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ABSTRACT: A strategy for the fabrication of high surface area poly(3-hexylthiophene) thin films by
removal of nanoscale domains formed from graft copolymers is presented. This approach relies on the
synthesis and characterization of cleavable graft copolymers based on regioregular poly(3-hexylthiophene)
(rr-P3HT) main chain and sacrificial poly(styrene) side chains. An alkoxyamine initiator based on 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO) was incorporated at the 3-position of the functionalized thienyl
repeat unit, 2, via a cleavable trityl ether linker. Grignard metathesis (GRIM) copolymerization of 2 and
2,5-dibromo-3-hexylthiophene afforded regioregular P3HT with randomly incorporated alkoxyamine
groups. Polymerization of styrene from the P3HT backbone for different time periods afforded graft
copolymers with controllable sacrificial chain lengths. These materials were characterized using an array
of techniques such as 1H and 13C NMR spectroscopy and size exclusion chromatography (SEC). An
approach to obtain nanoporous P3HT thin films by cleavage of the trityl ether linker followed by complete
removal of poly(styrene) is reported with the as-cast graft copolymer thin films displaying an irregular
microphase-separated structure with an average domain size ∼30 nm as determined by grazing incidence
small-angle X-ray scattering (GISAXS) measurements. Significantly, this length scale was conserved after
removal of the sacrificial component which allows this strategy to have potential application in diverse fields
such as organic photovoltaics.

Introduction

The possibility of inexpensive solution processing of organic
photovoltaics (OPV) on flexible substrates has generated interest
in these materials as alternatives to conventional inorganic
semiconductor photovoltaics.1 The development ofπ-conjugated
polymers,2 especially regioregular poly(3-hexylthiophenes) (rr-
P3HT), and their use as p-type semiconducting (electron donor)
materials have garnered significant attention due to their inter-
esting opto/electronic properties.3 One of the main challenges in
the field of OPV is to control the thin film morphology of the
active layer with this morphology playing a crucial role in device
performance.4 In OPV devices, four steps are critical for high
efficiency: (i) photoexcitation of the donor and acceptors result-
ing in generation of excitons (hole/electron pairs), (ii) diffusion of
excitons to the donor/acceptor interface, (iii) charge dissociation,
and finally (iv) charge transport to the corresponding electrodes.
Because of the short lifetime of the excitons, coupled with their
limited diffusion length (∼10-20 nm),5 harvesting the maximum
number of these excitons relies on nanoscale phase separated
donor and acceptor domains with a high interfacial area.6

Bulk heterojunction (BHJ) architectures7 are widely used as
the active layer of organic solar cells and are fabricated bymixing
rr-P3HT (electron donor) with [6,6]-phenyl-C61butyric acid
methyl ester (PCBM) (electron acceptor) using a common solvent
and subsequently spin-casting into thin films. The phase separa-
tion between these two components creates a large interface

which allows for efficient exciton formation and diffusion. In
order to improve the BHJ morphology, alternate processing
conditions have been investigated, such as use of different
solvents to influence the solubility of P3HT and fullerene,8

addition of small amount of processing additives (with selective
solubility in one of the components) to the blend solution,9 and
thermal10 aswell as solvent annealing11 of the thin film.However,
it is believed that an ideal morphology would be an ordered BHJ
consisting of alternating donor/acceptor domains, oriented per-
pendicular to the electrodes.12 Suchmorphologies would ensure a
high interfacial area with potential improvement in charge
transport by providing interdigitated domains where one set of
domains is connected to the anode and the other set to the
cathode.

The domain size required for these systems is approximately
the same size as that obtained for block copolymers which are
known to self-assemble to create ordered nanostructures based
on their chemical compositions and have been used as a template
for the ordering of a variety of materials.13 Nanostructured BHJ
have been obtained by covalent incorporation of electron donor
and acceptor groups in different segments of a self-assembling
block copolymer, and successful attempts to prepare such mate-
rials have been carried out by using different conjugated poly-
mers14 (as donor and acceptor) as well as by incorporating a
fullerene functionalized segment as the acceptor.15 However, the
difference in chain flexibilities between rod and coil segments and
liquid crystalline interactions between stiff rods influence their
self-assembly and subsequent nanoscale morphology.16 There-
fore, the microphase-separated microstructures of rod-coil
block copolymers are different than those of their coil-coil
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counterparts. Recently, Segalman and co-workers reported that
weakly segregated block copolymers of poly(phenylenevinylene)
(PPV) rods and poly(isoprene) (PI) coils form lamellar structures
over a large range of block volume fractions below their
order-disorder temperature (ODT) and not the desired cylindri-
cal nanostructures.17 In addition, the presence of an insulating
coil segment, such as PI, in the solar cell active layer, however,
would dilute any fullerene component and probably decrease the
mobility of the charge carriers.18,19

An alternative approach to obtaining high interfacial area
between the donor and acceptor domains is to create a highly
porous rr-P3HT film followed by backfilling with an acceptor
material. While a variety of strategies are possible for the
formation of highly porous rr-P3HT films, degradation of rr-
P3HT copolymers was considered to be the most viable strategy
based on domain size and ease of fabrication. In this case etching
of the sacrificial domain can be achieved using two methods:
(i) either by choosing a sacrificial polymer that canbe degraded to
small molecular fragments20 or (ii) by incorporation of an
orthogonal cleavable linker and selective removal of the sacrifi-
cial polymer.21 For efficiency, it was decided to synthesize a series
of P3HT-based copolymers containing a cleavable linker, and to
overcome the challenge of P3HTblock copolymer synthesis,22 we
report a simple strategy to obtain porous rr-P3HT films from
cleavable graft copolymers containing a rr-P3HTmain chain and
sacrificial poly(styrene) (PS) side chains. The starting P3HT
macroinitiator was obtained by copolymerization of a TEMPO-
containing thienyl repeat unit 2 with 2,5-dibromo-3-hexylthio-
phene. Polystyrene was then grafted from the rr-P3HT backbone
using living free radical polymerization techniques, and in con-
trast to the traditional postsyntheticmodification of P3HT,23 this
“growth-from” strategy provides for precise control over the
grafting density by controlling the feed ratio as well as the ability
to graft different sacrificial vinyl-based polymers such as poly-
(vinylpyridine) and poly(hydroxystyrene), etc. These features
allow copolymers with different chemical compatibility and
composition to exhibit modified self-assembly behavior which
provides for a range of nanostructures.

Experimental Section
1H NMR spectra were recorded on a Bruker DMX-500 MHz

NMR spectrometer using the residual proton resonance of the
solvent as internal standard. 13C NMR spectra were proton
decoupled and recorded at 125 MHz using the carbon signal of
the deuterated solvent as the internal standard. Chemical shifts
are reported in parts per million (δ) relative to CHCl3 (7.27 ppm
for 1H and 77.0 ppm for 13C) as internal reference. When peak
multiplicities are given, the following abbreviations are used: s,
singlet; d, doublet; t, triplet; q, quartet; qt, quintet; m, multiplet;
bs, broad singlet. Size exclusion chromatography (SEC) was
performed in tetrahydrofuran (THF) on a Waters 2695 separa-
tion module equipped with a Waters 2414 refractive index
detector and a Waters 2996 photodiode array detector. UV-vis
absorbance spectra were obtained on a Shimadzu UV-3600
spectrometer with a 60 mm integrating sphere.

Materials. Commercial reagents were obtained from Aldrich
and used without further purification unless otherwise noted.
THF was distilled over Na/Ph2CO ketyl and styrene was passed
through basic alumina before being used for polymerizations.
Deuterated solvents and d8-styrene were obtained from Cam-
bridge Isotope Laboratories, Inc. Flash chromatography was
performed with EM science 37-75 μm silica gel. Analytical thin
layer chromatography was performed on EM science silica
plates with F-254 indicator, and visualization was accomplished
by UV lamp or molybdic acid as a stain.

Thin Film Preparation, Cleavage of Trityl Ether Linker, and

Selective Removal of Poly(styrene).A 1wt% solution of P3HT-
g-PS in toluene was spin-coated on a silica substrate at a speed

of 3000 rpm and dried under ambient conditions for 20min. The
average film thickness,measured usingX-ray reflectometry, was
found to be 35( 5 nm.Later the thin filmwasmounted on top of
a vial, which was already placed in a larger vial containing TFA.
The larger vial was sealed with a screw cap. After 2 h, the thin
film was taken out of chamber, soaked into stirring DMF
(100 mL) for 30 s to selectively remove PS, and then dipped into
methanol (to remove any residual DMF). The thin film was
dried under ambient conditions for 10 min and used for char-
acterizations.

Scanning Force Microscopy (SFM). Tapping mode SFM was
performed using either a Veeco Metrology Group Digital
Instrument Dimension 3000 or 3100 instrument. Commercially
available Si cantilevers (nominal spring constant and resonance
frequency in the range of 20-95 N/m and 145-230 kHz,
respectively) were used for all the measurements. The height
and phase images were acquired simultaneously while control-
ling the set point ratio (S = A/A0, where A and A0 are the
tapping and free cantilever amplitudes, respectively). The typi-
cal S values used in this study range from 0.8 to 1.0. The typical
scan size was 2.0 μm � 2.0 μm, and data were stored at a
resolution of 512 � 512 pixels per image.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS).
These experiments were conducted on the sector 8-ID-E beam-
line at Advanced Photon Source (APS), Argonne National
Laboratory (ANL). The wavelength of the incident X-ray beam
was 1.687 Å, and the sample-to-detector distance was 1991.0 mm
as determined from calibration with a silver behenate standard
(d = 58.376 Å). For each sample, typically four incident angle
measurements were carried out with one angle just below the
polymer critical angle (Rpoly,cr), and one angle just above the
substrate critical angle (Rsub,cr). The other two measurements
were performed in between these two critical angles (Rpoly,cr <
Ri < Rsub,cr), and the selection was based on the appearance of
minima in X-ray reflectivity data (correspond to X-ray standing
waves in the film with different periods). The off-specular
scattering data were recorded as a function of in-plane and
out-of-plane diffraction angles with a 2D MAR-CCD detector
with pixel size 0.079 mm. Finally, each data set was stored as a
2048 � 2048 16-bit TIFF image.

Dynamic Secondary Ion Mass Spectrometry (d-SIMS). The
depth profiling experiment was carried out on a Physical
Electronics 6650 quadrupole system (Chanhassen, MN) SIMS
instrument using a 40 nA, 2 keVprimary ion beamofO2

þ ions at
an incidence angle of 60� to the surface normal. A spot size of
30 μm was rastered over a 300 μm wide crater area. The
secondary ion signal was collected from the central 15% of the
crater area. Charging of the sample was avoided by neutralizing
the sample with a static defocused electron beam (0.2 keV). The
negative ions of H, D (specific to dPS), C, S (specific to rr-
P3HT), and Si were monitored as a function of time and
subsequently correlated with the sample thickness using the
sputtering rate. The typical interface depth resolution of this
technique is ∼5-10 nm.

Alkoxyamine-Thiophene Initiator 2. A solution of the trityl
chloride 1 (1.53 g, 2.7 mmol) in freshly distilled THF (10 mL)
was added dropwise to a stirring solution of 2,5-dibromo-3-(11-
hydroxyundeceyl)thiophene24 (1.33 g, 3.24 mmol), pyridine
(0.65 mL, 8.1 mmol), and Ag(OTf) (0.7 g, 2.7 mmol) in freshly
distilled THF (20mL). The reactionmixture was stirred at room
temperature for 4 h under an argon atmosphere, and after
completion of the reaction, THF was removed by rotary eva-
poration and the crude product was dissolved in CH2Cl2 and
subjected to water work-up. The aqueous layer was extracted
twice with CH2Cl2, and the combined organic layer was passed
over anhydrous magnesium sulfate. Evaporation of CH2Cl2
afforded the crude product which was purified by silica gel
column chromatography using ethyl acetate/hexane (5:95)
solvent mixture to give 2 as a colorless solid. Yield 1.8 g
(60%). 1H NMR (500 MHz, CDCl3): δ 7.50-7.15 (m, 16H),
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6.91 (d, J= 8.9 Hz, 2H), 6.78 (s, 1H), 5.02 (s, 2H), 4.80 (q, J=
6.6 Hz, 1H), 3.05 (t, J = 6.6 Hz, 2H), 2.50 (t, J = 7.6 Hz, 2H),
1.70-0.60 (m, 39H). 13C NMR (125 MHz, CDCl3): δ 157.6,
145.5, 144.9, 142.8, 136.4, 135.3, 130.8, 128.3, 127.7, 127.2,
126.7, 126.5, 113.7, 107.8, 85.8, 82.7, 69.9, 63.5, 59.6, 40.3,
34.4, 34.1, 30.0, 29.4, 29.4, 29.4, 29.2, 29.0, 26.2, 23.4, 20.3,
17.1. FABMS (NBA) m/z: 944 (Mþ).

Macroinitiator 3. 2,5-Dibromo-3-hexylthiophene25 (1.44 g,
4.43 mmol), 2 (0.27 g, 0.3 mmol), and Ni(dppp)Cl2 (51 mg, 0.09
mmol) were placed in a three-necked round-bottom flask and
dissolved in freshly distilled THF (55 mL). The solution was
cooled to 0 �C, and freshly prepared i-PrMgCl 3LiCl

26 in THF
(4.7 mL, 1 M solution) was added dropwise. The reaction was
allowed to stir for 1 h at 0 �C under an argon atmosphere with
the reaction mixture turning dark red in color. After this time,
the reaction mixture was concentrated and added to 500 mL of
methanol to precipitate the polymer. The polymer was filtered
and transferred to an extraction thimble and washed extensively
with methanol and hexanes using a Soxhlet apparatus. The
purified polymer was then extracted using chloroform. Yield
0.5 g (75%). 1H NMR (500 MHz, CDCl3): δ 7.60-7.10 (m,
18H), 6.99 (s, 15H), 5.01 (s, 2H), 4.78 (m, 1H), 3.04 (t, J =
7.5 Hz, 2H), 2.90-2.50 (m, 30H), 1.90-0.60 (m, 201H); GPC:
Mn = 13 000 g mol-1, PDI = 1.15.

Results and Discussion

The synthesis of the desired P3HT-g-PS copolymers, 4a-c, is
depicted in Scheme 1 with the first step involving alkylation
of 2,5-dibromo-3-(11-hydroxyundecane)thiophene24 with the
alkoxyamine,25 substituted trityl chloride 1 (see Supporting
Information for synthesis of 1) using pyridine as the base and
Ag(OTf) as the catalyst. This afforded themodified thienyl repeat
unit 2 in 60% yield. Grignard metathesis (GRIM) copolymeri-
zation of 2 and 2,5-dibromo-3-hexylthiophene26,27 then gave the
rr-P3HT macroinitiator, 3, with randomly incorporated alkoxy-
amine initiating groups. The copolymer, 3, could be purified by
precipitation in methanol followed by sequential Soxhlet extrac-
tion using methanol and hexane. Significantly, the use of an
inimer strategy provides the ability to vary the structure of the
copolymer by controlling the feed ratio of 2 and 2,5-dibromo-
3-hexylthiophene. For example, if m . n (Figure 1, low grafting
density), a copolymerwith a blocklike structure is obtained,while
for m , n (higher grafting density), a much different comblike

structure is obtained. This variation in the number of initiating
groups along the backbone leads to copolymers with different
grafting densities and distinct phase separation behavior that can
be utilized to control the thin film morphology of P3HT.

Todemonstratemorphology control, styrenewas grafted from
the macroinitiator 3 using nitroxide-mediated polymerization
(NMP) techniques with the reactions being performed in sealed
ampules under an oxygen-free atmosphere at 120 �C. Graft
copolymers with different PS weight percentage (4a-4c) were
synthesized by controlling the polymerization time (Table 1) and
subsequently purified by precipitation in methanol. Of particular
note was the observation that the alkoxyamine group is stable to
the GRIM polymerization conditions used for growth of the
poly(thiophene) backbone. In contrast, ATRP initiators contain
an active halogen atom or carbonyl group, which can undergo a
metal-halogen exchange or a possible Grignard addition. Graft-
ing from poly(thiophenes) (PT) using ATRP has been reported
and was achieved either by postsynthetic modification of rr-PT
or by oxidative polymerization of ATRP-functionalized thio-
phene.28 The postsynthetic modification is not efficient and time-
consuming, whereas the second approach of oxidative polymeri-
zation does not yield rr-PT and control of themolecular weight is
difficult.

Full characterization of the macroinitiator, 3, was achieved
using a variety of spectroscopic and chromatographic techniques
which revealed a close correlation between the feed ratio of 2 and
its actual incorporation. The stability of 2 under the GRIM
conditions can be evidenced in Figure 1, which shows the 1H
NMR spectrum ofmacroinitiator 3 and the presence of a quartet
at 4.8 ppm (c), singlet at 5.0 ppm (b), and triplet at 3.0 ppm (d), all
due to the functionalized alkoxyamine side chain. The level of
alkoxyamine incorporation in polymer 3 was determined by
integrating the area of methylene protons of the trityl ether
(d, 3.0 ppm) against the main chain protons of poly(thiophenes)
at 7.0 ppm (a, Figure 1). For the copolymers studied, the average
m to n ratio was estimated to be 11.5:1, which is close to the feed
ratio (14:1).

Similarly, growth of the polystyrene grafts was apparent
through NMR spectroscopy and size exclusion chromatography
(SEC) with the 1H NMR spectrum of a representative graft
copolymer 4a shown inFigure 2. The degree of polymerization of
styrene (x) was determined by comparing the integration values

Scheme 1. Synthesis of P3HT-g-PS Copolymers, 4a-c, from the Functionalized Thiophene, 2
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of the poly(styrene) aromatic protons (a) and the side chain, hexyl
resonances of compound 3 (d). The value of x and the poly-
(styrene) weight percentage in graft copolymers 4a-4c were also
calculated and reported in Table 1. The molecular weights of
macroinitiator 3 and graft copolymers 4a-4cwere determined by
size exclusion chromatography (SEC). Because of the rodlike
structure of poly(thiophenes), the molecular weight obtained by
SEC using poly(styrene) standards can be higher than the actual
molecular weight.29 The weight percentage of poly(styrene) in
compounds 4a-4c was also determined by 1H NMR spectro-
scopy and correlated with the expected values from conversion
and feed ratios.

Size exclusion chromatography (SEC) of compound 3 (Figure
3) with both refractive index and UV-vis detection indicated a
narrow molecular weight distribution (Mw/Mn = 1.15), which is
typical for the GRIM polymerization with a high molecular
weight shoulder being observed due to chain-chain coupling.
From the well-defined poly(thiophene) backbone, relatively
monomodal distribution for the graft copolymers indicates
almost complete initiation of grafted chains from 3 with a
shoulder for unreacted P3HT only being significant for 4a. The
presence of a shoulder for 4a is due to the low incorporation of 2,
leading to a statistically significant population of chains with no
alkoxyamine units present along the backbone. Additionally, the
difference in the retention time between macroinitiator 3 and
graft copolymer 4a-4c is attributed to the change in the hydro-
dynamic volume upon increase in molecular weight. However,
within graft copolymers (4a-4c), only a slight decrease in the
elution time with increase in poly(styrene) chain length was
observed.

To demonstrate the degradation of the trityl ether linker in the
solid phase, 4cwas drop-cast on a glass slide and the resulting thin
film was exposed to CF3COOH (TFA) vapor for a period of 2 h.
Size exclusion chromatography (SEC) with both refractive index
and UV-vis detection was then performed on the dissolved
products and compared with the original graft copolymer (4c).
As shown in Figure 4, complete disappearance of the peak for 4c
and the appearance of a new signal at higher retention time,
corresponding to a mixture of P3HT and PS homopolymers
resulting from cleavage of the trityl ether linkers, were observed.
In the case of 4c, they appear as a single peak; however, analysis
of the signal by photodiode array detector indicated a strong
absorption between 400 and 500 nm, confirming the presence of
P3HT homopolymer (Figure S2, Supporting Information).

To gain a preliminary understanding of the effect of TFA
vapor exposure and associated cleavage of the trityl group on the
poly(thiophene) backbone, the optical and electrical properties of
the poly(thiophene) was examined. For high performance, these
properties should not be affected during the degradation process.
UV-vis absorption spectroscopy of the graft copolymer films
under various conditions was therefore studied with initial
broadening of the P3HT absorption at higher wavelength,
indicating oxidation of the conjugated polymer by TFA
(Figure 5).30 This is in agreement with literature reports which
detail the intentional p-type doping of P3HT with TFA to
increase conductivity and environmental stability.31 In this pro-
cess, oxidation of the conjugated polymer occurs by losing two
electrons to form a bipolaron32 that has a broad absorption from
500 to 1100 nm. A similar behavior was observed after treating
the graft copolymers with TFA; however, upon rinsing these
films with triethylamine the optical property of P3HTwas almost
fully restored.

Thin Film Characterization. Having confirmed the struc-
ture and degradation behavior of the graft copolymers, the
morphology and surface properties of the as-cast thin films
were then investigated using tapping mode scanning force
microscopy (SFM). The topography and phase images of a
representative graft copolymer film (4c) are shown in Figure
6a with the topography image showing a smooth surface and
the surface roughness decreasing with increasing PS content.

Table 1. Characterization of Macroinitiator 3 and the Graft
Copolymers 4a-4b

sample
polymerization
time (min)

conversion
(%) n:m:xa

PSa

(wt%)
Mn

b

(g/mol)
Mw/
Mn

b

3 1:11.5:0 13 000 1.1
4a 30 52 1:11.5:7 36 50 000 1.5
4b 60 64 1:11.5:32 64 74 000 1.5
4c 90 70 1:11.5:82 80 90 000 1.6

aDetermined by 1H NMR spectroscopy. bDetermined by SEC.

Figure 1.
1HNMR spectrumof P3HT-basedmacroinitiator 3 in CDCl3. The peaks upfield of 2.0 ppm are associatedwith the alkyl side chains and the

TEMPOgroups. The unlabeled peaks downfield of 6.7 ppm represent the aromatic protons of the trityl andTEMPOgroups with theminor peak at ca.
3.50 ppm being due to trace amounts of residual methanol from precipitation.
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For example, the root-mean-square (rms) roughness de-
creases from 1.2 ( 0.1 to 0.2 ( 0.04 nm when the PS wt %

increases from 36 (4a) to 64 (4b), respectively. In order to
obtain information on the P3HT nanostructures, hard tap-
ping (S ∼ 0.8) was employed as previously reported by
McCullough and co-workers.19 The phase image indicates
a phase-separated structure with the presence of disordered
P3HT nanocrystallites. After etching of the polystyrene, a
significant increase in the film roughness was observed
(Figure 6b) with this increase arising from porosity formed
during removal of the PS domains. A control sample, where
the thin film (4c) waswashed onlywithDMF (noTFAvapor
exposure), did not show any significant roughness (Figure
S3, Supporting Information).

In all P3HT-g-PS samples, while the grafting density is
similar, the degree of polymerization of styrene is varied
(Table 1). This leads to similar backbone structures with the
higher PS content giving rise to longer PS chains, and it is
expected that upon removal of the sacrificial component the
samples with higher PS content will demonstrate a greater
degree of film roughness/porosity. This increase in film
roughness is clearly evident from the 3-dimensional (3D)
topographic view of the SFM profiles (Figure 7). For the

Figure 2. 1H NMR spectrum of P3HT-g-PS 4a in CDCl3. The peaks upfield of 2.0 ppm are associated with alkyl side chains and poly(styrene)
backbone.

Figure 3. SEC traces of the macroinitiator 3 and the graft copolymers
4a-4c with different poly(styrene) content.

Figure 4. SEC trace of the graft copolymer 4c before and after TFA
treatment.

Figure 5. UV-vis absorption spectroscopy of the graft copolymer thin
films before and after TFA vapor exposure. Neutralization of the thin
films with triethylamine (Et3N) restores poly(thiophenes) absorption.
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as-cast graft copolymers (top row,Figure 7), 3D topographic
views show little change in the surface across the scan area.
However, after removal of the PS (bottom row, Figure 7),
formation of porosity in the thin film surface is observedwith
the rms roughness values being 2.2( 0.1, 3.7( 0.4, and 3.8(
0.3 nm for samples 4a, 4b, and, 4c, respectively. While these
images suggest a higher pore penetration depth for high PS
content samples, accurate depth measurement is limited by
the tip resolution. Nevertheless, the scanning force micro-
scope image do demonstrate trend in increasing surface
roughness with removal of increasing PS content.

Grazing incidence small-angle X-ray scattering (GIS-
AXS) experiments were then performed to understand the

morphology of the thin films before and after etching. For a
two-domain system, the X-ray scattering intensity is directly
proportional to the square of the difference in their electron
densities with for the as-cast sample scattering intensity
being proportional to (FP3HT - FPS)2. However, after PS
removal, the scattering intensity should be proportional to
(FP3HT - Fvac)2, where the F’s are the electron densities of
P3HT, PS, and vacuum (=0). Therefore, when the PS is
removed, an increase in intensities is expected. A representa-
tive in-plane scattering intensity of the graft copolymer thin
film (4a) before and after PS removal is presented in Figure 8.
For direct comparison, themeasurements were performed at
the same incident angles, and the scattering intensities were

Figure 6. (a) Tapping mode SFM topography (left) and phase (right) images of the as-cast 4c copolymer thin film on Si/SiOx substrate. The
topography image shows a smooth film surface, whereas P3HTnanocrystallites are clearly visible in the phase image. (b) Topography and phase image
of the same film after removal of the PS. The surface roughness increases due to nanopore formation, and a considerable change in the phase image is
also observed.

Figure 7. 3D topography view of different P3HT-g-PS thin films before and after PS removal. In all the cases the images were built from 2 μm� 2 μm
SFM height scans. Clearly, removal of PS from the thin film resulted in increase in roughness. The total height range is 15 nm for all the images.
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corrected for the incoming X-ray beam intensity and the
exposure time. For all the intermediate incident angles
(Rpoly,cr < Ri < Rsub,cr) investigated, the sample from which
PS has been removed showed higher intensitywhich provides
additional evidence of successful removal of PS throughout
the depth of the film.

In all cases, the in-plane scattering profile (Figure 8) is
featureless and resembles that characteristic of disordered
domains. Similarly, the out-of-plane scattering (data not
shown) is also featureless, demonstrating a lack of ordering
throughout the thickness of the sample. These results indi-
cate the lack of long-range order in these graft copolymers
and is consistent with the SFM results. Moreover, the in-
plane scattering profile for 4a is almost identical before and
after the etching process. This implies that for the length
scale accessed through GISAXS measurements (∼4.5-
90 nm) the P3HT microstructure is not significantly dis-
turbed by the PS removal process. Small changes were
observed in the scattering profile (especially at low in-plane
scattering vector (qy)) before and after PS removal for the
highest PS sample 4c, which is due to the significant mass
removal which disturbs the arrangement of the minor P3HT
domains (Figure S4, Supporting Information).

One of the important criteria of bulk heterojunction
architecture is creation of domain size comparable to the
exciton diffusion length. To obtain the characteristic domain
size, the scattering data were fitted using a unified equation33

expressed as

IðqyÞ ¼ G exp -
qy
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2
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where the scattering from the disordered domain is repre-
sented as a combination of the Guinier scattering at low
qy and structurally limited power law scattering at higher
qy, considering both as independent scattering sources.

HereG andB areGuinier andpower law scatteringprefactors,
respectively, and bdg is a constant background. The average
characteristic domain length and the associated fractal dimen-
sion are given by Rg and pow, respectively. For a mass fractal
system, pow lies between 2.0 and 3.0, whereas for a surface
fractal pow is between 3.0 and 4.0. Equation 1 is applied to
obtain the average size of the microphase-separated domains,
and the corresponding fractal dimension (pow) for grafted
copolymer system and the extracted parameters are reported
in Table 2. The first thing to notice is that the average domain
size increases slightly after the PS removal process. This
change in the domain size is more prominent for the high PS
content sample (4c), where removal of long grafted PS chains
disturbs the underlying P3HT organization. However, the
change in domain size after PS removal is quite small (e10%
of the as-cast domain size), and hence we infer that the PS
removal process does not alter the microphase-separated
structure significantly. Interestingly, for all the samples, a
substantial change in the fractal dimension was observed. The
as-cast thin films resemble a mass fractal system, whereas after
the etching process it behaves as a surface fractal. The fractal
dimension between 3 and 4 characterizes the rough interface
arising from pore formation.

The scanning force microscopy and X-ray measurements
demonstrate selective removal of PS to obtain nanoporous
P3HT film. However, it is also important to understand
the effectiveness of the PS removal process, i.e., to ensure
complete removal of PS from the thin film. Therefore,
monitoring the amount of residual PS left after PS removal
as a function of depth within the film is essential. Determin-
ing the depth distribution of an organic component in a
composite thin film, where both components do not have a
distinctive element, can be accomplished by labeling one of
the components with deuterium (D) in combination with
dynamic secondary ion mass spectrometry (d-SIMS).34 For
depth profiling, a graft copolymer with deuterated PS (dPS)
sacrificial component (P3HT-g-dPS) was therefore synthe-
sized (Supporting Information). As a buffer layer, a free-
standing protonated PS film was placed on top of the
samples. The thicknesses of the P3HT-g-dPS and protonated
PS films were determined to be 39 ( 2 and 78 ( 3 nm,
respectively, from X-ray reflectometry measurements.

Figure 9a shows the secondary ion intensity as a function
of the film thickness for the control sample (without TFA
treatment). Different secondary ion intensities were moni-
tored as a function of time and related to the film thickness
using the sputtering rate. Deuterium ion intensity allowed
the location of the dPS chains to be probed while S ion
(specific to the thiophene rings) intensity was tracked to
determine the distribution of the P3HT chains. Initially, the
sputtering occurred at the buffer PS layer as evident from the
strong C and H ion intensities (Figure 9a). During this
period, S, D, and Si secondary ion intensities remained
negligibly small. The transition from the PS to underlying
P3HT-g-dPS layer was confirmed by the simultaneous in-
crease in for both S (specific to P3HT chains) andD (specific
to dPS chains) ion intensities. The copolymer film thickness
(39 nm) was much higher than the depth resolution of the

Figure 8. GISAXS in-plane line profile for a representative graft
copolymer before and after PS removal. The data were collected for
same exposure time and an incident angle between the polymer and
substrate critical angle. Solid lines are model fit to the experimental
data. (inset) 2D GISAXS intensity profile showing the fixed out-of-
plane scattering vector at which in-plane line profile was obtained.

Table 2. Unified Model Fit Results of the Scattering Data for
P3HT-g-PS System before and after PS Removal

sample processing
length scale
(Rg) (nm)

power law
exponent (pow)

4a as-cast 27.2( 3.6 2.9( 0.03
4a treated 28.8( 4.4 3.6( 0.3
4c as-cast 30.2( 5.0 2.5( 0.01
4c treated 33.0( 0.6 3.6( 0.07
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d-SIMS instrument (∼10 nm), and strong identical D and S
signals suggest homogeneously distributed copolymer mor-
phology along the film depth. As the sputtering depth
reached the bottom of the graft copolymer layer, the deuter-
ium, carbon, and hydrogen signals dropped sharply with a
concomitant increase in silicon ion count. The sulfur signal
still maintained the steady ion count due to sputtering of
oxygen ions (O2 molecular mass is 32, same as sulfur) from
the substrate oxide layer. Nevertheless, the depth profiling
showed dPS-rich domains uniformly distributed along film
thickness and ruled out the possibility of any spontaneous
stratification.

Figure 9b represents the secondary ion intensity as a
function of the film thickness for the P3HT-g-dPS sample
after TFA treatment and washing to remove PS chains.
Initially, the ion countswere essentially the sameas the control
sample with the sputtering occurring in the buffer hydrogen
containingPS layer.However, as the P3HT layerwas reached,
sputtering produced only a strong sulfur ion signal with the
deuterium ion signal remaining at essentially baseline levels.
This weak D signal actually arises from the presence of the
natural abundance of 2H isotopes (one out of 6000 hydrogen
atoms) in protonated PS and P3HT molecules. This absence
of D signal demonstrates that the dPS chains are completely
removed throughout the film thickness and indicates that
porosity penetrates the entire depth of the film.

Summary

The synthesis and characterization of cleavable graft copoly-
mers based on a functionalized P3HT backbone are reported.
The PS chains were grafted from P3HT-based macroinitiators
containing randomly incorporated alkoxyamine groups using
nitroxide-mediated polymerization with acid sensitive trityl ether
being used to covalently link the P3HT and the PS segments.

This strategy allows porous P3HT films to be prepared through
selective cleavage of the PS grafts by exposure to TFA vapor
followedbywashingwithDMF.The as-cast graft copolymer thin
films exhibited a smooth surface with phase-separated disordered
domains; however, upon removal of the PS grafts, the surface
roughness increases due topore formation, with the characteristic
domain length of the graft copolymers (20-30 nm) being
preserved even after removal of the PS component. Complete
removal of PS throughout the film thickness was demonstrated
by d-SIMS measurements with the extent of thin film porosity
being controlled by the PS chain length. This study offers a
convenient strategy for the preparation of highly porous P3HT
thin films with controlled porosity which offer promise as high
surface area scaffolds for a variety of applications such as sensors
and organic photovoltaics.
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Figure 9. (a) d-SIMS depth profile for P3HT-g-dPS sample before etching. The presence of dPS chains throughout the sample thickness was evident
from strong 2D ion signal. (b) d-SIMS depth profile after dPS removal. The absence of any strong 2D ion signal proved the complete removal of dPS
segment and nanopore formation along the film thickness. Note in both cases a free-standing PS filmwas placed on the top of the graft copolymer film
as a buffer layer.
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