 0.0141 Hz. The kinetics was studied according to the finding that anthraquinone substituents induce a long-range
following experimental procedure: (1) Cool the sample to 78 lamellar organization of these polymer films, with a low extent
K in darkness. (2) Perform a scan to use as a reference. (3)of interlamellar stacking* Thus, it seems likely that the
Turn on the laser excitation and record scans under illumination observed red shift of the homopolymer absorption spectrum is
every 0.3 s for 206300 s. (4) Switch off the laser excitation not ascribable to interchain interaction but rather to a better

Results and Discussion
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energy band, which are indicative for the presence of charged
photoexcitations.

To discern the origin of the PA features of PTAs, it is useful
to compare them with PDT. Figure 4 displays the MIR region
of the PA spectra of PTA100 and PDT, together with the IR
absorbance of PTA100; for the sake of clarity, the other PTA
spectra are omitted from the figure. It can be seen that the
IRAVs of the PTAs have a spectral pattern similar to that of
polyalkylthiophenes, thus probing the formation of charged
polaronic excitations in the polythiophene backbone. There are,
however, some extra features at 1589, 1668, and around 1330

cm1, whose spectral weight increases with the anthraquinone
content. It is apparent that these features correspond to bleached
IR absorption bands mainly arising from anthraquinone vibra-
tional modes. The band at 1668 chis assigned to a €0
stretching, and the 1589, 1327, and 1308 érhands have
mostly ring-stretching charactétSince spectroelectrochemical
studied®28indicate that the reduction of the antraquinone to a
units of neighboring side chains, probably organized to some radical monoanion leads to the bleaching of these modes, we
degree into columnar or layered structures. can re_asonably_ presume that the spectral signatures of an-
. . . thraquinone radical anions are observable in these PA spectra.
It is interesting to note that thiophene-based copolymers |, principle, two new positive bands, at 1500 and 1390°&m
containing gcceptors such as fuIIereﬁé% have an opposite  should also appear in the speci@8 but these effects are
behavior with respect to PTAs. In this case, thelectron probably masked by the superposition of more intense poly-
delocalization of the conjugated backbone is preserved at low {higphene IRAV modes, considering that PA bands at these
content of acceptor unitd,but it is severely perturbed when  \avenumbers can also be seen in PDT. Therefore, we can
the fullerene content is increaséd.The flat geometry of  conclude that the vibrational part of the PA spectra provides
anthraquinones has a lower steric hindrance compared to thehe spectroscopic fingerprint of long-lived metastable polaron
spherical shape of fullerenes and is responsible for the specificcations in the polythiophene backbone and radical anions in
role of this acceptor substituent in driving the chain ordering. the anthraquinone moieties, arising from the photoinduced
(b) Photoinduced Charge Transfer.The photoluminescence  charge-transfer process.
(PL) spectra of PTA films are compared to PDT in Figure 2. Fyrther spectroscopic evidence for the photoinduced charge
The PL is quenched with respect to PDT, and the quenching generation is given by the LESR measurements reported in
increases with the anthraquinone content. The quenchingFigure 5. The spectra display two overlapping lines at magnetic
suggests that electron transfer from the photoexcited poly- fields of ~3361 and~3365 G corresponding tg = 2.0042
thiophene backbone to anthraquinone is occurring and that theand g = 2.0024, respectively. The higivalue signal is
charge transfer is fast enough to compete with the radiative assigned to radical anions on the anthraquinone molétale
recombination of the excitons. In principle, energy transfer from the low-g-value signal corresponds to positive polarons on the
the polymer to the acceptor can also lead to PL quenching. polythiophene chaif® Microwave saturation studies show
Because the anthraquinone electronic transitions are at higherwifferent relaxation times for these spins, giving clear evidence
energies with respect to the-s* transition of the conjugated  of independent photoinduced spfh¥he number of photoge-
backbone (unlike other systems containing fullerenes or perylenesnerated spins increases with the content of anthraquinone
acceptors), energy transfer is ruled out as a possible step of theacceptors in the copolymers.

relaxation pathway. The increased number of charges, due to the charge-transfer
The PA spectra of the PTAs (see Figure 3) display four broad process, is also responsible for the enhancement of the PA signal

bands related to electronic transitions and a series of infrared-with the anthraquinone content (see Figure 3). As we will

active vibrations (IRAV bands) superimposed on the lower- discuss later, longer lifetimes are also responsible for this feature.

Figure 3. FTIR PA spectra of the PTAs. From bottom to top: PTA25,
PTA50, PTA75, and PTA100. Temperature, 80 K; excitation wave-
length, 514 nm; laser intensity, 1.75 mWA&rshutter on/off modulation
frequency, 0.21 Hz.

conjugation arising from some planarization of the thiophene
backbone induced by the formation of domains of anthraquinone
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) ) frequency for PTA100@) and PTA75 ).
Another interesting aspect of the PA spectra of the copolymer
series is that the spectral weights of the lower-energy and higher-and the arguments regarding the assignments are often indirect.
energy electronic transitions increase with the anthraquinone a typical approach used to discern the origin of the PA
content. The first question to answer is whether some of thesetransitions is to probe the recombination mechanism of the
transitions arise, as in the vibrational part, from the an- yarious bands by studying their dependence on the photomodu-
thraquinone radical anions. Considering that the anthraquinonejation frequency and on the laser pump intensity. However, these
monoanion has three main transitions peaked in the-U¥y types of measurements are not significant in PTAs because these
region, i.e., outside the MIRNIR region probed by our  hoymers exhibit persistent charges whose population is affected
experiments, plus%a.\ weak and broad transition smeared frompy, the thermal and illumination history. As discussed in the
750 to 1050 nni? it is conceivable that the observed PA  fq)iowing section, the recombination mechanism can be better

transitions originate fro_m the polythiophene ba_ckk_)one rather followed in the time domain, after a complete relaxation by
than from the anthraquinone charged photoexcitations. thermal annealing.

b Ir:jpnntmple, (?[nel of th.? tt\.NO bar}dtshobser\_/ed ?bgvt;a 153/ might (c) Kinetics of the Photoinduced ChargesFigure 6 displays
the l:e g _n(i;trapixm a |€[)rns c; Ie Clﬁnftﬁai acd.onle, 3Sthe MIR PA spectra of PTA100 obtained at 80 K at different
€ steady-stale spectra ot polyalkylthiophenes CISplay &gy, er op-off modulation frequencies. It can be seen that the
band due to triplet excitations in this region. This type of : S ) . L
. . . . . steady-state condition is not fulfilled, as the PA intensity is
assignment is quite unlikely in PTAs because we expect that : - o .
reduced by increasing the shutter frequency. A similar effect is

the triplet population should be drastically reduced by the . :
. . observed for PTA75 (see Figure 6 inset), whereas for PTA25
photoinduced charge transfer to anthraquinone. Therefore, Weand PTAS0, the PA signal is invariant with the shutter

can reasonably infer that the observed transitions are due to themodulation frequency. Considering our experimental condition
formation of polythiophene charged excitations rather than to d Y. 9 P ons,

triplet states. Considering that the spectral signature of polaronsthIS indicates that the r(_ecombmanon of the photcggenerated
in polythiophenes consists of two barfdgne in the MIR region charged states occurs withl s when fewer than 50% qf the
and one in the NIR region, it is conceivable that the four spectral thiophene are carrying an acceptor molecule and that I!fetlmes
features displayed in Figure 3 might arise from two coexisting can be anger than 10 s when more than 50% of the thiophene
charged photoexcitations whose relative concentration change?‘re carrying an acceptor "_‘°'e.‘3 ule. By increasing the temperature
with the anthraquinone content. Since the anthraquinone sub-above 200 K, the recombination gets faster, and the PA spgctra
stituents affect the three-dimensional order, these two photo-°f PTA75 and PTA100 are unaffected by the modulation
excitations might correspond to different structural organizations frequency.
of the polymers. It is apparent from Figure 3 that the lower- ~ The quite long lifetimes allow the use of our experimental
and higher-energy bands increase their spectral weight with thesetup to study the kinetics of the photogenerated charges in the
amount of anthraquinone substituents. In highly ordered regio- time domain; the experimental reproducibility is good enough
regular polyalkylthiophenes, two similar transitions have been to perform the measurements in the MIR region but not in the
assigned to the crystalline phase and to 2D polarons spread orNIR region. Figure 7 shows the PA spectra of PTA100 under
different lamellae2 However, in PTAs, the type of order is  constant illumination, recorded at various time delays from the
quite different from that observed in highly crystalline poly- switching on of the laser excitation. The signal exhibits a prompt
alkylthiophenes. In PTA100 and PTA75, there is long-range increase in the first few seconds and then saturates, reaching a
lamellar organization, with good-electron delocalization in  plateau after a delay on the order of 20 s. The spectral pattern
the conjugated backbone, but rather poor interlamellar stack-is similar to that obtained with the on/off laser modulation
ing.2* For this reason, the formation of 2D polarons seems quite technique, but the signal is 1 order of magnitude more intense.
unlikely in these polymers. The rise of the PA intensity versus time, together with the decay
In conclusion, the electronic PA spectra of the PTAs exhibit after switching off the laser excitation, is depicted in the inset
a change in shape with the content of acceptor substituents thatpf Figure 7. The signal does not decay completely, indicating
at least for the MIR region, seems to be related to changes inthat persistent charges are formed upon photoexcitation; their
the chain conjugation induced by the anthraquinones. It is worth recombination is favored by raising the temperature above 200
noting that, in general, the interpretation of the electronic part K. The decay features are not adequately reproducible, because
of the PA spectra of conjugated polymers is not straightforward, of the long delays between the reference and the sample scan
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4 — TABLE 1: Fitting Parameters Obtained from the PA Rise
L Sge®e® versus Time at Various Laser Intensitiesl for PTA100 (See
o z Figure 8)2
‘9 3L 2 4 0o
% 2 laser intensity
= b . (mwWi/cne) ny (au) Nz (au) 72 (S)
= 27 o e seey 0.7 0.934 3.36 28.07
<|1 35 2.477 3.60 16.894
14 4.453 2.88 8.2167
1 28 5.77 2.79 5.7871

aPA: N(t) = ng + 1 — exp(t/2)]. ® Aexc = 514 nm.

800 2000 3200 discussed, persistent charges with long relaxation times are
wavenumbers (cm™) observed in PTA100 and PTA75, and thus, a distribution of
Figure 7. One-scan FTIR PA spectra of PTA100 recorded at various recc_)mbmatlon rates ShOUI_d be considered. Similarly to other
time delays from the turning on of the laser excitation (continuous lines); cOnjugated polymers and in analogy to amorphous and glassy
from bottom to top, the time delays are 0.93, 1.85, 6.56, 23, and 90 s, materials®# it is possible to account for the distribution of the
respectively. PA spectra obtained with the shutter on/off modulation recombination times by adding a recombination rate coefficient
of 0.21 Hz (dotted line). Inset: Rise and decay of the PA signal versus k that has the following time dependenées t™1, where 0<
time. Temperature, 80 K; excitation wavelength, 514 nm; laser intensity, jm < 1. With much better fitting results, we used a simplified

3.5 mwient. picture where just two effective relaxations are considered, a
10 “fast” component that reaches the steady-state populatign (
. . - in shorter times than our0.4 s time resolution and a “slow”
—~ g/ = component ifp, 72) that, for simplicity, recombines monomo-
3 ? . * * lecularly: N(@) = m + nj1 — exp(t/rp)]. The fitting
> 64 J— = - : parameters are listed in Table 1. The “fast” compomgscales
’§ ég R asl|%4%, The slow component, does not vary significantly; just
2 41{ e ) . - a slight decrease with the laser intensity is observed. On the
< b - 28 (MW/cm?) other sides, decreases with (7, ~ 17049,
0,4 —e-- 14 The recombination kinetics of the photogenerated charges was
{‘ - gj also studied by monitoring the decay of the LESR signal. Figure
/o I i 9 displays the decay of the photogenerated spins of the PTAs

0 100 200 300 at 20 K in darkness aftel h of continuous illumination. The
time (sec) magnetic field was set to the high-field minimum (3367 G,

Figure 8. R@se of Fhe PA intensity versus time f_or ETAlOO at various Figure 7), i.e., in a region where the polaros- Rignal is
laser pump intensities. Temperature, 80 K; excitation wavelength, 514 qominant. The zero signal corresponds to the dark spin density,
nm. Dotted lines, best fit, parameters listed in Table 1. and the signal was normalized to the steady-state value that was
(more than 3 min). Therefore, we focused our kinetic studies "¢ached aftel h ofillumination. The decay features are similar
on the rise of the PA signal versus time. to those deﬁecteql at Iovy magnetic field, V\{here the anthraquinone

The rise of the PA signal of the homopolymer PTA100 is radical -anion signal is _domlnant. This _|nd|cat_es that the
displayed in Figure 8 for four different laser intensitlegéfter recombination oceurs fT‘a'“'y between radical pars.
the laser is switched on, the PA signal rises with time, reaching It can be Seen in Figure 9 that, after the '"‘.Jm'F‘a“O” IS
a plateau when the steady-state population of charged photo-smpped’ arapid decay of the photo'genera.ted SpINS 1S followed
excitations is achieved. Saturation effects with the laser intensity ?Y @ much slower component, associated with persistent charges
are observed: the plateau scales sublinearly with the laserthat can still be observed after sev_eral minutes and even hours.
intensity with anl®16 dependence, and the rise time decreases The LESR decay does not vary with temperature below 40K,
with increasing laser intensity. These features might be the resultht, at higher temperatures, a steeper decay 1S observed., indi-
of defect-limited recombination processes in which the detected €2ting some thermal detrapping and recombination of persistent

long-lived photoexcitations are assumed to be bound to trapscharges. At100 K, there are still a significant number of trapped
spins that persist for several minutes; they disappear completely

and, as the pump intensity increases, the traps are filled, thus y £ th | h
reducing the generation efficiency. A rate equation to include UPON annealing of the sample to room temperature. Note that

saturation effects has been proposed elsewhéfe as the persist(_ent charges are detected in the whole PTA_ seri_es.
The PA rise and LESR decay of the PTAs can be rationalized
dN/dt = g — k*N (1) using a simple picture inspired by a model that was proposed

to explain photoconductivity at low temperatures in amorphous
whereN is the photoexcitation density, proportional to the PA inorganic semiconductofsand that has already been success-
signal; k* is an effective recombination rate coefficient, given fully used to explain the recombination mechanism of photo-
by (1/r + g/No) for monomolecular kinetics dX[b + (g/No)?] generated spins in polymer/fullerene blends. Within this picture,
for bimolecular kinetics. Hereg is the bare generation rate, the charges are photogenerated as radical cation and radical
which is proportional td, andNy is the trap density. The above  anion pairs, arising from the photoinduced electron transfer from
rate equations describe both the observed saturation of thethe polymer backbone to anthraquinone. The vast majority of
steady-state population and the faster rise when the laserthese pairs are bound by Coulomb attraction into geminate pairs
intensity is increased. However the analytical solutions of eq 1 that have a fast recombination. However, a fraction of them
(for both mono- and bimolecular recombination) fit badly the are separated into noninteracting charges, and even though the
PA rises displayed in Figure 8. The assumption, implicit in eq mobility of these charges is low (especially for radical anions
1, is of a single recombination rate. As we have previously on isolated acceptor molecules), they can still undergo some
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‘ ‘ ‘ tion of pairs that escaped geminate recombination and that are

PTA100 - not yet trapped into localized states or to saturation effects
E arising from the formation of the trapped charges (the slow
component).

It is interesting to note that the proposed scenario is consistent
with the fact that long-lived trapped charges are not observed
in the PA measurements of the copolymers with fewer than 50%
of the thiophene moieties carrying an acceptor molecule. The
density of radical pairs generated by the photon absorption is
lower for lower contents of acceptors, and thus, the recombina-
tion lifetimes of the trapped charges<20 s in PTA100) should
be several minutes for PTA25 and PTA50. As our experimental
setup probes only metastable excitations that recombine within
less than 1 min, the persistent trapped charges of PTA25 and
PTA50 have recombination times that are too long to be detected
E in the PA measurements.

In polymer/fullerene blends, the presence of trapped spins at
E low temperatures has been already obseffetihe decay of
- the LESR signal in these donor/acceptor systems has been
successfully fitted using a model developed by Dunstan to
describe the distant electrethole pair recombination at low
temperatures in amorphous silicdithe same type of model is
used here to fit the LESR decays of PTAs. The model describes
the recombination of the residual trapped carriers that survive
0 500 1000 1500 2000 2500 3000 fast geminate recombination; thermal reexcitation of the trapped
Time (sec) carriers is neglected. The details of the model have been
Figure 9. LESR decay of PTAs versus time, recorded at the LESR developed elsewhef€ but the basic assumptions are substan-

minimum @ = 3367 G). Temperature, 20 K; microwave power, 20 tially as f0!|0WS3 ) _ o
uW; laser excitation wavelength, 459 nm; laser intensity, 50 m\&/cm (a) Spatially close carriers have much higher recombination

(L)ESR (normalized)

Open dotted line, best fit with eq 3; parameters listed in Table 2. rate than distant carriers
migration. Because of the structural and energetic disorder of (R) = v, exq— 2R @)
conjugated polymers, before annihilation, the radical cations can VIR = Yo a

be trapped into localized states, corresponding to chain segments

with longer conjugatiod® wherev(R) describes the recombination rate of any electron and
When the laser is switched on, the generation and annihilationhole that are separated by a distarRevo = 70! is a

of the radical pairs start to occur. At shorter times, it is more recombination rate constant that depends on the energy, and

likely that the photogenerated radical pairs will recombine the parametea is an effective localization radius.

geminately, whereas at longer times, nongeminate recombination (b) Charge neutrality holds in the system, i.e., the density of

prevails. As time elapses, the chance for a radical to be trappedtrapped electrons is the same as the density of trapped holes.

into a localized state increases, and because the temperature is The residual spin carrier concentratia(t), for times long

low, the detrapping by thermal excitation is less likely. The enough to assume that solely nongeminate recombination is

annihilation of the isolated trapped radicals occurs by tunneling occurring, follows the equation

or by recombination with a mobile radical that passes nearby.

The fast and slow components of the PA rise, presented in n;
Table 1 and Figure 8, acquire a physical meaning within this n(t) n_o
framework: the fast component is due to radicals that recombine —_—= 3)
geminately or to mobile charges that find an oppositely charged Mo 1+ n_l T o In? 1) In3 t_l
radical to recombine, and the slow component corresponds to No/6 ° 7y 7y

isolated trapped charges that are formed from the fast recombin-
ing population as time elapses. The dependence on the lasewhereng is the initial spin carrier concentration when the laser
intensity of the lifetime €,) and steady-state populatiom) of is turned off at timet = 0 andn; is the spin concentration at
the slow component is rationalized by the proposed scenario,time t = t; where solely nongeminate recombination occurs.
having in mind that the laser intensity is varying the number of Because of uncertainties both in the sample volume that is
photogenerated carriers. The chance for a trapped charge to findlluminated and in the ESR technique, it is critical to determine
an oppositely charged radical to annihilate is low when the the absolute concentration of the photoexcited spins from the
number of photogenerated radical pairs is low, but it increases LESR signal. For this reason(t) was normalized to the steady-
significantly for higher charge densities. Therefargis much state concentrationy, and eq 3 was used to fit the normalized
longer at low laser intensities than at higher intensities. The LESR decays of PTAs displayed in Figure 9.
photogenerated carrier density should not affect the steady-state The fits were obtained choosirtg = 2 min to completely
population of the trapped charges, but should strongly influence avoid geminate recombination; the valuaf, were obtained
the time necessary to reach the steady-state conditions. For thigrom the data, and only the produagga® and the prefactor
reason, is substantially not affected by the laser intensity.  entered as fit parameters. The data were satisfactorily fitted with
The observed subline#t*® dependence of the fast recombin- a recombination time constarng of about 1651076 s for the
ing charge population might be due to bimolecular recombina- whole copolymer series. The valuesmf3, obtained using a
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TABLE 2: Fitting Parameter a®n, Obtained from the LESR
Decays of the Radical Cation Spins of the PTAs at 20 K, 50
mW/cm? (See Figure 9

weight fraction number of No
polymer of acceptors (%) acceptors/ci? ang® spins/cni¢
PTA25 16.8 4.909% 107 9x 10° 2.6x 10v
PTA50 26.4 7.715< 107 1.2x10* 3.5x 10v
PTA75 32.6 9.5278& 107 1.4x 10* 4.1x 10Y
PTA100 36.9 10.78% 107 1.5x 10* 4.4x 10

aUsing eq 3.° Density of the PTAs is around 1 mg/énizo = 1
us for every PTAY Number of photogenerated radical cations estimated
from a3no, with a =7 A.
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Figure 10. Density of the photogenerated cations as a function of the
density of anthraquinone acceptor for the PTA films. An effective
delocalization radiusfo7 A was assumed (see Table 2).

recombination time constant = 1 us, are listed in Table 2.
Similar values ofry were also found in conjugated polymer/
fullerene blends and have been related to the polaronic relaxatio
of the radical cation that determines an energy barrier to
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order of magnitude as the acceptor density. This brings support
to the model proposed to describe the photoexcitation behavior
as (i) np cannot exceedy to fulfill charge neutrality require-
ments (see the basic assumptions of the model), and (ii) under
our experimental conditions, the system is almost in the
saturation regime, so that we indeed expect thathould be

of the same order of magnitude as.

Conclusions

In this work, we present a detailed study of the photoinduced
charge-transfer properties of a series of polyalkylthiophene
copolymers carrying anthraquinone substituents covalently
linked to the conjugated backbone. Photoinduced absorption
(PA) and light-induced electron spin resonance (LESR) mea-
surements indicate the formation of metastable charges arising
from photoinduced electron transfer from the polythiophene
backbone to the anthraquinone moieties.

The recombination kinetics of the metastable charges was
studied at low temperatures, where persistent charges are
observed. The results are successfully rationalized using a
photoexcitation scenario, inspired by a theoretical model
proposed to describe the photoconductivity at low temperatures
in amorphous inorganic semiconductors. The model nicely fits
the LESR decays and is consistent with the kinetics features of
the photoinduced absorption. The observed trapped charges are
intrinsic to the donor/acceptor system, being the result of charge

pSeparation. By studying their recombination, a coherent pho-
tophysical picture is provided, where the key role played by

recombination and thus increases the recombination lifetime with '.[he _nurlnber.gf acc%ptor substituents, tuned by chemical tailoring,
respect to the much shorter recombination times in amorphous'® NCely eévidenced. _ . .
silicon® As 7o depends on the recombination energy barrier and ~ Around room temperature, i.e., near the operating device

not on the number of photogenerated charges, it is reasonabldonditions, faster rec.ombination will occur. The .photophysical
to assume thaty is not influenced by the copolymer composi- study presented in this work suggests that long-lived metastable

tion. Note thatro can be fixed with some discretion because of charges are also formed at room temperature. In future studies,

the weak dependence ft)/ny on 7o (eq 3): a variation within

faster time-resolved spectroscopies will be useful for monitoring

1 order of magnitude induces changes in the other parameterIhese aspects.

noa® of only about 10%.
The parametemgas, listed in Table 2, shows an increase with

Based on the long photoinduced charge separation and the
advantageous solution properties, these copolymeric conjugated

increasing PTA acceptor content. These variations must bepolymer/anthraqumone systems may lead to interesting applica-

related to the density of the anthraquinone molecojesather
than to the copolymer composition, given in molar fractions
(see Experimental Section). Thereforg, was calculated for
each polymer using the molar fraction composition and the film
densities measured by floating techniques (the densities wer
found be around 1 g/L for the whole PTA series).

It is apparent from Table 2 thaba® scales linearly withma.
As already mentioned, it is critical to obtamg directly from
the LESR signal, but the values afa® obtained from the fitting

of the LESR decays can be used for this purpose if a rough

evaluation of the extent of the effective localization radius
provided (see Table 2 and Figure 10). We can expectdhat
should be longer thm5 A and could be around-67 A

e

tions in optoelectronic devices in the near future.
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