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Influence of Alkyl Substitution Pattern in Scheme 1. Synthesis of Copolymers
Thiophene Copolymers on Composite Fullerene

Solar Cell Performance
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Polymer-fullerene based photovoltaic devices have attracted
a great deal of attention based on the potential for realizing CraHas CroHas
low-cost, solution-processable, and flexible solar celRe- [ LLDAJTHF ﬂ
cently, power conversion efficiencies in excess of 5% have been $ = 2Z: cen e & — Crablzs
reported for the poly(3-hexylthiophene)/[6,6]-phenyl-Butyric ! + o /s\ N \s s
acid methyl ester (P3HT:PCBM) bulk heterojunction (BHJ) solar 1.LDA/ THF P3DDT-coT
cell? The successful combination of P3HT and PCBM is based @Br 2.2nCl, uzr@\sr

on the ability of the two components to mix homogenously in Teq

a pristine cast film and then, under the influence of thermal or

solvent annealing; undergo a controlled phase segregation  Scheme 1 illustrates the synthetic routes used for the synthesis
yielding a nanometer length scale bicontinuous network of of PQT-DD and P3DDTeo-T. Here, dodecyl substituents were
highly ordered donor and acceptor phases, suitable for chargechosen to maintain solubility, while allowing for the incorpora-
transpor€ Much effort has been dedicated to the optimization tion of unsubstituted thiophene rings. The synthesis of PQT-
of these devices, including a focus on developing a deeper DD was achieved via the Stille copolymerization of dibromo
understanding of the role of polythiophene structure on device monomer2 and distannyl monomes, rather than the oxidative

performancé10 The ability of regioregular (RR) P3HT to form
crystalline phases with strong interchain and intrachaifr

polymerization reported in the literatutéFor P3DDTeo-T a
random copolymerization of equimolar amounts of 2-bromo-

overlap is credited for the observed hole mobilites as high as 3-dodecylthiophene and 2-bromothiophene was performed using

0.1 cn? V71 s1 measured in FET$ and for the enhanced
visible light absorption properties of the polynérPoly-

a modified McCullough routé® On the basis of this synthetic
route, P3DDTeo-T is expected to have a random sequence

thiophene analogues that exhibit higher levels of crystallinity distribution but is expected to have predominantly head-to-tail
and higher hole mobilites than P3HT, such as the regiosym- |inkages for any sequences of consecutively linked 3-dode-
metric polymers poly(3,3-didodecylquaterthiophene) (PQT- cylthiophene repeat units. Analysis by NMR (see Supporting

DD)*314 and poly(2,5-bis(3-tetradcylthiophen-2-yl)thieno[3,2-
bjthiophene) (PBTTT}? have been studied for use in FETS,
displaying mobilities from 0.18 to 0.6 ¢V~ s1. Such

Information) is uninformative for establishing the precise
sequence distribution in such a polymer; however,NMR
does confirm the 1:1 ratio of monomer units in P3DDBG.

polymers achieve a greater overall degree of crystallinity than The molecular weights of PQT-DD and P3DE6-T were
P3HT based on the length and distribution of alkyl side chains, estimated via SEC to be 19 800 and 19 400 g/mol, respectively,
which favors long-range three-dimensional ordering wiar with measured PDI values of 2.11 and 1.99, vs polystyrene
stacking and side-chain interdigitation. While such polymers standards. Thus, the two polymers are structurally equivalent,
define the state-of-the-art in solution-processed FETSs, their except for the sequence distribution of substituted and unsub-
photovoltaic performance has not yet been reported, so it is stituted thiophene rings. Both polymers are less soluble than
unclear whether the enhanced inherent crystallinity will be P3HT of a similar molecular weight, but both are soluble in
beneficial to composite solar cells. As a means of investigating chloroform, chlorobenzene, and dichlorobenzene. The similarity
such highly ordered polymers and directly assessing the in the molecular weight and polydispersity of these two samples
influence of a high degree of crystallinity on solar cell polymerized via different methods was achieved due to several
performance, here we examine two thiophealylthiophene different factors. First, the step growth nature of the Stille
copolymers with identical molecular weight, composition, and polymerization for PQT-DD combined with the inability of the
electronic structure, which are composed of equal parts of fractionation procedure (see Supporting Information) to remove
3-dodecylthiophene and unsubstituted thiophene. The first any appreciable amount of low molecular weight species due
polymer is the perfectly alternating copolymer PQT-DD, to the extremely low solubility of this polymer in hexanes led
described above, and the other is the random copolymerto a PDI of~2. TheM,, of ~20 kDa is similar to that reported
poly(3-dodecylthiophenee-thiophene) (P3DDTco-T). The ef- for the equivalent polymer synthesized oxidatively and is
fect of substituent sequence distribution on polymer crystallinity probably due to the upper limit of polymer solubility in the
and solar cell performance in PCBM based BHJ devices is reaction mixturé3 For P3DDTeo-T, the M, of ~20 kDa is
examined. somewhat lower than that observed for P3HT polymerized under
the same conditiorsas would be expected on the basis of the

* Corresponding author. E-mail: frechet@berkeley.edu. reduced solubility of P3DDTo-T in THF relative to P3HT.
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Figure 1. XRD for drop-cast films of PQT-DD (a) and P3D&s-T

(b). Films were annealed at 10Q for 30 min prior to acquisition of
data.
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The PDI of~2 for P3DDT<o-T is somewhat higher than the
values of 1.41.7 observed using similar copolymerization
techniques$;'” as expected again on the basis of the limited
ability of hexanes to fractionate lower molecular weight species.
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Figure 2. Relationship between power conversion efficiency and
composition (plotted as polymer weight fraction) in polymer/PCBM
solar cells. Closed squardm)(represent P3DDTeo-T blends cast from
chloroform, and open circle©] represent PQT-DD blends cast from
chlorobenzene. Error bars indicate the 95% confidence interval of the
average value. For optimal performance devices were not annealed.

average values of 0.690.12 cn? V! 57113 Measurement of
FETs with P3DDTeo-T (see Supporting Information) showed

a mobility of 1073 cnm? V1 571, reflecting the lower degree of
order attainable in P3DD€e-T, as evidenced by XRD. Perhaps

a more representative measurement of charge carrier mobility,
as relevant to solar cells, is the space charge limited current
mobility (SCLC)2® which measures the mobility perpendicular
to the electrodes rather than parallel to the substrate and not
under the influence of a gate bias, as in FETs. Typical values
of SCLC mobility for P3HT are on the order of 1bcn? V-1

The electronic and structural properties of the polymers were ¢-1 For PQT-DD and P3DDTEo-T the SCLC mobilities were

investigated by UV-vis spectroscopy, electrochemistry, X-ray
diffraction (XRD), and differential scanning calorimetry (DSC).

The band structures and band energies of both PQT-DD and

P3DDTco-T are found to be equivalent (see Supporting
Information), with optical band gaps estimated from thin film
UV —vis to be~2 eV. Thin film absorption coefficients of 7.6
x 10* and 5.4x 10* cm™! are measured for PQT-DD and
P3DDT-o-T respectively, which compare favorably to P3HT
(8.7 x 10* cm™1).

Structural ordering within films of the two copolymers was

measured to be 2. % 10* and 2.8x 10 cn? V-1 571,
respectively. The similarity in SCLC mobilities for these two
polymers, which show such disparate abilities to order, is a
surprising result, which also suggests a lower relevance to
reported FET mobilities, when considering polymers for use in
solar cells. The similar SCLC mobilites also suggest that despite
the lack of observed long range order in P3DBEGT, locally
ordered domains must exist in order to engender such a bulk
mobility.

The performance of each of the two polymers in PCBM-

examined by XRD (Figure 1) and transmission electron based composite solar cells was independently optimized
microscopy (TEM) (see Supporting Information). In both cases, according to solvent choice, concentration, and composition. It
polymer films were drop-cast from chloroform and annealed at was found that chlorobenzene gave the most efficient devices
100 °C for 30 min prior to measurement, followed by slow with PQT-DD and chloroform was most effective for P3DDT-
cooling. Itis clear, on the basis of XRD results and the fibrillar ¢o-T. Figure 2 is a comparison of the compositional dependence
features observed only in PQT-DD by TEM, that PQT-DD is  of power conversion efficiency for the two polymers in devices
significantly more crystalline than P3DDJe-T under these  cast from their respective preferred solvents. Several important
conditions, as would be expected on the basis of the precise,observations can be made about these results within the context

perfectly alternating nature of the PQT-DD primary structure
relative to the random structure of P3DR6-T. The XRD

of the most efficient P3HT:PCBM devices. First, for all weight
ratios investigated, P3DD@e-T outperformed PQT-DD. Sec-

pattern in Figure 1a represents the reflections from the interchainond, the most efficient P3HT:PCBM devices are realized at

ordering (¥ = 5.2°, 10.5), side-chain ordering @= 7.4°,
14.8, 22.3), and n—x stacking (& = 21.2), giving a

approximately a 1:1 weight ratio of the two components due to
the excellent miscibility of this pair. Here, neither polymer

d-spacing of 1.70, 1.19, and 0.42 nm, respectively, which shows shows optimal performance in the 1:1 weight ratio range;

good agreement with the previous reprAnalysis by DSC
further confirms the more ordered nature of PQT-DD, with no
well-defined transitions observed for P3D@G-T (see Sup-
porting Information).

In addition to the band structure of a donor polymer for

instead, the best efficiencies are recorded for a 30:70 blend
(polymer:PCBM) with P3DDTeo-T (7 = 1.84%) and with a
25:75 blend with PQT-DD if = 0.54%) (see Supporting
Information for current voltage characteristics and parameters
for solar cells). Therefore, the random and amorphous polymer

photovoltaic devices, the other property of great inherent interest outperforms its highly ordered analogue by a factor greater than
is the charge carrier mobility attainable in the polymer. For 3. It should also be noted that any thermal annealing above
reference, P3HT is reported to have a hole mobility on the order 50 °C resulted in a significant decrease in device performance

of 103—-10"1 cn? V1 s measured in FETs, and PQT-DD
has been shown to have a mobility as high as 0.18\¢nt s*
under the most optimal conditiod%.In diagnostic FET mea-
surements, PQT-DD was found give a reproducible mobility
on the order of 16?2 cn? V1 s71, which matches with reported

for both polymers at all weight ratios, and thus all reported
results are for unannealed films.

A deeper insight into the compositional dependence of device
performance can be gleaned by examination of the active layer
morphology via transmission electron microscopy (TEM).
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have been observed concerning the effect of the degree of
regioregularity in P3HP. In samples of P3HT with a higher
degree of regioregularity, macrophase separation occurs on a
much shorter time scale of annealing than for samples with a
lower degree of regioregularity, suggesting that polymers
capable of attaining a high degree of crystalline order engender
macrophase separation. The previous results about the effect
of regioregularity, taken with the present results, suggest that a
certain degree of disorder in polythiophenes enhances their
ability to effectively mix with the small molecule fullerene and
favors the formation of bicontinuous networks with a nanometer
length scale phase separation.

Of great interest is a comparison of the present polymers to
P3HT, as P3HT contains the same overall alkyl content as PQT-
DD and P3DDTeo-T but shows efficiencies 6£5% in PCBM
composite solar cells. The main difference of the present
polymers relative to P3HT is expected to be the effect of alkyl
chain length. As described above, longer alkyl chains lower the
miscibility of poly(alkylthiophene)s with fullerenés Thus,
P3HT inherently mixes better with PCBM than the dodecyl-
substituted polymers presented here. The effect of polymer
crystallization on phase separation is also significantly different
for P3HT and PQT-DD, as PQT-DD crystallizes into a highly

y iy : IN I T three-dimensionally ordered structure aided by side-chain in-

500 nm [ e o terdigitation® whereas P3HT is known to exhibit disordered,

' - non-interdigitated side chaif8The mode of crystallization in
P3HT thus favors a lower degree of three-dimensional ordering
in the polymer crystal. The consequence is that P3HT favors
the formation of a highly effective, intimately mixed morphology
with PCBM, as has been reportéd=or P3DDTeo-T, the

fdisorder in the backbone is expected to overcome the strong
driving force for the development of long-range order aided by
interdigitation and render the polymer more miscible with
PCBM than PQT-DD. Additional work will be required to fully
correlate the effects of alkyl chain length, alkyl substituent
distribution, and solid-state side-chain interdigitation with phase

Figure 3. TEM images of a 25:75 blend of PQT-DD:PCBM (a) and
a 30:70 blend of P3DDTo-T:PCBM.

Figure 3 represents TEM images for both polymers in blends
with PCBM at the optimal composition for device performance.
It is clear that a major reason for the enhanced performance o
P3DDT-co-T relative to PQT-DD is the ability of this random
polymer to form a bicontinuous doneacceptor network (Figure
3b), with domain sizes on the order 6f50 nm. No such
favorable morphology is observed for PQT-DD at any composi-
tion. For P3DDTeo-T at weight percentages of PCBM above L . .
70%, phase segregation occurs on a much larger length scal ompatibility and_solar cell performance in polythiophene
(see Supporting Information), leading to diminishing device ullerene composite solar cells.

performance, while at weight percentages of PCBM less than The work presented here points to several key concepts about
70%, homogeneous blends are observed, which lack thepolythiophene-fullerene bulk heterojunciton solar cells, which
bicontinuous pathways necessary for charge extraction. Unlike suggest a more general design principle for conjugated polymers
the P3HT:PCBM blend system in which thermal annealing can intended for use in composite solar cells. First, the band structure
be used to induce a controlled demixing of the two phases with of a polymer defines its electronic interaction with a fullerene
concomitant intraphase ordering, any level of thermal annealing acceptor, and this electronic band structure is primarily influ-
above 50°C induces macrophase separation and marked enced by the chemical nature of the polymer backbone, rather
decreases in device performance. Such behavior has beerihan the solubilizing groups utilized to make it processable.
observed previously in dodecyl-substituted polythiophtaad However, the choice of solubilizing group and the attachment
has been explained by the enhanced ability of PCBM moleculesstrategy are critical for determining the ability of the polymer
to diffuse within the polymer film, engendered by the signifi- to not only order for effective charge transport, but to effectively
cantly larger interchain spacing in the bulk polymer caused by mix with the fullerene acceptor and present the possibility of
the longer alkyl chains. Equivalently, the presence of longer generating a suitable bicontinuous morphology. Here it is
alkyl chains may simply decrease the miscibility with the illustrated that for two polythiophenes, which are composition-
fullerene cage of PCBM. The effect is to render dodecyl- ally and electronically equivalent and differ only in the sequence
substituted poly(alkylthiophenes) unstable to large-scale phasedistribution of the alkyl solubilizing groups, the polymer with
segregation and renders them less effectively miscible with the random primary structure is superior to the polymer with
PCBM in general, as is reflected in the larger weight fraction the precisely defined primary structure, in the context of solar
of PCBM required for optimal performance in both copolymers cell performance. It is suspected that the more than 3-fold
described here. However, the ability to kinetically trap a increase in solar cell efficiency for P3DDIG-T relative to PQT-
favorable morphology with P3DD€e-T but not with PQT- DD is based on ability for the formation of bicontinuous
DD suggests that a greater inherent miscibility exists between structure in the random copolymer, brought about by the
the random copolymer and PCBM as opposed to the much moredecreased tendency for crystallization. As a general conclusion
highly ordered PQT-DD, which is attributed to the greater toward the design and optimization of new polymers for
tendency of PQT-DD to crystallize, favoring the exclusion of photovoltaics, the comparison of P3HT, P3DBdT, and PQT-
fullerene from the polymer phase. Conceptually similar results DD illustrates an important point. While all three polymers
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have very similar electronic structures and SCLC mobilities,
the difference in peak achieved solar cell efficiencies varies over
an entire order of magnitude, influenced by the placement and
choice of solubilizing group and how such choices effect

polymer crystallinity and miscibility with PCBM. Thus, opti-

mization of new conjugated polymers goes beyond light
absorption, energy levels, and mobility but ultimately must lie
in a global structural optimization aimed at balancing electronic

performance with polymerfullerene miscibility.
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