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Abstract: We report herein a comparison of the photophysics of a series of polythiophenes with ionization
potentials ranging from 4.8 to 5.6 eV as pristine films and when blended with 5 wt % 1-(3-methoxycarbonyl)-
propyl-1-phenyl-[6,6]Cs: (PCBM). Three polymers are observed to give amorphous films, attributed to a
nonplanar geometry of their backbone while the other five polymers, including poly(3-hexylthiophene), give
more crystalline films. Optical excitation of the pristine films of the amorphous polymers is observed by
transient absorption spectroscopy to give rise to polymer triplet formation. For the more crystalline pristine
polymers, no triplet formation is observed, but rather a short-lived (~100 ns), broad photoinduced absorption
feature assigned to polymer polarons. For all polymers, the addition of 5 wt % PCBM resulted in 70—90%
guenching of polymer photoluminescence (PL), indicative of efficient quenching of polythiophene excitons.
Remarkably, despite this efficient exciton quenching, the yield of dissociated polymer* and PCBM™ polarons,
assayed by the appearance of a long-lived, power-law decay phase assigned to bimolecular recombination
of these polarons, was observed to vary by over 2 orders of magnitude depending upon the polymer
employed. In addition to this power-law decay phase, the blend films exhibited short-lived decays assigned,
for the amorphous polymers, to neutral triplet states generated by geminate recombination of bound radical
pairs and, for the more crystalline polymers, to the direct observation of the geminate recombination of
these bound radical pairs to ground. These observations are discussed in terms of a two-step kinetic model
for charge generation in polythiophene/PCBM blend films analogous to that reported to explain the
observation of exciplex-like emission in poly(p-phenylenevinylene)-based blend films. Remarkably, we find
an excellent correlation between the free energy difference for charge separation (AGcs™') and yield of the
long-lived charge generation, with efficient charge generation requiring a much larger AGcs™ than that
required to achieve efficient PL quenching. We suggest that this observation is consistent with a model
where the excess thermal energy of the initially formed polaron pairs is necessary to overcome their
Coulombic binding energy. This observation has important implications for synthetic strategies to optimize
organic solar cell performance, as it implies that, at least devices based on polythiophene/PCBM blend
films, a large AGcs™ (or LUMO level offset) is required to achieve efficient charge dissociation.

Introduction physics and photochemistry of photosynthetic reactions centers,
#'ncreasingly sophisticated DA molecular relays have been
synthesized and characterized in solufidnSuch molecular
relays have been designed for the directional electron transfer
driven by appropriate energetic cascades, resulting in sequential
charge separations and generating a long-lived, spatially sepa-
rated charge separated states or “radical p&ir¥”.

Great progress has now been made in our understanding o
photoinduced electron transfer in isolated donacceptor (B-
A) molecular system:® Inspired by the remarkable photo-
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On the other hand, reports of efficient photoinduced charge only 5 wt % PCBM, indicative of efficient quenching of the
separation in solid-state blend films of conjugated polymers with polymer excitons. Transient absorption spectroscopy is em-
fullerenesd!-12 have attracted increasing interest due to their ployed to determine the photogenerated species resulting from
applicability to photovoltaic (PV) solar energy conversion. The this exciton quenching. Remarkably, despite the similar emission
intermixing of the polymer electron donor with the fullerene quenching observed for all polymers studied, the yield of long-
electron acceptor in such blended films (the formation of a “bulk lived photogenerated charges is found to vary by 2 orders of
heterojunction”) can result in a significant enhancement of magnitude, depending upon polymer employed.
photoinduced charge separation in such films relative to more  Studies of the photophysics and photochemistry of organic
conventional bilayered heterojunction deviéésCurrently, blend films to date have largely focused on polymer/fullerene
power conversion efficiencies approaching 5% have beenand polymer/polymer blend films employing pabyphenyle-
reported by several groups for organic PV devices based onnevinylene) (PPV)-based polyméfs3° Such blend films have
blend films of regioregular poly(3-hexylthiophene) (P3HT) and been shown to give PV devices, although with more modest
1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6JQPCBM) 14-19 solar energy-conversion efficiencies than polythiophene-based
Most studies of such blend films have focused on the optimiza- devices. In PPV-based polymer/polymer blend films, charge
tion of PV device performance through control of materials photogeneration has been described as a two-step process. Initial
structure, film processing conditions, and blend morphology. charge separation at the donor/acceptor interface has been
Device performance has been shown to be significantly affected suggested to result in the formation of a Coulombically bound
by thermal treatment$;20 blend compositio}?? solvents?3 radical pair (BRP) state. Such BRPs are analogous to the
film thickness?* regioregularity of conjugated polymetsand “contact ion pairs” discussed in solution studies of molecular
molecular weigh?> Recent systematic studies with various D—A system$210 For the PPV-based polymer/polymer
conjugated polymers and fullerenes have demonstrated thatblends, this BRP state has been shown to exhibit a red-shifted
open-circuit voltag&/o¢ is directly correlated with the HOMO  emission band?-22 analogous to the emission of donor/acceptor
level of the conjugated polym&rand the LUMO levels of excited-state complexes or “exciplexéd®* This BRP state
fullerene?” However, systematic studies of the photophysics and can undergo rapid intersystem crossing between its singlet and
photochemistry of polythiophene/PCBM blend films (as a triplet states. Dissociation of this BRP to free charges competes
function of polymer properties) and their correlation with device with its geminate recombination either to the singlet ground
performance have received limited attention to date. Most state gor to neutral triplet excitons, depending upon the radical
typically photoluminescence (PL) emission quenching is em- pair spin state. This geminate recombination, which should
ployed to assay the quenching of photogenerated polythiophenebe distinguished from the subsequent bimolecular recombina-
excitons by PCBM, with efficient emission quenching being tion of the dissociated free charges, has been suggested to be a
regarded as an indicator of efficient charge photogeneration. Inkey factor in limiting device performance for PPV-based
this paper we report a detailed study of the photophysics anddevices. Similar observations have been made for polyfluorene-
photochemistry of polythiophene/PCBM blend films employing based polymer/polymer blend filffsand for polyfluorene/
eight different thiophene-based polymers. In all cases, efficient fullerene blend$® In particular, in a study employing three
quenching of the polymer PL is observed by the inclusion of different PPV-based polymers, an inverse correlation was
observed between this exciplex-like emission strength and

(9) Verhoeven, J. WJ. Photochem. Photobiol., 2006 7, 40—60. PV device performanc® However, a clear understanding of

(10) Verhoeven, J. W.; van Ramesdonk, H. J.; Groeneveld, M. M.; Benniston, ini ] i ol
A. C.: Harriman. A.ChemPhysCherb00s 6, 22512260, the parameters determining the efficiency of charge dissocia

(11) Morita, S.; Zakhidov, A. A.; Yoshino, KSolid State Commuri992 82, tion versus geminate recombination in organic blend films is
249-252. i ; .
(12) Smilowitz, L.; Sariciftci, N. S.; Wu, R.; Gettinger, C.; Heeger, A. J.; Wudl, y?t to be established. M_oreover such _StUdleS have not pre
F. Phys. Re. B: Condens. Mater. Phyd993 47, 13835-13842. viously focused on polythiophene materials, the polymer class
(13) Brabec, ©. J.; Sariciftci, N. S.; Hummelen, JA. Mater. Funct 2001, currently attracting the greatest interest for efficient organic PV
(14) Reyes-Reyes, M.; Kim, K.; Carroll, D. LAppl. Phys. Lett2005 87, cells.
083506.
(15) Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A.Aldv. Funct. Mater.
2005 15, 1617-1622. (28) Miller, J. G.; Lupton, J. M.; Feldmann, J.; Lemmer, U.; Schaber, M. C;
(16) Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Sariciftci, N. S.; Brabec, C. J.; Scherf, Bhys. Re. B: Condens. Mater.
Y. Nat. Mater.2005 4, 864—868. Phys.2005 72, 195208.

(17) Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.; Durrant, J. (29) Offermans, T.; van Hal, P. A.; Meskers, S. C. J.; Koetse, M. M.; Janssen,
R.; Bradley, D. D. C.; Giles, M.; McCulloch, I.; Ha, C.-S.; Ree, Nat. R. A. J.Phys. Re. B: Condens. Mater. Phy2005 72, 045213.
Mater. 2006 5, 197—203. (30) Morteani, A. C.; Sreearunothai, P.; Herz, L. M.; Friend, R. H.; Silva, C.
(18) Kim, J. Y.; Kim, S. H.; Lee, H.-H.; Lee, K.; Ma, W.; Gong, X.; Heeger, Phys. Re. Lett. 2004 92, 247402.
A. J. Adv. Mater. 2006 18, 572—-576. 31) Yin, C.; Kietzke, T.; Kumke, M.; Neher, D.; Hbold, H.-H. Sol. Energy
)
)

—

(19) Kim, K.; Liu, J.; Namboothiry, M. A. G.; Carroll, D. LAppl. Phys. Lett. Mater. Sol. Cells2007, 91, 411-415.
2007 90, 163511. 32) Yin, C.; Kietzke, T.; Neher, D.; Hbold, H.-H. Appl. Phys. Lett2007,

—~

(20) Padinger, F.; Rittberger, R. S.; Sariciftci, N.A&lv. Funct. Mater.2003 90, 092117.

13, 85-88. (33) The term “exciplex” was originally employed in photochemical studies to
(21) Kim, Y.; Choulis, S. A.; Nelson, J.; Bradley, D. D. C.; Cook, S.; Durrant, refer the formation of an excited state molecular complex, observed in

J. R.J. Mater. Sci.2005 40, 1371-1376. systems where optical excitation of monomeric molecular species was
(22) Nakamura, J.; Murata, K.; Takahashi,Afpl. Phys. Lett2005 87, 132105. observed to result in the formation of molecular dimers (see ref 34). As
(23) Al-lbrahim, M.; Ambacher, O.; Sensfuss, S.; GobschA@pl. Phys. Lett. such, the use of this term for solid-state molecular systems where optical

2005 86, 201120. excitation does not result in a significant change in deramrceptor spatial
(24) Li, G.; Shrotriya, V.; Yao, Y.; Yang, YJ. Appl. Phys2005 98, 043704. separation is rather questionable.
(25) Hiorns, R. C.; de Bettignies, R.; Leroy, J.; Bailly, S.; Firon, M.; Sentein, (34) Birks, J. B.Photophysics of Aromatic MoleculesViley-Interscience:

C.; Khoukh, A.; Preud’homme, H.; Dagron-Lartigau,AZlv. Funct. Mater. London, UK, 1970; Chapter 9.

2006 16, 2263-2273. (35) Ford, T. A.; Avilov, I.; Beljonne, D.; Greenham, N. ®@hys. Re. B:
(26) Scharber, M. C.; Nhibacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Condens. Mater. Phy2005 71, 125212.

Heeger, A. J.; Brabec, C. Adv. Mater. 2006 18, 789-794. (36) Benson-Smith, J. J.; Goris, L.; Vandewal, K.; Haenen, K.; Manca, J. V.;
(27) Kooistra, F. B.; Knol, J.; Kastenberg, F.; Popescu, L. M.; Verhees, W. J. Vanderzande, D.; Bradley, D. D. C.; NelsonAtlo. Funct. Mater.2007,

H.; Kroon, J. M.; Hummelen, J. Grg. Lett.2007, 9, 551-554. 17, 451-457.
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We have previously reported photophysical studies of poly-
thiophene/fullerene blend films, employing transient absorption
spectroscopy with low-intensity excitation pulses. For P3HT/
PCBM blend films, a high yield of photogenerated charge
carriers is observed. These charge carriers exhibit dispersive
bimolecular recombination characterized by a power-law de-
cayl” We have recently extended these studies to two higher
ionization potential (IP) thiophene-based copolyniérdn
contrast to P3HT, quenching of the polymer singlet exciton by
the inclusion of PCBM was shown to generate a high yield of
triplet excitons rather than dissociated polarons. This was
attributed to efficient triplet formation through geminate charge
recombination of bound triplet radical ion paffsanalogous to
that also reported for polymer/polymer blend fil&s$8 Our
observation of triplet formation rather than polaron formation
for two higher IP polythiophenes indicates that polymer IP may
play a role in influencing the blend photophysics. This result
parallels our recent investigation of a polyfluorene/PCBM blend
film where we concluded that the high IP of the polyfluorene

prevented photoinduced charge separation but rather resulted

in Forster energy transfer to the PCBM and subsequent
intersystem crossing from the PCBM singlet to triplet excitbn.

Analogous energy-transfer dynamics have also been observed

for dye-doped conjugated polymer filf$These findings have
motivated us to undertake a more in-depth study of the photo-
physical processes in polythiophene/PCBM blend films as a
function of polythiophene IP. To control the polymer IP, we

have chemically modified the backbone structure to achieve a

perturbation of ther electron conjugation. Sterically forcing a

twist between neighboring units has been shown to reduce the

ot orbital overlap in the conjugation backbone, thereby raising
the polymer IP*142 Alternatively, introducing a nonconjugated
or less conjugated unit as a component of the polymer back-
bone has also been shown to increase the polym&{fOn

Chart 1. Chemical Structures of Various Polythiophenes with
Different IP: from the Top: P(TgTsTo), P(T12NpTi2), P(T10PhT10),
P(ToToTT1e), P(T12T12TTo), P(T12S€T12), P(ToTT1e), P3HT

the basis of these strategies, we have prepared a series of

polythiophenes (Chart 1) with IPs ranging from 4.8 to 5.6 eV.
Higher IP polythiophenes are particularly interesting because
of their potential to increase celloc relative to that achiev-
able by P3HT2® These polythiophenes enable us to vary

systematically the energetics of charge separation in blend

films with the electron acceptor PCBM. Charge carriers and
triplet excitons formed in a series of such blend films are

directly observed by transient absorption spectroscopy and

analyzed in terms of a two-step model for charge generation.
In all cases, our studies are limited to comparison of pristine
polymer films with those with 5 wt % added PCBM. The low

PCBM concentration was selected to avoid the morphological

(37) Ohkita, H.; Cook, S.; Astuti, Y.; Duffy, W.; Heeney, M.; Tierney, S.;
McCulloch, I.; Bradley, D. D. C.; Durrant, J. Ehem. Commur2006
3939-3941.

(38) Veldman, D.; Offermans, T.; Sweelssen, J.; Koetse, M. M.; Meskers, S.
C. J.; Janssen, R. A. Thin. Solid Films2006 511-512 333-337.

(39) Cook, S.; Ohkita, H.; Durrant, J. R.; Kim, Y.; Benson-Smith, J. J.; Nelson,
J.; Bradley, D. D. CAppl. Phys. Lett2006 89, 101128.

(40) Veldman, D.; Bastiaansen, J. J. A. M.; Langeveld-Voss, B. M. W.;
Sweelssen, J.; Koetse, M. M.; Meskers, S. C. J.; Janssen, R.Thinl.
Solid Films2006 511-512, 581—586.

(41) MccCulloch, I.; Bailey, C.; Giles, M.; Heeney, M.; Love, I.; Shkunov, M.;
Sparrowe, D.; Tierney, SChem. Mater2005 17, 1381-1385.

(42) Tierney, S.; Heeney, M.; McCulloch, $ynth. Met2005 148 195-198.

(43) Heeney, M.; Bailey, C.; Genevicius, K.; Shkunov, M.; Sparrowe, D.;
Tierney, S.; McCulloch, 1J. Am. Chem. So@005 127, 1078-1079.

(44) MccCulloch, I.; Heeney, M.; Bailey, C.; Genevicius, K.; MacDonald, I.;
Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner, R.; Zhang, W.; Chabinyc,
M. L.; Kline, R. J.; McGehee, M. D.; Toney, M. lNat. Mater 2006 5,
328-333.
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changes to the polythiophene widely reported to result from
the addition of high PCBM concentratiofisFor all polymers,

this low concentration of PCBM was sufficient to result in
efficient (>70%) emission quenching, indicative of efficient
polymer exciton quenching. We note that caution should be
taken in relating measurements taken at this PCBM concentra-
tion directly to PV device performance which is typically
measured at higher>60 wt %) PCBM concentrations, and
emphasize that the primary motivation of these studies is a
fundamental understanding of the photophysics of polythiophene/
PCBM interfaces rather than a direct correlation with device
performance.

(45) DeLongchamp, D. M.; Kline, R. J.; Lin, E. K.; Fischer, D. A.; Richter, L.
J.; Lucas, L. A.; Heeney, M.; McCulloch, I.; Northrup, J. Adv. Mater.
2007, 19, 833-837.
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Table 1. Characterization of Polythiophene Pristine Films Table 2. Photophysical Properties of Polythiophene Pristine Films
1P/ absorption PL
M, M, MM, wilem?V-ts™t eV cryst.
}vmax/ 1070 3 }-0—0 3 lmax/ ES/ AESIokes /
P(TsTsTo) 73000 29500 2.48 ¥ 10°° 5.6 amorphous m om om m Y oy
P(Ti2NpTiz) 22000 9000 2.44 6 104 5.4 amorphous
P(T10PhTy0) 21900 11500 1.90 104 5.4 amorphous P(TsTgTo) 438 — — 572 2.5 0.66
P(ToToTTe) 98100 42000 2.34 210 5.1 crystalline P(Ti2NpTio) 423 — — 519 27 0.54
P(Ti2T12TTg) 51400 27900 1.84 210t 5.1 crystalline P(T10PhTi) 416 — — 564 2.6 0.78
P(lesele) 46400 23800 1.95 2 101 5.0 crystalline P(TOTOTTlﬁ) 531 "’5803 621 621 21 014j
P(ToTT1e) 47600 22900 2.08 3101 5.0 crystalline - -
P3HT 20700 12400 1.67 %10 4.8 highly crystalline ﬁgﬁ;g{;") 2‘712 569158) ~gi$ ggg ig 8'(1;
. . . . P(ToTT 554  ~59% 633 663 24 0.13
a Field-effect mobility evaluated in the saturated regifEvaluated by P(3I9|T 19 523 ~600° ~640° 666 20 013

an ambient ultraviolet photoelectron spectroscopy technique.

] ) 2 do-o represents the wavelength of the first shoulder or vibrational band
Experimental Section in the absorption or PL spectraNot a peak but a shouldetrEvaluated

. ) ) ) from Amax Of the absorption and PL spectfiEvaluated fromig—o of the
Materials. Seven kinds of novel polythiophenes were synthesized absorption and PL spectra.

as reported elsewhete*3 1-(3-Methoxycarbonyl)propyl-1-phenyl-[6,6]-
Ces1 (PCBM) was kindly supplied from the University of Groningen
and used as receivétiTo the polythiophene and PCBM was added
chlorobenzene (Aldrich) at a concentration 60 mg mL™*. For
P(T12T12TT0), P(ToToTTls), P(ToTTle), and P('EZSele), the solution
was heated in a water bath at 100 for a few minutes to be dissolved
homogeneously. Polymer films were spin-coated onto glass substrates
at a spin rate of 3000 rpm for 90 s from the chlorobenzene solution
under N atmosphere. The weight concentration of PCBM in the final
polymer blend films was fixed at 5 wt %. Before the spin-coating, the
substrates were precleaned by sonication in toluene, acetone, and ethanol
for 15 min, respectively. For measurementgel characteristics, PV N R
devices were fabricated as reported previodisly. 400500 600 700 800
Measurements.Molecular weight determinations were carried out Wavelength / nm
in chlorobenzene solution on an Agilent 1100 series HPLC using two Figure 1. Absorption and PL spectra of P3HF, P(ToT¢TT1¢) (++-), and
Polymer Laboratories mixed B columns in series, and the system was p(T,iphT,) (— — —) pristine films at room temperature.
calibrated against narrow-weight polystyrene calibration standards
(Polymer Laboratories). Hole mobility was evaluated from the linear
fit of the root square of the soureelrain current in the saturated regime 2. In terms of their materials properties, these polymers can be
versus the gate voltage by the field-effect transistor (FET) measurementseffectively divided into two distinct groups. P{gPhTio), P(Ti2-
as described elsewhete!* lonization potential (IP) of the polymer NpTi2), and P(ETsTo) were easily soluble in chlorobenzene at
pristine films was measured by an ambient ultraviolet photoelectron room temperature and formed uniform and smooth films by
spectroscopy (UPS) technique with a UPS spectrometer (Riken-Keiki, gpin-coating from the chlorobenzene solution. Differential
AC-2). X-ray diffraction (XRD) measurements were carried out with scanning calorimetry (DSC) data of the bulk powders indicates
an X-ray diffractometer (Philips, PW1710). Absorption and PL spectra that P(ETsTo) is amorphous, while PGEPhTio) and P(T~

were measured at room temperature with a-tiiéible spectropho- . N - .
tometer (Shimadzu, UV-1601) and a spectrofluorimeter (Horiba Jobin Np;lZ) Ido show melltl!ng _and recrr‘yftglllzagglﬁb?ha\lllor but with
Yvon, Spex Fluoromax 1), respectively. The energy-minimized mo- rather low recrystallization enthalpies ( g" respec-

lecular structures of oligothiophene units were calculated using MOPAC tively).“t However, XRD data indicated that thin films prepared

program (CambridgeSoft). Transient absorption data were collected with BY Spin-coating were amorphous (see Supporting Information).

a highly sensitive microsecond transient absorption system under Ar In contrast, P(T>T12TTo), P(ToToT T1e), P(ToT T1e), and P(Tk-

or O, atmosphere as described elsewHéfEhe excitation wavelength ~ SeTyz) were hardly soluble in chlorobenzene at room temper-

was 420 nm for P(lPhTig), P(Ti2NpTiz), and P(BTsTo) and 530 nm ature but were soluble at 10€ and formed less uniform films.

for P3HT, P(%2T12TTo), P(ToToT Tae), P(ToTTsg), and P(L2SeTw) unless  XRD indicated that these films are significantly more crystalline

otherwise noted. Low-intensity excitation conditions-@ xJ cnt?) (see Supporting Information) and showed peaks similar to those

were employed to ensure that the densities of photogenerated charg%f P3HT. As summarized in Table 1, the amorphous polymers

carriers are comparable to those generated under solar irradiatién (10 exhibited relatively large IPs and IO;Ner carrier mobilities. on

10 cm™3). J-V characteristics of blend films were measured under th d 105 t0 10-4 e V-1 -1 det ined b FE’T

50 mW cn? simulated sunlight (AM1.5) under Aatmosphere. e order o 0 ¢ s-asae ermm? y
measurements. We note that, due to these relatively low hole

Results mobilities, the amorphous materials are not expected to make

Characterization of Polythiophene Pristine Films. Table efficient PV devices. The more crystalline polymers exhibit

1 summarizes the molecular weights, hole mobilities, and [Ps Nigher carrier mobilities on the order of Toen? V=t s and
of the polymers employed in this study. The polymers exhibited relatively low IPs. It is worth noting that four of the crystalline
weight-average molecular weightsl() in the range 20,000 polymers in this study exhibit higher hole mobilities than P3HT.
100,000, with a polydispersity indeki(,/My) of approximately The photophysical properties of the pristine polymer films
are summarized in Table 2. Figure 1 shows absorption and PL
(46) Hummelen, J. C.; Knight, B. W.; LePeq, F.; Wudl, F.; Yao, J.; Wilkins, C. spectra of three representative polymer pristine films;:&(T

L. J. Org. Chem.1995 60, 532-538. PhTy) as an amorphous polymer, RBT5TT1e) as a partially

(47) Ohkita, H.; Cook, S.; Ford, T. A.; Greenham, N. C.; Durrant, JJR. X
Photochem. Photobiol., 2006 182, 225-230. crystalline polymer, and P3HT as a reference. The amorphous

PL Intensity Absorbance
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Table 3. Dihedral Angles in Oligothiophene Units Calculated by
' b) / [ MOPAC-AM1

|
[ ( dihedral angle/deg

“/ ;
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) ' P(T1oPhTio) 149.2 142.7
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S ( j / P3HT 179.1 -
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Figure 2. Minimum-energy molecular structures calculated by the MOPAC 600 700 800 900 1000
g;ogéi'r_rlli (a) 3-mer of PEHPhTy), (b) 2.5-mer of P(FToT T16), (C) 6-mer Wavelength / nm

Figure 3. Transient absorption spectra of the RfAhTyg) pristine film at
P(T1PhTig), P(T1o2NpT1), and P(ETeTo) pristine films exhibited 1,2, 3,5 and &s after the laser excitation from top to bottom. (Inset)
Stiuctureless absorption bands at 416, 423, and 438 im, {eraert oo decays of e BT prste fim rontored t
respectively, which are significantly blue-shifted compared with temperature.
the lowest vibrational band of P3HTE40 nm). On the other
hand, the more crystalline P{AT12TTo), P(ToToT T16), P(To- inclined at about 30to the neighboring 1o units, suggesting
TT16), and P(T2SeTyy) pristine films exhibited more structured, localization ofz-conjugation system. This twisted structure is
red-shifted absorption bands with a shoulder or a vibrational consistent with the amorphous film morphology discussed
band corresponding to the lowest vibronic transition-é35, above. In contrast, the dihedral angle of the neighboring two
612, 633, and-640 nm, respectively, which is more comparable thiophene () units in the P(§ToT T16) oligomer was almost
to that of P3HT €640 nm). The vibrational structure observed 18C°, and that of the Junit and a 3,6-dihexadecylthieno[3,2-
is characteristic of ordered polythiophene films and is consistent b]thiophene (TT¢) unit was~175°, suggesting more complete
with interplanarz-stacking of conjugated planésThe corre- delocalization of ther-conjugation system along the more planar
sponding PL spectra show the same trends between the amormain chain, and consistent with the formation of more crystalline
phous and more crystalline polymers, as summarized in Tablefilms. Furthermore, the dihedral angle of the neighboring two
2. Note that the PL intensity of the amorphous polymers was 3-hexylthiophene units in the P3HT oligomer was almost®180
generally much larger than that of the more crystalline polymers. indicating each 3-hexylthiophene unit is aligned in the same
From the absorption and PL spectra, the energy level of the plane, consistent with previous repott$® These calculated
lowest singlet excited state {®r “singlet exciton”) Es was dihedral angles are summarized in Table 3. We will discuss in
evaluated to be 2:52.7 eV for the amorphous polymer pristine  detail later the distinct photophysical processes in pristine and
films, and~2.0 eV for the more crystalline polymers. Further- blend films in terms of these molecular structures.
more, the Stokes shiftAEsikes determined from the splitting Transient Absorption of Pristine Films. Transient absorp-
of the absorption and emission bands, were also observed to bdion studies of the organic films were undertaken employing
much larger for the amorphous polymer films compared with low-intensity excitation conditions corresponding to approxi-
those of the more crystalline polymer films. This indicates a mately 167—10* absorbed photons crf, comparable to the
larger structural relaxation of the amorphous polymers following charge carrier densities generated in polymer/fullerene blend
photoexcitatiorf? cells under solar irradiation. We consider first the results

In order to address the origin of the different crystallinities obtained for pristine, amorphous films, again using:gfhT)

observed for the two polymer groups, we calculated molecular as the representative polymer. Pristine films of this polymer
structures of oligomers as model compounds forif&MT10), exhibited a photoinduced transient absorption band at around
P(ToToTT1e), and P3HT. The energy was minimized by MO- 700 nm, as shown in Figure 3. The transient signal decayed
PAC-AM2 calculations from an initial conformation optimized monoexponentially with a lifetime of is under Ar atmosphere,
with the MM2 force-field. As shown in Figure 2, the R¢T accelerating to~1.5 us under @ atmosphere. As already
PhT,0) oligomer exhibited a twisted structure in the backbone, reported, the PGENpTi0) and P(ETsTo) pristine films also
attributed to the steric hindrance between a hydrogen atom ofexhibited similar G-sensitive transient photoinduced absorption
the phenyl (Ph) unit and the side chain of the 3-decylthiophene bands around 800 nm with lifetimes of several microsecéhds.
(T10) unit, while the oligomers for P@ToTT16) and P3HT had  These transient bands are assigned, as previéUslyl; — Ty
a planar backbone. The Ph ring in the RPNT0) oligomer transitions of polymer triplet excitons’*) formed in the
amorphous polymer pristine films. No distinct long-lived

(48) fooggﬂ,l%.éEeljonne, D.; Calbert, J.-P.; Bias, J.-LAdv. Mater.2001, 13, transients were observed for the pristine films.
(49) Gierschner, J.; Cornil, J.; Egelhaaf, HAHy. Mater. 2007, 19, 1—20. On the other hand, the P{TloTT1¢) pristine film, representa-
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Table 4. Photophysical Properties of Polythiophene/PCBM Blend

30[

| Time/s

0 N L 1 L
600 700 800 9001000
Wavelength / nm

Figure 4. Transient absorption spectra of the P{gT T1¢) pristine film at
0.3, 0.5, and lus after the laser excitation from top to bottom. (Inset)
Transient absorption decays of the P{JT T1¢) pristine film monitored at
960 nm under Ar (black line) and Qgray line) atmospheres at room
temperature.

Films
device
fast phase slow phase data?
Q.4 7/ amplitude®/ Jscl
% us assgnmnt AuOD ¢ mAcm?
P(TgTgTo) >90 3 3p* <3 0.3 0.002
P(Tiz2NpT12) ~80 11 SPCBM* =<3 03 -
P(T10PhT10) >90 7 3p* 90 0.3 0.02
P(ToToTTie) ~80 ~0.1 PY/PCBM- 30 04 138
P(Ti2T12TTg) ~75 ~0.1 PY/PCBM- <2 - 0.01
P(T12SeTi2) ~80 <01 - <2 - -
P(ToTT16) ~70 ~0.1 PY/PCBM- 45 03 -
P3HT ~70 - - 160 0.7 34

a Steady-state PL quenching of the blend film relative to the correspond-
ing pristine film. ? Evaluated from the amplitude of the transient absorbance
power-law decay phase ats normalized by absorption at the excitation
wavelength ¢ Exponent of the power law obtained from power-law fits to
this phased Measured from bulk heterojunction organic PV devices with

1:1 blend compositions without thermal annealing. Other experimental
conditions as in ref 17 Note that the low hole mobilities of these
amorphous polymers are expected to limit device photocurrent relative to
the more crystalline materials.

v@ IIA\\

g N
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= / \ %100
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Figure 5. PL spectra of P(1oPhTi0)/PCBM blend (solid line) and P¢&-
PhTig) pristine (broken line) films. The PL intensity was corrected for
variation in the absorption at an excitation wavelength of 420 nm. The PL
tail of P(T10PhTig)/PCBM blend film is multiplied by 100 (dotted line).

tive of the more crystalline polymers, exhibited a broader
transient photoinduced absorption band around-4@DO nm
as shown in Figure 4. This transient optical density was much

smaller than that observed for the amorphous polymers and 3
decayed rapidly on the hundreds of nanoseconds time scale,

down to less than I®¢ AOD within 1 us. This decay is much
faster than that of triplet excitons observed for the amorphous
polymers. This fast transient was not quenched undgr O

atmosphere, as shown in the inset to Figure 4. These observa-
tions suggest that this absorption transient should not be assigned

to triplet excitons. On the other hand, it is too long-lived to be
assigned to singlet excitons; the luminescence lifetime is
reported to be<1 ns for regiorandom poly(3-octylthiophene)
(P30OT) solutiof! and regioregular P3HT pristine filA.Indeed,

no transient absorption ascribable to singlet excitons was

observed for all the polymers studied herein on the time scales

studied & 200 ns). A similar absorption band has been reported
for a regioregular P3HT pristine film by continuous wave
photoinduced absorption (PIA) measurements at 10 K. The PIA

spectrum exhibits an absorption peak around 990 nm (1.25 eV)
and was assigned to localized polarons in the disordered portions

of the film .53 Similar rapid decays were observed for the other
polythiophene pristine films. Thus, these rapid decays are
ascribed to the charge recombination of polaron pairs formed
in the pristine film. For the P3HT pristine film, no distinct

transient signal was detected at room temperature within our

time resolution, although a similar, broad, short-lived absorption
transient was observed at 77°K.

PL Quenching of Blend Films. As illustrated in Figure 5,
and tabulated in Table 4, the inclusion of 5 wt % PCBM in the

(50) Chen, T.-A.; Wu, X.; Rieke, R. DI. Am. Chem. S0d.995 117, 233—
244,

(51) Kraabel, B.; Moses, D.; Heeger, A.Jl.Chem. Phys1995 103 5102-
5108

(52) Kim, Y.; Bradley, D. D. C.Curr. Appl. Phys2005 5, 222-226.
(53) Korovyanko, O. J.; &terbacka, R.; Jiang, X. M.; Vardeny, Z. V.; Janssen,
R. A. J.Phys. Re. B: Condens. Mater. Phy2001, 64, 235122.
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Figure 6. (&) Transient absorption spectra of the RPhTig)/PCBM blend
film at 10, 20, 100, and 800s after the laser excitation from top to bottom.
(b) Transient absorption decays of the RPhTi)/PCBM blend film
monitored at 700 nm under Ar (black line) and @ray line) atmospheres
at room temperature.

spin-coating solutions resulted in efficient polymer emission
guenching Qe of 70—90%) for all the polythiophenes studied
herein. In contrast to our recent study of emission quenching
in a polyfluorene/PCBM blend filmd? with the exception of
P(T12NpTi2), no PCBM singlet emissionlfax~ 700 nm) was
observed for any of the blend films studied here. Similarly no
evidence could be obtained for the appearance of any other lower
energy emission bands analogous to the exciplex-like emission
reported for PPV-based films. For RENpT12)/PCBM blend
films, a weak 700-nm band was observed for the blend film
not present for the pristine film, indicative of singlet energy
transfer from P(T.NpTiz) to PCBM. This observation is
consistent with this polymer exhibiting the relatively blue-shifted
PL maximum of this polymer, resulting in enhanced spectral
overlap with PCBM absorption. The efficient polythiophene
emission quenching observed for all blend films indicates good
blending of polymer and PCBM species, such that exciton
diffusion to the polymer/PCBM interface is not a limiting factor
for any of the polymers studied herein.

Transient Absorption of Blend Films. Figure 6a shows
transient absorption spectra of the amorphous;dPiT.o)/
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PCBM blend film. The spectrum at 1@s exhibited an
absorption peak around 700 nm, similar to that observed for
the P(ToPhTyo) pristine film as shown in Figure 2. However,
in contrast to the pristine film, the shape of the transient
spectrum varied with time, with the absorption peak shifting
from 700 nm at 1Qus to ~900 nm for time delays 100 us,
demonstrating the formation of two distinct transient species
in the blend film. The time evolution of the transient signal
AOD at 700 nm was well fitted with a sum of a single-
exponential function and a power equatiohOD = A exp(—

t/7) + Bt~® The monoexponential lifetime was= 8 us under

Ar atmosphere and significantly shortened undgathosphere,
similar with the lifetimes of théP* formed in the P(ToPhTyo)
pristine film. This fast, monoexponential phase is therefore
assigned to the decay of RGPhTg) triplet excitons. Remark-
ably the magnitude of this initial triplet signal (see Figure 6b)
is not significantly quenched in the blend compared to the
pristine film, despite the strong emission quenching. The power-

0 s " "
700 800 900 1000

Wavelength / nm
104}
A1051
g110
10°} ™
107 10 10° 10* 107
Time /s

Figure 7. (a) Transient absorption spectra of the H{glT T1¢)/PCBM blend
film at 0.3, 0.5, and Ls after the laser excitation from top to bottom. (b)
Transient absorption decays of the F{dT T1¢)/PCBM blend film monitored

law decay is characteristic of the bimolecular charge recombina- at 960 nm under Ar (black line) and.Q@gray line) atmospheres at room

tion of long-lived, dissociated charged sped®&¥The exponent

in the power equation wae = 0.3, which is similar to that
reported for the poly(2-methoxy-5-(3 -dimethyloctyloxy)-
p-phenylenevinylene) (MDM©PPV) and PCBM blend sys-
tem>” The subunity value foe (oc would be expected to equal

1 for ideal bimolecular recombination) has been discussed
previously in terms of polaron trapping in a distribution of
energetic traps in the polymet:>” Indistinguishable power-
law decay dynamics were observed under &mosphere,
confirming that this power-law decay cannot be assigned to
triplet excitons. We note, however, that the amplitude of this
power-law transient decreased 580% under the @atmo-

sphere. This indicates a reduction in the yield of charge separated

polarons under the HOatmosphere. The significance of this
observation will be discussed below.

Analogous transient absorption data were obtained for the
other amorphous polymer/PCBM blend films, although the

temperature.
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Figure 8. (a) Transient absorption spectra of the P3HT/PCBM blend film

magnitudes of the triplet and polaron transient absorption signalsat 1, 2, 3, 5, and §s after the laser excitation from top to bottom. (b)

varied significantly between polymers. For the BNpTio)/
PCBM blend film, PCBM triplet rather than polymer triplet
formation was observed.As we have discussed in ref 37, the
high polymer/PCBM triplet yields observed for these blend
films, in conjunction with the strong emission quenching,
indicate that the triplet states do not originate from direct
intersystem crossing from the polymer singlet exciton. They

Transient absorption decays of the P3HT/PCBM blend film monitored at
1000 nm under Ar (black line) and ({gray line) atmospheres at room
temperature.

As shown in Figure 7, this initial transient absorption decayed
rapidly in less than ks and left a residual long-lived transient
which extended up to milliseconds. This suggests that there are
two independent transient species. The transient decay at 960

are assigned instead to the products of geminate recombinatiof’™ could be approximately fitted with a sum of a single-

of triplet BRP states. A detailed model for this behavior is
discussed below. For both the R{NpT;,) and P(ETsTo) blend
films, the amplitude of the power-law decay assigned to

exponential function and a power equatiohOD = A exp(—
t/r) + Bt~ From the fitting, the lifetime and the exponent
were evaluated to be ~ 0.1 us ando. = 0.4, respectively,

dissociated polarons was an order of magnitude lower than for SUggesting that there are two independent decay pathways. As

the P(TioPhTio) blend films, as detailed in Table 4, and
indicative of large differences in polaron generation yield
between the three polymers.

Turning now to the more crystalline polymers, BT T1¢)/
PCBM blend films exhibited a broad transient absorption signal
around 906-1000 nm, similar to, but significantly enhanced in
amplitude from, that observed for the BTHT T16) pristine film.

(54) Cook, S. Ph.D. Thesis, Imperial College London, London, 2006.

(55) Nelson, JPhys. Re. B: Condens. Mater. Phy2003 67, 155209.

(56) Nelson, J.; Choulis, S. A.; Durrant, J. Fhin Solid Films2004 451—452,
508-514.

(57) Nogueira, A. F.; Montanari, |.; Nelson, J.; Durrant, J. R.; Winder, C.;
Sariciftci, N. S.; Brabec, CJ. Phys. Chem. B003 107, 1567-1573.
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shown in Figure 7, no changes in the decay dynamics were
observed under £atmosphere. Thus, neither of these transient
species can be assigned to triplet excitons.
Blend films for the other more crystalline polymers P{ll; -
TTo), P(ToTT1e), and P(2SeTio) all exhibit biphasic decays
analogous to those shown for the BT T16)/PCBM blend
film. The amplitude of the power-law decay phase which is
assigned to dissociated polarons varied by an order of magnitude
between polymers, as tabulated in Table 4, and indicates large
variations in charge dissociation yields between these polymers.
As shown in Figure 8, the P3HT/PCBM blend film exhibits
the largest transient absorption signal of the blend films
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Figure 9. Transient absorbance a$ of the blend films plotted against
polymer IPs. The absorbance was corrected for variation in the absorption
at the excitation wavelength and an extrapolated value &t éstimated
from the power-law decay at the longer time domain, measured at a probe
wavelength of 1000 nm. The open triangles and squares represent data fo
the amorphous polymers and the more crystalline polymers, respectively.
The arrows below data points indicate upper limit values.
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investigated in this paper. The transient spectrum exhibits a
broad transient absorption signal over the wavelength range
studied with an absorption maximum at1020 nm. Decays

obtained where necessary by extrapolation from the power-law
decay observed at the longer time delays to avoid contribution
to the signal from triplet excitons. The s time delay was
selected to be on the same time scale as charge collection in
P3HT/PCBM PV cell$? The probe wavelength was selected
to correspond to approximately the polaron absorption maximum
for the films studied, with contributions from both PCBM anion
and polymer cation. It is remarkable that, despite similar
emission quenching for all seven polymers, the yield of this
transient absorption signal assigned to long-lived polarons varies
by over 2 orders of magnitude between polymer blends studied.
This range is much greater than any residual uncertainties (for
example variations in Pextinction coefficient) in relating this
AOD signal magnitude to charge generation yield and therefore
'strongly indicates large variations in charge generation yield,
ncs, within this polymer series. P3HT/PCBM blend films
exhibited the highest yield of long-lived polarons, consistent
with its well-documented efficient device performance. More
surprisingly, no correlation is apparent betwe®®D signal
magnitude and IP for all the polymers used in this study. It is

measured at 700 and 1000 nm obeyed a power law over thefurthermore apparent that the charge generation yield does not

entire measured time range and were well fitted with a single
power-law component with an exponemt= 0.7, suggesting

that there is only one decay process in the blend film.
Furthermore, the transient signal was not quenched unger O

correlate strongly with polymer crystallinity, with the amorphous
polymers exhibiting a range of charge generation yields similar
to those of the more crystalline polymers. In contrast, further
analyses based upon estimates of the free energy difference for

atmosphere. Therefore, the decay was assigned to the bimocharge separation do indicate a significant correlation with

lecular recombination of charged species trapped in the blend
films, as we have discussed previously. We note that the
exponent ot = 0.7 is much larger than that reported for other
polymer/PCBM blend films, including P3HT/PCBM films at
higher PCBM concentratiori$;>”-58and approaches the value
of unity corresponding to trap-free (nondispersive) bimolecular

charge generation yield, as we discuss in detail below.
Discussion

We first consider the fundamental photophysics and photo-
chemistry of the polymer films addressed in this study, before
moving onto consideration of the relevance of these observations

charge recombination. Thus, the large exponent suggests thato PV device performance.

there are less or shallower trap sites in the P3HT/PCBM
compared with other blend films. The fitting parameters obtained
are summarized in Table 4.

The amplitude of the power-law decays varied sublinearly
with excitation density (see Supporting Information) for all the
polymer/PCBM films studied, as we have reported previously
for MDMO —PPV/PCBM blend$8 This sublinear behavior has
been assigned to the effects of trap filliffgHowever, the
variation of power-law amplitude between polymers was
maintained for all excitation densities with, in fact, the largest
variation being observed at low excitation densities (for reasons
of signal-to-noise, the data shown in Table 4 were obtained for
excitation densities in the range 260 uJ cnT?).

The key parameter of this investigation that is likely to impact
PV device performance is the yield of long-lived, dissociated
polarons which are required for photocurrent generation. The
yield of these polarongjts) can be most readily quantified by
the amplitude of the power-law decay assigned to the bimo-
lecular recombination of these dissociated charges. Figure 9
shows a graph of thAOD amplitude of this power-law transient
absorbance plotted against the polymer IP for the blend films,
monitored at 1lus and a probe wavelength of 1000 nm. The
amplitude has been normalized for variations in the optical
densities between blend films. The amplitude aud was

(58) Montanari, |.; Fogueira, A. F.; Nelson, J.; Durrant, J. R.; Winder, C.; Loi,
M. A.; Sariciftci, N. S.; Brabec, CAppl. Phys. Lett2002 81, 3001
3003.

Photophysical Characterization of Pristine Films.We start
off our discussion by considering the difference between the
photophysics of the amorphous pristine polymer films (T
PhTyg), P(Tiz2NpT12), and P(ETgTp) and that of the more
crystalline polymers P@ET12TTo), P(ToToTT1g), P(ToTT1e),
P(T12SeTi,), and P3HT. For the pristine amorphous polymer
films, triplet excitons were observed as the main transient species
generated by optical excitation, with a lifetime of several
microseconds. For the more crystalline polymers, on the other
hand, short-lived €1 us) polarons were observed as the main
transient species. Herein we discuss the difference in the
transient species on the basis of the molecular structure of the
main chain of the polymers as illustrated in Figure 2.

The amorphous morphology of the first polymer group is
attributed to their twisted backbones which results in a short
conjugation length of the main chain, consistent with the blue-
shifted absorption band, larger IP, and low carrier mobility.
Shorter conjugation lengths are likely to result in more localized
excitons, consistent with the larger Stokes shiisiokes This
increased exciton localization is likely to result in a larger energy
gap between the lowest singlet and triplet excitaigsT.59-61
As a result, triplet excitons can be expected to be the lowest
excited-state to which photoexcitations can finally relax.
Furthermore, the twisted conjugated backbone may enhance the

(59) Shuttle, C.; O'Regan, B. C.; Durrant, J. R. Unpublished.

(60) Seixas de Melo, J.; Silva, L. M.; Arnaut, L. G.; Becker, RJSChem.
Phys.1999 111, 5427-5433.

(61) Scholes, G. D.; Rumbles, Glat. Mater.2006 5, 683-696.

J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008 3037



ARTICLES Ohkita et al.

intersystem crossing rate between singlet and triplet excitons;thiophenes such as those studied here suggest that energy
correlated quantum-chemical calculations have demonstratedtransfer from!P* to IPCBM* is likely to be less efficient for
that the spir-orbit coupling in oligothiophenes increases with  this polymer class compared to other more emissive polymers
increase in the twist angle between adjacent thiophene ¥ings. such polyfluorene#? In either case, the emission quenching is
Thus, we conclude that the efficient triplet formation observed attributed to the generation of a high yield of charged species,
here for the more amorphous polymers is attributable to the P* and PCBM .
twisted backbone of the amorphous polymers. We turn now to consideration of the energetics of the exciton

On the other hand, the higher crystallinity of the second and polaron states in these polymer blend films. For the
polymer group is attributed to their relatively planar backbones, amorphous polymers, as mentioned before 'Bfeenergy Es,
resulting in a longer conjugation length of the main chain. This estimated from the absorption and emission spectra, {s2%
is consistent with the red-shifted absorption band, smaller IP, eV above the ground state. For these polymers, the triplet energy
and high carrier mobility. In contrast to the amorphous polymers, level Er of 3P* is estimated to be in the range-1.7 eV,
excitons will be more delocalized in the partially crystalline assuming a value fokEsr close to that of oligothiophenes<1
polymers, consistent with the small&Es;.kesand indicative 1.5 eV)% compatible with their short conjugation length. Similar
of a smaller singlettriplet exciton energy separatioNEsr. values of AEst have been reported for various conjugated
Furthermore, the planar conjugated backbone, favoring inter- polymers except for a ladder-type polyfluorene (MeLPPP) with
planar interaction leading tar stacking in the conjugated rigid and planar backbone structufés:or the polymers P (-
backbone, can be expected to reduce the intersystem crossing’hTio) and P(ETsTo), our observation of polymer triplet
rate between singlet and triplet excitons. Thisstacking formation in the blend films indicates that their triplet energies
structure can be expected to reduce this intersystem crossingare below that of PCBMEr ~ 1.5 eV)#% while for P(Ti»
rate as twist motions enhancing the sparbit coupling are NpTio), the observation of PCBM triplet rather than polymer
effectively suppressed in thestacked main chain. Indeed, no  triplet formation in the blend indicates that the P{¥pTiy)
triplet formation has been observed in a highly ordered triplet state lies higher in energy than the PCBM triplet state.
regioregular P3HT filn?3 Rather, suchr stacking can be  On the basis of the polymer IPs (Table 1) and PCBM electron
expected to favor interchain charge separation, consistent withaffinity (EA = 3.7 eV)&¢7the energy of the charge separation
the low PL intensity and the transient absorption data reported states P/PCBM- for these amorphous polymers can be
here and with previous reports of polaron generation in pristine estimated to be in the range £¥.9 eV. Thus, we conclude
regioregular P3HT film&3 We note that the short lifetime of  that the®P*/*PCBM* states are lower in energy than the charge
the photogenerated charges in these pristine films suggests thaseparated states for these amorphous polymers.
these charges most probably decay via geminate rather than The photophysical data reported herein for the polymer/
bimolecular recombination. The small transient signals observedfullerene blend films can be most readily understood in terms
are indicative of rapid geminate recombination within the of a two-step model for charge dissociation, proceeding via the
instrumental response function. formation of interfacial BRP state, analogous to recent models

Photophysical Processes in Amorphous Blend Filmdn proposed for polymer/polymer blend films based on the
this study, the low PCBM concentration employed in the blend Observation of exciplex-like emissiéh3>Such “intermediate”
films allows us to assume that the initial photogenerated excited- charge transfer (CT) states have also recently been reported in
state in these films is still the polymer singlet excitdtt (the a photophysical study of small band gap copolymers blended
PCBM exhibiting negligible absorption at the excitation wave- With PCBM As we have discussed previousRour observa-
length). The efficient emission quenching observed for all blend tion of triplet exciton formation in the presence of quenching
films allows us to conclude that th®* states are efficiently of singlet exciton provides strong evidence for the relevance of
quenched by the addition of only 5 wt % PCBM to the polymer this model to polythiophene/PCBM blend films. This model,
film. As such, our discussion focuses not on the diffusion of for the amorphous polymers, is illustrated in Scheme 1. The
excitons to the polymer/PCBM interface but rather upon the initial charge separation results in the formation of a BRP state.
efficiency of charge photogeneration once excitons reach this The Coulombic attraction of these BRPs1(00-400 meV,
interface. The addition of this low concentration of PCBM is depending upon estimates of the spatial separation of polarons
unlikely to alter the intersystem crossing or internal conversion across the polymer/PCBM interfaé®)" results in a significant
decay rates from thlf’* states, consstent with there being no (63) Monkman, A.; Burrows, H. DSynth. Met2004 141, 8186,
measurable change in polymer absorption spectra. Rather thige4) wiliams, R. M.; Zwier, J. M.; Verhoeven, J. W. Am. Chem. Sod.995

)
)

issi ina i i i 117, 4093-4099.
emission quenching is assigned to the generation of polarons,(es Guldi, D. M.; Hungerbhler, H.; Carmichael, I.; Asmus, K.-D.; Maggini,

P™and PCBM. From the data we have obtained, we are unable M. J. Phys. Chem. £00Q 104, 8601-8608.
iati i H ; 1] (66) Brabec, C. J.; Cravino, A.; Meissner, D.; Sariciftci, N. S.; Fromherz, T.;
to dISt.IHQUISh between direct charge separation fromBfe Rispens, M. .. Sanchez, L.. Hummelen. JAgb. Funct. Mater 2001
and Faster energy transfer frorP* to ‘PCBM* (see ref 39) 11, 374-380. _
followed by charge separation from the PCBM singlet state. (67) A'V'p”;f"'g;‘it‘;%g-gf‘ggﬁgé‘é‘g‘l'\"-? Hummelen, J. C.; Rispens, M.JT.
However, we note that, except for the P{NpT;2)/PCBM blend (68) ngng, 1.-W.; Soci, C; Mosaes, D.; Zhu, Z.; Waller, D.; Gaudiana, R.;
- * P FRH Brabec, C. J.; Heeger, A. Adv. Mater. 2007, 19, 23072312.
film, the absence of any detectaBRCBM* emission indicates (69) The Coulombic binding of the initially formed BRPs can be estimated to
that any!PCBM* states formed by such energy transfer are be 410 meV, assuming a relative dielectric constant of 3.5 (an average
. . . value for P3HT e = 3 (ref 70), and PCBM¢ = 4.1 (ref 71)) and spatial
rapldly quenChed by Charge separation from this state. We separation of 1 nm. Larger spatial separations of 2 or 3 nm would give

furthermore note that the relatively low PL yields for poly- binding energies 0f-210 and 140 meV, respectively.
(70) Chiguvare, Z.; Dyakonov, \Rhys. Re. B: Condens. Mater. Phy2004
70, 235207.
(62) Beljonne, D.; Shuai, Z.; Pourtois, G.; Bredas, JJ.LPhys. Chem. 2001, (71) de Haas, M. P.; Warman, J. M.; Anthopoulos, T. D.; de Leeuw, D. M.
105, 3899-3907. Adv. Funct. Mater.2006 16, 2274-2280.
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Scheme 1. Energy Diagram for Charge Formation via BRPs On the basis of the data presented herein, the approximate
Proposed for the Amorphous Polymer/PCBM Blend Films* time scales of the processes determining charge photogeneration
5 <100 ps at the polymer/PCBM interface are summarized in Scheme 1.
“"'“--‘__‘_BB_F'_*.M_____ The charge separation time was estimated to be at &30
pr 2J BRP e CS, ps from the>70% quenching efficiency and a luminescence
= ‘BRP <100 ns s—;‘?_ lifetime of a few hundred picoseconds reported for poly-
i 1o, [— = CS, thiophene$? This rapid charge formation is consistent with
4 previous transient studiéé’8 Charge separation is assumed to
L 4 result in the formation of Coulombically BRP states. Subsequent
2The thick arrow from3P* represents our observation of ¥~ Tn decay of these BRPs in100 ns can either result in geminate

absorption decay in transient absorption measurementi. The dotteq arrowcharge recombination or charge dissociation to free charges.
represents quenching processes by oxygen molecules!BRi@ state is

located slightly higher than théBRP state because of the substantial Ger_ninate r_ecombination proceeds eit_her to the n?Utra| _tripI(?:‘t
exchange interaction]2The gray lines represent charge formation via hot ~exciton or singlet ground state, depending upon radical pair spin
BRP state. state. The high triplet exciton yields observed for the blend

. . . L suggest that geminate recombination proceeds primarily to the
potential energy barrier to dissociation of these BRPs. We note T, triplet exciton rather than to theoSinglet ground state,

that this charge dissociation is also associated with a S|gn|f|cantConsistent with the expected energetic stabilization ofERP

Increase in entropy (duelto the "'?“ge numbgr of sites th(_a |Cml"mmsstate relative tdBRP, and the small energy gap between the
can occupy following dissociation) of similar energetic value

) : SBRP and3P* favorin lar riplet recombination r
to the Coulombic attractiof? such that the overall thermody- a ;’ avo _g a gge triplet recomb gto ate
. S o . constanf® On the basis of this model, our observation of large
namics of this dissociation may be largely neutral in terms of i . . . X
free enerav. Following dissociation to free charge se aratedvarlatlons in the yield of long-lived polarons between different
olarons ?c):lg) these golarons are trapoed thermgd narr:ﬂcall polymer blend films can be attributed to variations in the kinetic
znd kineticall ,b Iocaﬁization in ener IDel?[ic sub-bandy a statgs competition between geminate recombination and BRP dis-
y by . 9 - J gap sociation to free charges. The origin of this variation is discussed
(CSy), most probably resulting from local variations in polymer . :
- o157 . 2~ below in terms of thermodynamics.
conformatior?>57 Subsequent bimolecular charge recombination

is kinetically limited by the kinetics of detrapping and polaron Our observation that the yield of long-lived polarons for the
. . o
diffusion back to the polymer/PCBM interface. Scheme 1 also P(T1oPhTig/PCBM blend films is quenched by30% in the

) . resence of oxygen is of particular interest. This quenching ma
includes the possible presence of thermally unrelaxed BRP state{ Y9 P d g may

(BRP*). The potential importance of such states is discussed e due to a direct quenchmg of the boun_d radical states by
in more detail below molecular oxygen, although this appears unlikely due to the short

In the model illustrated in Scheme 1, the yield of dissociated Ilfetlmg of these states. More probably th|§ quenchmg. IS
N . ... associated with the observed oxygen quenching of the triplet
polarons depends upon the kinetics of charge dissociation

relative to the geminate recombination of the BRP to ground excitons (Figures 4 and 6). As such, our observation of a reduced
and to the lower-lying neutral triplet exciton. We note that, with polaron yield in the presence of oxygen implies that recombina-

; L o : . tion to the ftriplet exciton is reversible, with a significant

favorable charge dissociation kinetics, this model predicts a - . ) .

L . . . probability of thermally activated charge separation from this
significant yield of dissociated polarons, as observed for the

. . triplet exciton back to the BRPs. A significant yield for this
Ef-ﬁ‘)e-l;ollclﬁ[)é E?sBMetilrigz ﬁrllr:riitgle ITc’)v?/\(/a(re?nW;:;r thetr?:#ttrﬁé thermally activated pathway would be consistent with the
ch%r e separated olaror?/s This si)t/uation contrastgsywith moleC_relatively small free energy difference between the neutral triplet
9 P P : . . excitons and charge separated species estimated for the amor-
ular D—A systems in solution, where rapid relaxation to the . .
. . . phous polymer series, as discussed above.

thermodynamically most stable state is typically observed, and . .

. . We note that triplet and polaron formation closely related to
the long-lived charge species are only observed when the

svstem’s energetics have been tuned to ensure that the char spin dynamics in the charge separated state has been reported
y getic - Narge, - several systems, including photosynthetic reaction cen-
separated states lie lower in energy than any molecular triplet

: - ters80.81D—A moleculesi?83polymer/polymer blend film3?%:35
states’3~76 Our observation of long-lived charge separated states ' : ~poly poly
; . .In photosynthetic reaction centers, the back electron transfer
in these blend films, even when these states are thermodynami- . . : o
. . . produces a triplet state with an unusual spin polarization,

cally unstable with respect to neutral triplet excitons, can be . o o

. S e showing the charge recombination within a weakly coupled,
understood in terms of the kinetics of diffusion-controlled

bimolecular charge recombination. Polaron trapping on localized spin-correlated radical ion paf?**In D—A molecules, a triplet
ge s ’ pping . formation is observed following the back electron trangfer.
low-energy trap sites within the polymer phase results in the

slow decay dynamics observed for these dissociated polarons(77) Ai, X.; Beard, M. C.; Knutsen, K. P.; Shaheen, S. E.; Rumbles, G.;

; ATR ; B Ellingson, R. JJ. Phys. Chem. B006 110, 25462-26471.
eXtendlng up to millisecond time scales (Flgure 6)‘ (78) Kraabel, B.; McBranch, D.; Sariciftci, N. S.; Moses, D.; Heeger, Rhys.

Rev. B: Condens. Mater. Phy4d994 50, 18543-18552.

(72) Assuming a polaron size of 1 drand a charge density of ¥0cm-3, the (79) Mataga, N.; Chosrowjan, H.; Taniguchi, B.Photochem. Photobiol., C
entropy contribution to the free energy of charge dissociation can be 2005 6, 37—79.
estimated to bégT In 10* ~ 230 meV. (80) Dutton, P. L.; Leigh, J. S.; Seibert, Biochem. Biophys. Res. Commun.
(73) van Hal, P. A;; Knol, J.; Langeveld-Voss, B. M. W.; Meskers, S. C. J.; 1972 46, 406-413.
Hummelen, J. C.; Janssen, R. A.JJ.Phys. Chem. R200Q 104, 5974- (81) Rutherford, A. W.; Paterson, D. R.; Mullet, J. Biochim. Biophys. Acta
5988. 1981 635 205-214.
(74) Luo, C.; Guldi, D. M.; Imahori, H.; Tamaki, K.; Sakata, ¥.Am. Chem. (82) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M. R. Galili, T.; Levanon,
Soc.200Q 122, 6535-6551. H. J. Am. Soc. Chenl999 121, 7726-7727.
(75) Otsubo, T.; Aso, Y.; Takimiya, KI. Mater. Chem2002 12, 2565-2575. (83) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M. R.; Galili, T.; Levanon,
(76) Ramos, A. M.; Meskers, S. C. J.; van Hal, P. A.; Knol, J.; Hummelen, J. H. J. Am. Soc. Chen200Q 122 9715-9722.
C.; Janssen, R. A. J. Phys. Chem. 2003 107, 9269-9283. (84) Wasielewski, M. RJ. Org. Chem2006 71, 5051-5066.
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Scheme 2. Energy Diagram for Charge Formation via BRPs consistent with the absence of the triplet geminate recombination
Proposed for the More Crystalline Polymer/PCBM Blend Films? pathway. For these polymers, the yield of long-lived polarons
;F’: <100 ps BRES will be determined by the competition between geminate
sl e recombination of BRP to ground versus charge dissociation.
\ RPlaBRP/_H,—l;: Cs, We note that for P3HT, the high yield of polaron generation is
~100 ns HS_;?K indicative of rapid dissociation of the BRP states, consistent
<100 ns tr with the absence of any observable geminate recombination
i dynamics on the timescales studied for this polymer.
aThe 1BRP state is in thermal equilibrium with ti8RP state. The Previous studies of PPV and polyfluorene-based donor/
gray lines represent charge formation via hot BRP state. acceptor blend835-36.888have reported significant red-shifted
exciplex-like emission and CT absorption, suggesting that the
The triplet formation is attributed to both-So and S-T-; BRP states observed in these systems are radiatively coupled

mixing between the radical ion pair for-PA molecules with a  to the ground state. A sub-band gap absorption has also been
short separation distance because of the high value of thereported for PBHT/PCBM blend films by Fourier-transform
exchange integral while the triplet states are formed by means photocurrent spectroscofyThis may be assigned to ground-
of S=To mixing at a long distance 2 nm. For compact BA state CT absorption indicative of the radiative coupling.
dyads, long-lived intramolecular CT states have been reportedHowever, no distinct red-shifted emission was observed up to
and attributed to triplet CT states that do not interconvert rapidly 850 nm for the polythiophene/PCBM blends studied herein,
with the corresponding singlet CT states because of a relativelyindicating that the BRP states proposed here are not strongly
large exchange interaction (e.g.: 20000 cn1?)8586between radiatively coupled to the ground state. This lower radiative
donor and acceptor in the CT states. Exchange interactions ofcoupling may be associated with the relatively low emission
similar magnitude can be expected for the amorphous polymer/yields of polythiophenes, with the primary decay pathways for
PCBM blends reported herein, resulting in discr8&P and neutral excitons of polythiophenes being nonradiative (e.g.,
3BRP states as shown in Scheme 1. intersystem crossing or internal conversion to ground). Alter-
Photophysical Processes in More Crystalline Blend Films.  natively, it may result from the degree of spatial overlap of the
The absence of polymer triplet formation in the polymer/PCBM electron and hole orbitals of the radical pair (i.e., the degree of
blend films formed with the more crystalline polymers can be quantum mechanical mixing of the CT and neutral exciton
most readily understood by consideration of the energetics of states). This lack of significant emission from the BRP states
the states involved. For the more crystalline polyme&eswas complicates experimental observation of these states, but is un-
evaluated to be-2.0 eV from the absorption and PL spectra. likely to qualitatively change their relevance to device function.
Relatively small AEst have been reported for conjugated  Relation between Charge Photogeneration and Device
polymers with planar backbone structures including highly photocurrent. As tabulated in Table 4, and illustrated in Figure
ordered regioregular P30T filma\Est = 0.45 eV§” and the 9, the yields of dissociated charges;/PCBM-, as measured
ladder-type MeLPPP in benzene solutigxEgr = 0.54 eV)%3 by the amplitude of the power-law decay phases observed in
Thus, the polymer triplet energfr, for these polymers is  the transient absorption data, vary by over 2 orders of magnitude
estimated as-1.5 eV. The energy of the charge separated states petween the various polymers studied. We note that these studies
can be estimated to be in the rangé.2-1.6 eV from IP— were undertaken at low PCBM concentrations (5 wt %), too
EA. It can thus be concluded that, in contrast to the amorphous|ow for efficient PV device function. We moreover note that
polymers, the charge separated state are energetically likely tothe amorphous polymers exhibit charge mobilities too low for
be more stable than the polymer and PCBM triplet states. In efficient PV devices. Nevertheless, the variations in charge
other words, in contrast to the amorphous polymers, geminatephotogeneration yield reported here can reasonably be expected
recombination ofBRP states to yield neutral triplet excitons is  tg pe an impact on device photocurrent generation. While a full
likely to be thermodynamically unfavorable, consistent with the analysis of device behavior is beyond the scope of this paper,
absence of triplet formation apparent from our transient absorp- jimited device photocurrent data were obtained, employing 1:1
tion data. blend ratios without annealing. The short-circuit photocurrents
Scheme 2 summarizes the kinetic scheme for charge photo-(Js) obtained are detailed in Table 4. It is apparent that, for
generation for the more crystalline polymers. Due to the the polymers studied, there is an excellent correlation between
relatively high energy of the triplet excitons, geminate recom- charge generation yieldsjcs and Jsc. For the amorphous
bination from the BRP state can only proceed to the singlet polymers, thelsc of the P(ToPhTi)/PCBM blend device was
ground state. The~100-ns monoexponential polaron decay 1 order of magnitude larger than that of the BNpT12)/PCBM
phase shown in Figure 7 can be most readily assigned to decayylend device, in good agreement with the variationzigs
of these BRP states. This contrasts with the amorphous blendspetween these two polymers. For the partially crystalline
where the absence of such a decay phase suggests that the BRP®lymers, thelsc of the P(ToTT16)/PCBM blend device was

decay within our instrument response100 ns). The longer 1 order of magnitude larger than that of the BlE:T To)/PCBM
lifetime of the BRPs for the more crystalline polymer blends is

(88) Hasharoni, K.; Keshavarz-K., M.; Sastre, A.; GdezaR.; Bellavia-Lund,
(85) Hviid, L.; Bouwman, W. G.; Paddon-Row, M. N.; van Ramesdonk, H. J.; C.; Greenwald, YJ. Chem. Phys1997, 107, 2308-2312.

Verhoeven, J. W.; Brouwer, A. MPhotochem. Photobiol. Sc2003 2, (89) Goris, L.; Haenen, K.; Nedak, M.; Wagner, P.; Vanderzande, D.; De

995-1001. Schepper, L.; D'Haen, J.; Lutsen, L.; Manca, J.JVMater. Sci2005 40,
(86) Huviid, L.; Brouwer, A. M.; Paddon-Row, M. N.; Verhoeven, J. W.; 1413-1418.

ChemPhysCherf001, 2, 232-235. (90) Goris, L.; Poruba, A.; Hodkova, L.; Vanéek, M.; Haenen, K.; Nestiek,
(87) Sakurai, K.; Tachibana, H.; Shiga, N.; Terakura, C.; Matsumoto, M.; Tokura, M.; Wagner, P.; Vanderzande, D.; De Schepper, L.; Manca, Apgl.

Y. Phys. Re. B: Condens. Mater. Phy4.997 56, 9552-9556. Phys. Lett2006 88, 052113.
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blend device, again in good agreement wijids. The P3HT/ ' " P}'HT "
PCBM blend films gave the highedtc and the highest value 104t P(T.OPhT,“E _

for ncs This correlation is consistent with a recent study of

— r P(T,TT, )] ]
PPV-based polymer/polymer blends, which observed as inverse 3 P(T,T,TT,)[]
correlation between exciplex-like emission (indicative of sig- 2105t i
nificant geminate recombination), and PV device efficiefrcy. ) b ;
We note that our studies of device performance for this polymer %

=

P(T,T,T,) P(T,,NpT,,)
series are relatively limited, and that other factors (blend com- 10 P‘:(TTTseTTT)@ T
position, annealing, electric fields from the electrodes) are also . .

likely to impact significantly upon device performance (see for 04 06 O. 1
example ref 91). It has been shown, for example, that the rel

application of electric fields can assist the dissociation of ana- —AGes / eV

logous, luminescence BRPs (referred to therein as exciplex) in Figure 10. Transient absorbance aks$ of the blend films plotted against

130 ; —AGcd® estimated a€s — (IP — EA) whereEs is the energy level of
polymer/polymer blend films? Nevertheless, it does appear that olymer singlet excitons. The absorbance was corrected for variation in

our transient absorption assay of charge photogeneration in bllencfhe absorption at the excitation wavelength and an extrapolated value at 1
films may be a useful indicator of the photocurrent generation us estimated from the power-law decay at the longer time domain, measured

performance of such blend films in organic PV devices. at a probe wavelength of 1000 nm. The open triangles and squares represent
. - L data for the amorphous polymers and the more crystalline polymers,
Thermodynamic Origin of the Variation in Charge Pho- respectively. The arrows below data points indicate upper limit values. The
togeneration. At the outset of our investigation, we were low charge generation yield for P(INpT1y) is assigned to singlet energy
expecting that the Charge photogeneration y|@& Would transfetr_ from P(Tszle) to PCBM competing ef‘fectively with charge
separation.

correlate either with the energetics of charge generation or with

the degree of delocalization of the polymer polaron, and the efficiency of exciton quenching at the polymer/PCBM

herefore with polymer cr llinity. As we have di . . - . e
therefore with polymer crystallinity. As € have discussed interface. Rather it suggests that the efficiency of dissociation
above, we do not observe any clear correlation between charge

. . . . of initially formed BRPs is dependent upofNGed®. This
generation yield and either polymer IP or crystallinity, as : . . . .
; - . observation can potentially be rationalized in terms of a model
illustrated in Figure 9. Further calculations were then undertaken

to estimate the free energy difference for charge separation and’ g?pr?]zer/d 2|y r:grert])?esggo fr?-t\;lvgirrkegs ;‘:rifcgge r(llsigg'(‘?tt'ﬁ;t n
evaluate its potential correlation with charge generation yield. poly Poly . paper, prop

- . el . exciton quenching at the donor/acceptor interface initially
T.h's free energy dlffere_nce.&Gcs was estlmated as the formed a thermally “hot” BRP state (BRP* in Schemes 1 and
difference between the singlet and triplet exciton enerdtes ( . e om . . . .
or Er) and the energy of the polaron pairs estimated as IP 2). This thermally “hot” radical pair has a high probability of

T 9y > P pairs . dissociation into free polarons. This dissociation, however,
EA. It should be noted that this free energy difference calculation . ;
] . . competes with thermal relaxation of the BRP. Once thermally
does not take into account the Coulombic attraction between . -
the polarons (estimated to be 800 meV for the initially relaxed, _the BRP. has insufficient energy to overcome _the
formed polarons, see above), and therefore should only beCoulomblc attraction of the polarons, but rather primarily
S f . undergoes geminate recombination. Within this model, the free
regarded as an indication of the relative rather than absolute : PR
. o . “energy of charge separatiohG¢cg®, will influence the extent
magnitude of the free energy driving force for charge separation. ; LS - e o
. - . . .~ "to which the initially formed BRP is indeed thermally “hot
Details of these calculations are given in the Supporting , . el . ;
Information. No correlation was observed betweebcd® and (with a largeAGcs™ corresponding to more thermal energy in
the AOD sigﬁal magnitude, employing either the PCBM singlet the initially formed BRPs) and could thereby provide a physical
exciton energy or the PCBM or polymer triplet exciton energies mechanism to explain the dependence of the yield of dissociated
. . . . " charges upor\G¢<® apparent from Figure 10. We note such a
However, employing the polymer; Singlet exciton energies, TR . b .
E. given in Table 2. a correlation betwe ol = Eg — (IP description is analogous to previous reports of “hot” exciton
—S’E%A) and theAOD sianal magnitude is ol:)CsServed Sas Shown dissociation in conjugated polymef&2At present, the limited
in Figure 10. With the ?axceptio% of the polymer Eii‘lTpT ) data set presented herein is insufficient to provide unambiguous
. ’ 12)»

o o . . confirmation of the validity of this model. Nevertheless, the
it is striking that the charge separation yield appears to show - B N . .
. . | . . correlation shown in Figure 10 is indicative of its potential

correlation withAG¢d®, suggesting that the charge separation T

N . relevance to charge generation in polymer/PCBM blend solar
yield increases by 2 orders of magnitude for only a 200 meV . - .
’ . o L cells. Further experiments to test this model are currently in
increase in free energy driving force. The deviation for (T r0aress
NpTio) is attributed to energy transfer frof®* to ‘PCBM*, prog )

lowering the effective energy of the singlet exciton, and therefore "€ subtlety of the structurdunction relationship which
the effectiveAGe<® consistent with our observation of PCBM ~ @PPears to determine the charge photogeneration yield can be

singlet exciton emission for P(INpT1,)/PCBM blend films. most clearly appreciated by consideration of the_two polymers
The correlation betweeAGc<® and the yield of long-lived, P(T12T12TTo) and P(BbToTTig). When blended with 5 wt %

dissociated polarons contrasts with the lack of variation of ECB7'\5A_ égts/po_:_);]mer IltJ\;/nlnescl:ence |shquen<_:(;1edt_|nlbothl cases

exciton PL quenching between the different polymers. This y o ese two polymers have identical polymer

observation strongly indicates the observed dependence Ofbackbones and differ only in the location and length of their
charge generation upoAGcd® does not result directly from

(92) Arkhipov, V. I.; Emelianova, E. V.; Barth, S.;"Bsler, H.Phys. Re. B:
Condens. Mater. Phy200Q 61, 8207-8214.

(91) Koppe, M.; Scharber, M.; Brabec, C.; Duffy, W.; Heeney, M.; McCulloch, (93) Basko, D. M.; Conwell, E. MPhys. Re. B: Condens. Mater. Phy2002
I. Adv. Funct. Mater.2007, 17, 1371-1376. 66, 155210.
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alkyl side chains. MOPAC-AM2 calculations for these polymers Oxygen dependence studies furthermore indicate that this
indicated a slightly more planar backbone configuration for geminate recombination pathway to triplet excitons is reversible,
P(ToToTT16) compared to that for PgET12TTo). They are consistent with our estimates of only a small free energy change
synthesized by similar synthetic strategies. They exhibit similar for this recombination reaction. The large variation in charge
charge carrier mobilities and IPs. They differ only in a small generation yield between the different polythiophenes appears
red-shift of the absorption and PL bands of B{h.TTy), to correlate with estimates of the energy differemc@&cd®
corresponding to &0.1 eV shift in the energy of their singlet between the polymer singlet excitdfs and the dissociated
excitons. Despite these similarities, their charge photogenerationpolarons (as given by IP- EA). This correlation can be most
yields in the blend with 5 wt % PCBM differ by over an order readily understood in terms of the efficiency of dissociation of
of magnitude. This difference in charge photogeneration yield the BRPs being dependent upon the thermal energy of the
was found to be reproducible between different polymer batches. initially formed BRPs, with a largeAGed® resulting in the
Further studies of the P{T,TTg) polymer series for alkyl chain initially formed BRPs being thermally hotter, and therefore
lengths up to 16 observed no significant dependence of chargeexhibiting a higher charge dissociation yield. These observations
generation yield upon alkyl chain length (data not shown). suggest that, at least for the polythiophene/PCBM blend films
Rather it seems more likely that this difference in charge studied herein, the minimum free energy difference required to
generation performance derives either from the small difference achieve efficient charge dissociation is significantly larger than
in singlet exciton energy, and its resultant influence upon the that required to achieve exciton quenching at the polymer/PCBM
free energy of charge separation, or upon some residualinterface. This in turn has important implications for energy
dependence of backbone planarity. level requirements, and specifically LUMO level offset, required
. to achieve further advances in PV device performance.
Conclusions

The most striking conclusion from this study is that, despite ~ Acknowledgment. We thank Jessica J. Benson-Smith for
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readily rationalized in terms of a two-step model for charge
dissociation. Exciton quenching at the polymer/PCBM interface
initially results in the generation of Coulombically BRP states

analogous to the exciplex-like states reported previously for dépendence of transient absorption decays fordPiTio)/
PPV-based blend films. Dissociation of these BRPs is in kinetic PCBM, P(loToT T1g/PCBM, and P3HT/PCBM blend films,

competition with their geminate recombination either to ground Cc@lculations of the free energy differeneGcd®, dependence
or to neutral triplet excitons. This model is in particular Of the AOD signal magnitude on-AGcs® employing either
supported by our observations of high polymer and PCBM triplet N PCBM singlet exciton energy or the PCBM or polymer
yields in the blend films. The strong quenching of the polymer triplet .exc!ton energies, and a full list of au’Fhors for ref 1. This
singlet exciton emission and the lack of observation of any Material is available free of charge via the Internet at
PCBM emission strongly indicate that these triplets cannot NttP://pubs.acs.org.

originate from intersystem crossing from singlet excitons, but

rather from geminate recombination from triplet BRP states. JA076568Q
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diffraction measurements of some pristine films, intensity
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