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ABSTRACT: End-functionalized, regioregular poly(3-hexylthiophene) (P3HT) was synthesized by a combina-
tion of a controlled polymerization technique and postpolymerization functionalization. Both ends of the polymer
chains were terminated with fullerene units to create an internal electron accepting—donating—accepting
molecule, methylfulleropyrrolidine—poly(3-hexylthiophene)—methylfulleropyrrolidine (Cgp-P3HT-Cgp). The
molecular properties of the polymer were characterized using "H NMR spectroscopy, size exclusion chromato-
graphy (SEC), ultraviolet—visible (UV—vis) absorption spectroscopy, and fluorescence spectroscopy. These
results show that the fullerene units are covalently bound to the polymer chain ends. Differential scanning
calorimetry (DSC), wide-angle X-ray scattering (WAXS), and small-angle X-ray scattering (SAXS) were used to
determine the bulk microstructure of the polymers. In addition, atomic force microscopy (AFM) was used to
examine spun-cast thin films. These experiments revealed that microphase separation occurs between the
main polymer chain and the fullerene end groups and suggests the creation of two distinct semicrystalline regimes
in Cgo-P3HT-Cg, that are similar to those seen in a compositionally similar blend of P3HT and Cg,.
This comparable domain formation, coupled with the possibility of enhanced charge transfer associated with
an internal donor—acceptor material, makes Cqo-P3HT-Cgy a promising candidate as a material in bulk

heterojunction organic photovoltaics.

Introduction

The search for an economical and flexible supplement to
current inorganic solar cells has led to an increased interest in
the development of organic photovoltaics (OPVs).'* However,
implementation of plastic solar cells has been thwarted by the
relatively low efficiency of the devices, currently ~5% in the best
cases.** To facilitate electron—hole separation, the most efficient
organic devices contain two types of semiconductors: an electron
donor and an electron acceptor. Regioregular poly(3-hexylthio-
phene)®” (P3HT) has become the predominant electron-donating
material used in polymer-based OPVs because of its high
hole mobility (~0.1—1 em? V™' s7"), relatively low band gap
(~1.9 eV), and solution processability.* "' In bulk heterojunc-
tion systems, P3HT and an electron-accepting soluble fullerene
derivative, [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM),
are solution blended to form an active layer in the most efficient
polymer-based OPVs.'>"!° Two key criteria enhance the perfor-
mance of these devices relative to other polymer-based solar cells
due to the seemingly serendipitous relationship between P3HT
and PCBM. First, large interfacial area and intimate contact
between the fullerene and polymer phases occurs and allows for
ultrafast charge separation at the donor—acceptor interface.
Second, the materials phase separate in such a way that percolat-
ing networks form and allow for charge collection at the appro-
priate electrodes.>'®~° This critical phase separation is currently
controlled through a combination of well-tuned spin-coating
conditions and thermal annealing treatments in the binary
system +5121316

Phase separation in single-component systems of block copoly-
mer thin films, on the other hand, has been shown to spontaneously
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form ~10 nm domains.”' > In addition to providing a pathway for
intramolecular charge separation, an electron acceptor—donor—
acceptor triblock copolymer affords the possibility of nanodomains
formed by the microphase separation of the electron donor and the
electron acceptor without the need for additional processing steps.
The phase separation observed in these block copolymers could be
controlled by varying the length of the constituent chains, allowing
for a systematic study of charge transport behavior as a function of
domain spacing.

In fact, donor—acceptor molecules previously have been synthe-
sized using fullerene-containing hybrid moieties for application in
OPV devices both as charge transport materials and as compati-
bilizers to enhance active layer morphology.**>” Particularly,
some oligothiophene and oligo(p-phenylenevinylene) systems with
fullerene end groups have been synthesized for the purpose of
examining their photophysics. While some of these materials have
also been used in photovoltaics,zg’”'32 the device efficiencies have
so far been low, perhaps due to poor morphologies. Polymeric
donor molecules with fullerene end groups, which may potentially
form better films, have so far not been extensively researched.

Here we report the synthesis of a difunctional, fullerene-terminated
regioregular  poly(3-hexylthiophene), methylfulleropyrrolidine—
poly(3-hexylthiophene)—methylfulleropyrrolidine  (Cgo-P3HT-Cq),
through the use of a controlled polymerization and subsequent
postpolymerization functionalization. The molecular properties of
the polymer were characterized using "H NMR spectroscopy, size
exclusion chromatography (SEC), ultraviolet—visible (UV—vis)
absorption spectroscopy, and fluorescence spectroscopy. Differential
scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS),
small-angle X-ray scattering (SAXS), and atomic force microscopy
(AFM) experiments show that this material microphase separates on
the nanometer length scale. The size of the P3HT crystallite lamellae,
thought to be chiefly responsible for hole transport, are scarcely

© 2009 American Chemical Society



Article

affected by the inclusion of the relatively bulky end groups on
the polymer. In addition, the fullerene units on the polymer
chain aggregate into domains with a crystal packing that is similar
to that observed for powders of a related small molecule,
N-methylfulleropyrrolidine (NMCgj). The Cg-P3HT-Cygy polymer
also has a similar X-ray scattering pattern to that of a binary blend of
P3HT and Cg, (mixed in approximately the same weight ratio as that
contained in Cg-P3HT-Cy) but with the added advantage of having
the electron donor and acceptor covalently bound.

We believe that this system offers an advantage over previously
studied oligothiophene—fullerene systems due to the synthetic
simplicity of this molecule. The P3HT polymerization technique
utilized in this work is much less labor-intensive than the stepwise
routes used to grow oligothiophenes and also allows for the easy
manipulation of the average number of repeat units in the chains
by varying reaction conditions. The crystallization-induced phase
separation of Cgo-P3HT-Cyg is likely to result in interesting and
potentially useful morphologies. This opens up possibilities for
systematic studies of OPV cells based on Cgp-P3HT-Cgo where the
molecular weight of the P3HT block is tuned. In addition, we
plan a thorough examination of the photophysics and exciton
dissociation of Cg-P3HT-C4y in a solvent which will yield
insight into exciton diffusion lengths in the long-chain cases. These
points are the motivation for studying this new, macromolecular
fullerene—polythiophene—fullerene system.

Experimental Section

General Methods. The 'H NMR spectra were measured on
a Varian VI-500 spectrometer using deuterated chloroform
(Cambridge) solutions containing ~1 wt % polymer. Elemental
analysis was performed by Micro-Analysis, Inc., Wilmington,
DE (see Supporting Information). As expected, the percentage
of carbon and nitrogen was higher in Cg-P3HT-Cgo than in
P3HT; however, quantitative agreement between the calculated
and measured composition was not observed. Quantitative
analysis of fullerene-containing species is hampered by the
incomplete combustion of fullerene and retention of residual
solvent.*®™#® Analytical size exclusion chromatography (SEC)
data were collected on an Agilent 1100 series equipped with an
Agilent ultraviolet—visible (UV—vis) light detector (path length =
10 mm) and three PLgel 5 um MIXED-C columns. For the
molecular weight and polydispersity characterizations, chloro-
form at 35 °C was used as the mobile phase at a flow rate of
I mL/min, and the SEC data were calibrated with polystyrene
standards and known Mark—Houwink parameters for poly-
(3-hexylthiophene) and polystyrene (Polymer Laboratories). '
Measurements using the UV —vis signal of the SEC spectra used
chloroform at room temperature as the mobile phase at a flow
rate of 1 mL/min. Preparatory size exclusion chromatography
(prep SEC) was performed on an Agilent 1100 series equipped
with an Agilent UV—vis light detector (path length = 10 mm)
and two PLgel 10 um MIXED-D columns. Chloroform at 35 °C
was used as the mobile phase at a flow rate of 6 mL/min as
to keep the internal pressure of the columns approximately
equal to the pressure used during analytical SEC experiments.
Matrix-assisted laser desorption/ionization-mass spectroscopy
(MALDI-MS) measurements were performed on a Bruker
Reflex III operating in linear mode. A typical sample was
prepared by mixing 5 uL of a polymer solution in THF (5 mg/
mL) and 15 uL of a dithranol solution in THF (20 mg/mL). The
mixture (~1 L) was then spotted onto the plate. Cytochrome ¢
(Bruker) was used externally for calibration.

Spectroscopic Characterization. Molar absorption coefficients
were calculated using static ultraviolet—visible (UV—vis) absorption
spectra of polymer (dissolved in chloroform) solutions and were
taken on a Spectronic Genesys 5 spectrometer over a wavelength
range of 200—900 nm using a chloroform-containing quartz cuvette
(Starna Cells, Inc.) with a 10 mm path length as a blank. Thin films
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for absorbance measurements were made by spin-coating polymer
solution in 1,2-dichlorobenzene (10 mg/1 mL) onto glass substrates
at 600 rpm for 1 min. The films were then allowed to dry slowly in a
covered Petri dish in an inert atmosphere glovebox.* Film
thicknesses were estimated by scratching the polymer film and
measuring the step change with a KLA-Tencor P16 profilometer.
The thickness of the P3HT film was 69 4 3 nm, and the thickness of
the Cgp-P3HT-Cg film was 52 4+ 3 nm. Fluorescence data were
acquired on a FluoroLog 2 fluorimeter (SPEX) with solutions of the
polymers in either chloroform or toluene. A binary mixture of
P3HT and [6,6]-phenyl-Cg,;-butyric acid methyl ester (PCBM) was
made by dissolving the two materials with the ratio of 2.1 mol equiv
of free PCBM for every polymer chain in solutions (P3HT +
PCBM). The samples were prepared to obtain an optical density
0.1-0.3 for Cg-P3HT-C4y and 0.1—0.2 for the P3HT and the
P3HT + PCBM samples. Solutions of Coumarin 153 (Exciton) in
MeOH were used as the quantum yield (QY) standards and had a
known value of 0.42.* The fluorescence intensity of the polymer
samples and the standard were independent of purging with inert
gas so no precautions with regard to air were taken in these
measurements. Fluorescence spectra of the polymers and standard,
with an excitation wavelength of 440 nm, were collected back to
back and corrected for frequency-dependent detector sensitivity.

Thermal and Structural Characterization. Differential scan-
ning calorimetry (DSC) measurements were acquired using
a TA Q1000 calorimeter. The samples were first annealed at
260 °C and then cooled to —60 °C at a rate of 10 °C/min.
The results shown are for the final sample heating at a rate of
10 °C/min. An indium standard was used to calibrate the
instrument, and nitrogen was used as the purge gas. Wide-angle
X-ray scattering (WAXS) data were collected in the diffraction
angular range of 3° < 20 < 31° by a Bruker-AXS D5005
microdiffractometer. The crystalline peaks were deconvoluted
using the curve-fitting software, JADE 8 (CMI). Small-angle
X-ray scattering (SAXS) measurements were made on a home-
built beamline at the University of Minnesota and used copper
Ka radiation (1 = 1.54 A) as the X-ray source. All data were
corrected for detector response characteristics. Atomic force
microscopy (AFM) images were taken with a Veeco Metrology
(previously Digital Instruments) Nanoscope Illa Multimode
microscope operating in tapping mode in the repulsive regime
under inert atmosphere. The probe tips were fabricated by
Mikromasch USA (NSCI15/AIBS tips, resonant frequency
265—400 kHz, and spring constant 40 N/m).

Blending of P3HT/Cgy Mixture. In order to make a binary
blend of P3HT and Cg in approximately the same weight ratio
as that of the Cgo-P3HT-Cgyy polymer, 30 mg of P3HT and 8 mg
of Cgo were dissolved in 10 mL of chloroform. This led to a blend
with a 0.21 weight fraction of Cgy (w¢,, = 0.12). The solution
was allowed to stir at room temperature until the mixture
was completely dissolved. At this point the solution was
drop-cast into a tin pan and allowed to dry. The mixture
(P3HT/Cgy mixture) was recovered from the pan and dried
overnight under vacuum.

P3HT and Cg4p-P3HT-Cg Thin Film Preparation. Solutions of
P3HT and Cg-P3HT-Cg4 were made by dissolving 3 mg of
polymer in 1 mL of 1,2-dichlorobenzne (DCB) and allowing the
solutions to stir at 60 °C under an inert atmosphere overnight.
Silicon wafers with a 3000 A thermally grown silicon oxide layer
were used as the substrates for the films. Solutions were passed
through a 0.45 um syringe filter, and the solutions were depos-
ited on the substrates. The rotation rate was then increased
from 0 to 2000 rpm over the course of ~5 s and held at 2000 rpm
for 60 s inside an inert atmosphere glovebox. The films were then
annealed in inert atmosphere for 10 min at 150 °C.

Results and Discussion

Synthesis of Cgy-P3HT-Cg. Regioregular poly(3-hex-
ylthiophene) was synthesized using the controlled Grignard
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Scheme 1. Synthesis of Methylfulleropyrrolidine—Poly-
(3-hexylthiophene)—Methylfulleropyrrolidine (Cgo-P3HT-Cg)
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Metathesis (GRIM) polymerization method and yielded
P3HT with a narrow molecular weight distribution (M,,/
M, = 1.3).** To remove any small molecular weight
impurities residual in the reaction mixture,*> the polymer
was purified using a Soxhlet extraction apparatus with
methanol, acetone, and chloroform in a sequential manner.
The chloroform fraction was then used in the subsequent
reactions. The P3HT was initially designed to have a lower
molecular weight to aid in molecular characterization. Our
experience with higher molecular weight P3HT derivatives
suggests that the influence of chain length on the end group
reactivity is not a significant concern. The utility of end-
functionalized P3HTs has previously been shown in the
synthesis of polythiophene-containing block copolymers,*~*3
and the postpolymerization functionalization route for the
synthesis of Cgy-P3HT-Cg is shown in Scheme 1.

After converting the bromine—hydrogen end-capped
polymer (H-P3HT-Br) to the proton-terminated polymer
(P3HT) by use of a magnesium—halogen reaction,*’ the PSHT
was converted to the bis-aldehyde-terminated molecule (CHO-
P3HT-CHO) in a Vilsmeier—Haack reaction with phosphorus
oxychloride and N-methylformanilide used in excess.*® Finally,
the polymer was converted to the desired product, methylful-
leropyrrolidine—poly(3-hexylthiophene)—methylfulleropyrro-
lidine (Cgo-P3HT-Cg), by using an excess of N-methylglycine
and fullerene to drive the 1,3-dipolar cylcoaddition (Prato)
reaction to completion as in analogous reactions previously
shown in the literature for small molecules.>**! Preparatory
size exclusion chromatography (prep SEC) was utilized to
separate the polymer from the excess fullerene. Figure S1 shows
a representative prep SEC chromatogram of the separation
procedure illustrating the large retention time difference
between the elution of the Cg-P3HT-Cgy and unreacted
fullerene making for the facile collection of only the polymer.
The polymer was collected from the elution times (Zsue) Of
22 min < fyye < 33 min.>?

Molecular Structure of Cg)-P3HT-Cgy. To determine the
molecular weight distribution of the polymers, analytical size
exclusion chromatography (SEC) was performed on the
macromolecules with a UV—vis detector that was also
capable of collecting the UV—vis spectrum of the polymer
as the material eluted through the column over the absorp-
tion range of both P3HT and Cgy. The molecular weight
distribution of the P3HT did not change during the Vilsmeier
reaction step in generating CHO-P3HT-CHO. However,
there is a significant amount of coupling that occurs during
the addition of fullerene to the end of the polymer chains
and is reflected by the second peak on the SEC trace shown in
Figure la. The coupling caused the molecular weight to
increase from M, ~ 5400 g mol~' to M, ~ 7600 g mol ™"
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Figure 1. (a) SEC chromatograms of Cg-P3HT-Cg, and the polymer
precursors with chloroform as the eluting solvent at 35 °C. The
traces were obtained using a UV—vis detector monitoring the signal
at A = 400 nm. The traces are offset vertically for clarity. (b) The online
UV—vis spectra at room temperature for the P3HT precursor and
Cgo-P3HT-Cg in chloroform at the two maxima in the SEC plots
for the coupled polymer (Z,ue = 21.2 min) and uncoupled polymer
(fetute = 22.3 min).

(41% increase) and for the molecular weight distribution to
increase from My /M, ~ 1.3 to M,/M, ~ 1.8 as measured by
SEC against polystyrene standards and with the data cor-
rected using published Mark—Houwink parameters.*!*?
The increase in molecular weight is also reflected in the
'"H NMR measurements with integration of the polymer
end groups showing an increase from M, ~ 4500 g mol ™' for
CHO-P3HT-CHO to M, ~ 6700 g mol ™! for Ceo-P3HT-Cqgq
(48% increase). Control reactions run at similar conditions
to the Prato reaction without the fullerene present showed
that chain coupling was still a major problem in the
reaction process. However, simply refluxing chlorobenzene
with P3HT dissolved in solution does not lead to chain
coupling. This suggests that the macromolecular azomethine
ylide intermediate generated in situ from the reaction of
CHO-P3HT-CHO and N-methylgylcine is required for the
coupling of the polymer chains. While previous reports of the
dimerization of thiocarbonyl®* and thiophenedicarboxalde-
hyde-containing® ylide intermediates imply a possible
mechanism for this coupling, further experiments are
required to confirm this observation. Despite the chain
coupling that occurs during the Cg addition step, the UV—
vis absorption spectra obtained at the two peaks (foue =
21.2 min and z¢ue = 22.3 min) in the C¢y-P3HT-Cyy SEC
chromatogram shown in Figure 1b agree with 'H NMR
spectroscopy (see below) and suggest that every polymer
chain has both ends terminated with fullerene. The un-
coupled Cgo-P3HT-Cgo polymer chains show a more pro-
nounced fullerene absorption signal at 4 = 330 nm than the
coupled Cgp-P3HT-Cgo polymer chains since the fullerene is
now a larger percent of the composition of the uncoupled
chains. In addition, it is apparent that the unreacted fullerene
is no longer present in the Cgo-P3HT-Cg, sample as depicted
in the full SEC traces shown in Figure S2.
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Figure 2. 'H NMR spectra of (a) Csy-P3HT-Cq, (b) the region near
0 = 10 ppm showing the disappearance of the aldehyde proton signal
upon addition of fullerene, and (c) the region near d = 5 ppm showing
the appearance of the signals related to the fullerene end groups. The
unlabeled peaks upfield of & = 5 ppm in (a) are from the alkyl group
protons. All polymers were dissolved in deuterated chloroform, and
spectra were recorded at room temperature. The coupling constant of
the resonance at d ~4.3 ppmisJ = 9.5 Hz, and the coupling constant of
the resonance at 0 ~ 5.0 ppmis J = 10 Hz.

The conversion of end groups during the postpolymerization
functionalization was monitored using "H NMR spectroscopy,
matrix-assisted laser desorption/ionization-mass spectroscopy
(MALDI-MS), and ultraviolet—visible (UV—vis) light spectro-
scopy. The molecular weights of the P3HT polymers were
determined by "H NMR spectroscopy using end-group analysis,
and these molecular weights were used in all further computa-
tions. While calculations were based on NMR-determined
molecular weights, Mark—Houwink corrected SEC molecular
weights were similar to those (<6 repeat units difference)
determined by end-group integrations. The molecular structures
of CHO-P3HT-CHO and Cg-P3HT-Cg4y along with the
"H NMR spectrum of Cg-P3HT-Cy, are shown in Figure 2.
Parts b and ¢ of Figure 2 show the relevant '"H NMR spectra
regimes for the end groups of CHO-P3HT-CHO and
Cgo-P3HT-Cg, respectively. End-group integration showed
complete conversion of the aldehyde-terminated polymer to the
fullerene-terminated polymer. The peaks around 6 ~ 10 ppm in
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the CHO-P3HT-CHO spectrum are due to the substitution of the
aldehyde group at either the 2-position of the terminal thiophene
ring (higher intensity) or the S-position of the thiophene ring
(lower intensity).” This is also reflected in the Cg-P3HT-Cgo
spectrum as the € protons show two resonances with a small
difference in chemical shift. The chemical shifts and splitting
patterns of the end groups were also in agreement with previous
reports>*?® with the protons labeled ¢ and g having integrations of
2:2:2. Note that the protons labeled g are diastereotopic due to the
adjacent stereocenter. The coupling constant of the resonance at
0 ~ 5.0 ppm is J = 9.5 Hz, and the coupling constant of the
resonance at 0 ~ 4.2 ppmis J = 10 Hz, which is consistent with
reported literature values for small molecule systems.>*

Matrix-assisted laser desorption/ionization-mass spectro-
metry (MALDI-MS) measurements were also performed
to verify the end-group functionality of Cgo-P3HT-Cgp.
Two major sets of peaks were observed with the first type
associated with Cgp-P3HT-Cgy. As observed in other full-
erene-capped systems,”> >’ the second major set corre-
sponds to P3HT moieties where both fullerene units have
fragmented from the polymer chain during the desorption/
ionization process to yield species with m/z = [Cgo-P3HT-
Cqgo] — 1440 (Figure S3).

To verify the amount of fullerene end groups per polymer
chain determined by "H NMR spectroscopy, absorbance at
selected wavelengths versus concentration of species plots
were constructed to determine the molar absorption coeffi-
cient of P3HT and Cg. These molar absorption coefficients
were found using the slope of the linear fits shown in
Figure 3b,c for wavelengths of 4 = 330 nm in the fullerene
system and 4 = 330 and 448 nm in the P3HT system. The
molar absorption coefficients were found to be €339 = 5.3 x
10* M~ ! em ™! for fullerene and €330 = 5.5 x 10* M 'em™!
and e45 = 20 x 10* M ™' cm ™! for P3HT. From this point a
system of linear equations involving two variables and two
unknowns was solved using the Beer—Lambert law. Because
the connection between the donor and acceptor contained
one nonconjugated bond, the molar absorption coefficients
are likely not significantly affected by covalent attachment.>®

total __ 4P3HT Ceo _
Ayy = A3z +Az =

elggngb[P3HT]33o + 83C363b[c60]330 (1)

A = AR + 4G =
sffngb[P3HT]448 + ef‘fgb[Cm]Mg%854?Tb[P3HT]448 (2)

In these equations, A; is the total absorbance of the polymer
at wavelength i at room temperature from the solution
spectra shown in Figure 3a, b is the path length of the
detection cell (10 mm), and [X] is the concentration of species
X. Equation 2 becomes simplified because the absorbance of
fullerene at 1 = 448 nm is approximately zero. Using the
NMR-determined molecular weight (M, ~ 6700 g mol™")
for the main chain of the polymer (this includes the coupled and
uncoupled chains) and 1552 gmol ™' for the molecular weight
of methylfulleropyrrolidine end groups, we find the theoretical
weight fraction of the fullerene end groups is we, = 0.19 for
Cgo-P3HT-Cg. Solving for the actual composition using eqs 1
and 2 yields a value of we, = 0.14 for the fullerene-capped
polymer, in reasonable agreement with the predicted value.
Utilizing the two equations above and the raw data obtained
prior to normalization of the plots shown in Figure 3b, we find
that the UV—vis data indicate the fullerene end-functionaliza-
tion is slightly lower than the '"H NMR spectroscopy data
suggests but the results are in relatively good agreement and
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Figure 3. (a) UV—vis absorption data of 5 uM solutions of P3HT, Cg,
and Cg-P3HT-Cy in chloroform at room temperature. Absorbance as
a function of concentration in chloroform solutions for (b) Cgy and
(c) P3HT at selected wavelengths (4 = 330 nm and 2 = 448 nm).
(d) UV—vis absorption coefficients for thin films of P3HT (d ~70 nm)
and Cgp-P3HT-Cgy (d ~52 nm) spun-coat from 1,2-dichlorobenzene
solutions.

indicate that the majority of the polymer chains are capped on
both ends with fullerene units.

Thin film UV—vis absorbance spectra were also acquired
for P3HT and Cgo-P3HT-Cgp. As shown in Figure 3d, both
spectra exhibit four local maxima over the range of the
P3HT absorption; included in these maxima is a shoulder
at A ~ 625 nm which is associated with vibronic structure
and is an indication of crystalline order consistent with the
wide-angle X-ray scattering data (see Figure 6). The Cgo-
P3HT-Cg, spectrum contains a small shoulder at 4 ~ 330 nm,
and a significant increase in the thin film absorption relative
to P3HT at 1 ~ 275 nm is also present. Both of these
observations are consistent with absorption of fullerene
species. The absorption coefficients calculated at the max-
imum absorption wavelength (A = 552 nm) were opsyt =
5.0 x 10*cm ! and Oc,,-P3HT-C,, = 0.2 X 10* cm™! for the
P3HT and Cgy-P3HT-Cg films, respectively.
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Figure 4. Fluorescence spectra for P3HT, P3HT + PCBM, and
Cgo-P3HT-Cq in (a) chloroform and (b) toluene where the emission
signal has been normalized by the quantum yield of each of the samples.

Importantly, fluorescence quenching experiments were
performed on chloroform solutions of the polymers
(Figure 4a). The emission spectra of all polymers show a
primary peak and a shoulder at higher wavelengths, which is
consistent with previous reports.”® The calculated quan-
tum yield of the Cgy-P3HT-Cgy polymer is 0.03, which is
7 times less than the quantum yields of both P3HT and a
mixture of unbound P3HT and PCBM (P3HT + PCBM)
where 2.1 equiv of free PCBM was added to the solution for
every polymer chain. The highly soluble fullerene derivative
PCBM was used in place of Cg to ensure that the quencher
was dissolved in solution with P3HT. Figure 4b shows
fluorescence quenching measurements of the same three
samples dissolved in toluene. Significant quenching is once
again seen in the Cg-P3HT-Cgy molecule relative to the
other systems. Previous studies have shown that when
quenching occurs in a similar manner in both chloroform
and toluene that energy transfer is the likely means
of relaxation;?”**%~%1 "however, ultrafast spectroscopy
measurements are required to confirm that electron transfer
does not account for at least a fraction of the quenching in
the chloroform system.

We have concluded that the polymer Cgy-P3HT-Cg is a
mixture of two types of polymer chains and contains a
bimodal distribution of these chains with the majority of
all types of polymer chains terminated on both ends with
fullerene groups. The distribution of the uncoupled polymer
chainsis the same as the CHO-P3HT-CHO starting material.
The size distribution of these molecules is centered about
27 thiophene repeat units per polymer chain, and this type of
polymer chain composes 52% of the bimodal mixture by
weight. The coupled P3HT chains contain an ill-defined
linkage along the backbone of the polythiophene chain and
have a distribution twice the length of the uncoupled chains
on average. This average is centered on 54 thiophene repeat
units per polymer chain, and the coupled chains compose the
remainder (48% by weight) of the bimodal mixture. We are
confident that the UV—vis spectroscopic signals (and the
subsequent X-ray diffraction pattern reflections) associated
with fullerene can be attributed to the end groups of the
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Figure 5. DSC thermograms of P3HT, Cg, the P3HT/Cyy mixture,
NMCyg, and Cg-P3HT-Cg. The scans shown were collected at a
heating rate of 10 °C/min after annealing at 260 °C and then cooling
to —60 °C. The arrows mark the P3HT main-chain melting temperature
of the applicable samples. The percent crystallinity of the polythiophene
components (see text for details) of P3HT and Cgy-P3HT-Cyg, were
11% and 10%, respectively.

polymer chain and not due to unreacted, free C4q present in
what would be a mixture of polymer and small molecule.
Thermal and Microstructural Characterization of Cgy-P3HT-
Ceo- We used DSC to determine the melting temperatures of the
polymer and fullerene samples and to estimate the amount of
P3HT crystallinity in the polymers (Figure 5). As previously
seen in the literature, Cgy undergoes a first-order phase transi-
tion around —11 °C, and this peak is associated with a crystal
rearrangement from a simple cubic structure to a face-centered-
cubic crystal packing.> The melting transition of Cg, was not
observed in the temperature range scanned. Unlike the parent
Cgo molecule, N-methylfulleropyrrolidine (NMCg,) does not
experience the simple cubic to face-centered-cubic crystal pack-
ing transition presumably due to the substituents of NMCg.
This molecule also does not exhibit a melting endotherm in the
temperature range scanned. As is commonly seen in P3HT, two
melting transitions were observed in the H-P3HT-H molecule.
The first transition is a broad transition ranging from 7'~ 50 °C
to T'~ 75 °C and is associated with the side-chain melting of
interdigitated hexyl groups.®® The main-chain melting of P3HT
was found to be at 7'~ 206 °C. The mixture of P3HT and Cy,
shows both the crystal transition melting temperature asso-
ciated with the fullerene component and the main-chain melt-
ing transition of the polythiophene. Finally, Cg-P3HT-Cg
also exhibits the melting transition of the polythiophene at
T ~ 195 °C but does not exhibit the simple cubic to face-
centered-cubic rearrangement because the molecule present at
the end of the polymer chains is more akin to NMCgp, which
also is incapable of the crystal rearrangement transition. The
melting point depressions observed in both the P3HT/Cg,
mixture and Cgo-P3HT-Cg( systems are expected because the
fullerene acts as an impurity that depresses the freezing (melt-
ing) temperature of the semicrystalline polymer.®* The amount
of polymer that was crystalline in the PAHT and Cgy-P3HT-Cg
samples was determined by integrating the area under the
melting peak in each of the samples, normalizing the values
by the amount of P3HT present in the sample, and comparing
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Figure 6. WAXS spectra of (a) P3HT, (b) Cgj, (¢) the P3HT/Cgo mixture,
(d) NMCgp, and (e) Cgo-P3HT-Cg obtained at room temperature. The
sizes of the polymer crystallites were found to be 13, 14, and 11 nm for
P3HT, the P3HT/Cyy mixture, and Cq)-P3HT-Cg, respectively, using
Scherrer’s relation. The spectra are offset for clarity.

this with the literature value for the enthalpy of fusion for an
ideal P3HT crystal, AHy = 99 J g '% The amount
of polythiophene that was crystalline in each sample was
11% and 10% for the P3HT and Cgy-P3HT-Cg, samples,
respectively, which is typical for lower molecular weight
P3HTs. Therefore, the bulky end groups of the polymer chain
appear to only have a minor impact on the semicrystalline
nature of P3HT according to the DSC data.

Wide-Angle X-ray Scattering (WAXS) and Small-Angle
X-ray Scattering (SAXS). The spectra in Figure 6 show the
WAXS powder scattering patterns of P3HT, Cg, the P3HT/
Ceo mixture, NMCgy, and Cg-P3HT-Cg. As is common
with P3HT, the first three reflections observed in Figure 6a
are the (100), (200), and (300) peaks consistent with a
lamellar morphology within the crystalline regions of the
polymer and side-group interdigitation.®® The Cq scattering
pattern in Figure 6b is also consistent with previously
observed results for buckminsterfullerene, which is known
to have a face-centered-cubic (fcc) crystal structure at room
temperature, and shows reflections for the (111), (220), (311),
and (222) indices.®*”*® The P3HT/Cq, mixture spectra is a
combination of the individual P3HT and Cgq single species
spectra where the (100), (200), and (300) crystalline reflec-
tions of the polythiophene phase are prominent while the
(220) and (311) reflections of the fullerene phase are present
but are not as accentuated. However, this does suggest that
the mixture contains two crystalline domains: one associated
with the polythiophene and one associated with the fullerene.
Figure 6d shows the reference spectrum of free NMCgo and
indicates that this molecule has a very similar scattering
pattern to that of free Cgy but with reflections shifted to
slightly lower ¢ values (slightly higher domain spacings) due
to the substituents present on the NMCg, molecule. Also
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Figure 7. SAXS spectra at 30 °C after annealing at 220 °C for S min and
slowly cooling to room temperature of P3HT, the P3HT/Cg mixture,
and Cgp-P3HT-Cgy. The principal reflection, ¢*, for each sample is
marked with an arrow. The corresponding domain spacings calculated
from ¢* values for the samples are listed at the lower left-hand part of
the plot.

present in this sample is the (200) reflection which is allow-
able for an fcc crgfstal lattice but not commonly observed in
the case of Cgo.%%7%® Much like the P3HT/C¢y mixture,
the Cgo-P3HT-Cg spectra in Figure 6e appears to be a
combination of the P3HT and NMCy, scattering patterns
and suggests the presence of unique polythiophene and
fullerene crystalline regimes because of the prescence of
both the (100) P3HT peak and the (311) and (222) NMCg
reflections. For the three P3HT-containing samples,
the average sizes of the polymer crystallites were estimated
by using Scherrer’s relation.®” The sizes of the polymer
crystallites were found to be 13, 14, and 11 nm for P3HT,
the P3HT/Cgy mixture, and Cg-P3HT-Cg, samples, respec-
tively. These values are similar to those previously seen in
the literature for unannealed P3HT samples,’® and the
fact that the crystallite size of the P3HT remains almost
unchanged even with the bulky fullerene side groups
is noteworthy. We note that peak broadening in WAXS
can have other origins besides small crystallite sizes (e.g.,
inhomogeneous strains). Nevertheless, the formation of
discrete domains is consistent with the phase separation seen
in other polymer—fullerene systems.’""

In addition to WAXS spectra, SAXS was also employed to
observe the domain spacing of P3HT and the Cgy-P3HT-Cg
triad. Figure 7 shows the obtained spectra at 30 °C after
annealing at 220 °C for 5 min. The presence of weak, broad
peaks corresponding to domain spacings of d ~ 13—14 nm
are consistent with lamellae (nanofibril) widths previously
observed in thin films of regioregular P3HT samples
cast from selected solvents.” In agreement with the WAXS
data, the crystallite structure is more prominent in the
P3HT sample over both the P3HT/Cqy mixture and the
C60-P3HT-C60 triad.

Thin Film Imaging. As polymer thin films are important in
the application of OPV devices, atomic force microscopy
(AFM) operating in tapping mode was used to acquire

Boudouris et al.
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Figure 8. AFM phase images of thin films of P3HT and Cg(-P3HT-Cg
and corresponding FFT insets. Processing the FFT data showed
characteristic domain dimensions of 14 and 13 nm for P3HT and
Cgo-P3HT-Cygy, respectively. The films were formed by spin-coating a
solution that contained 3 mg of polymer in 1 mL of 1,2-dichlorobenzene
ata rotation rate of 2000 rpm for 1 min onto a silicon dioxide substrate.
The films were then annealed at 150 °C for 10 min in an inert
atmosphere glovebox.

phase images of thin films. The thin films were spun-coat
onto thermally grown silicon dioxide from a 3 mg of polymer
in 1 mL of 1,2-dichlorobenzene solution. The films were
then annealed at 150 °C in an inert atmosphere glovebox
for 10 min. The phase images are shown in Figure 8 with
the fast Fourier transfer (FFT) data inset in the upper
left-hand corners of the images. The films are rather
smooth and both have a root-mean-square (rms) roughness
of 0.3 nm over the 750 nm scan range shown in Figure 8.
While the crystalline P3HT lamellae are not as distinct
as shown in previous works,**"*™* the integration of
the FFT of the films gave characteristic dimensions of
14 and 13 nm for the P3HT and Cgy-P3HT-Cg, films,
respectively. These numbers compare reasonably well with
the dimensions obtained for the nanofibril widths seen in
the SAXS spectra (especially considering the inherent error
due to the radius of curvature associated with the tip of
the AFM cantilever) and previously in the literature,
which suggests that the morphologies observed in the bulk
are also present in thin films.”*7*
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Conclusions

We have described the synthesis of fullerene end-functiona-
lized regioregular poly(3-hexylthiophene), Cgp-P3HT-Cqy. We
find that the final step in the reaction sequence leads to chain
coupling and speculate that this occurs through an azomethine
ylide intermediate which causes a slight increase in the overall
molecular weight and a larger increase in the polydispersity of the
poly(3-hexylthiophene). The molecules were characterized using
a variety of techniques to ensure that the majority of the polymers
(including both the coupled and uncoupled polymer chains)
contained covalently bound fullerene and no free Cqy. Thermal
characterization reveals that Cgy-P3HT-Cy, does experience a
melting transition at a slightly depressed temperature from that
observed in P3HT presumably due to packing frustration
brought about by the relatively bulky end groups. However,
the percent crystallinity of the polythiophene portion of the
polymer remains approximately the same as that of the P3HT
material. The powder X-ray scattering data indicate the presence
of two distinct semicrystalline regimes in the Cgp-P3HT-Cg,
polymer, which suggests that the end groups microphase separate
from the main polymer chains to generate fullerene-rich
and polythiophene-rich domains as was seen in a mixture of
P3HT and Cgj. The crystallite sizes of the P3HT domains were
estimated to be on the order of 12 nm for both the P3HT and
Co0-P3HT-Cgy polymers using Scherrer’s relation. Small-angle
X-ray scattering showed that the characteristic domain spacings
of the polymer powders were ~13 nm for both P3HT and
Cg0-P3HT-Cgy. Finally, AFM phase images of thin films of the
two polymers indicated that domain spacings consistent with
SAXS data were also present in thin films of both of the polymer
samples. The Cgo-P3HT-Cg( polymer behaves in a similar manner
to the parent P3HT polymer in terms of light absorption, thermal
properties, and microstructure. The covalent attachment of the
fullerene to the polymer chain, which may enhance charge
transfer, makes this new polymer a candidate for use as an
electron-donating material in organic photovoltaics.
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