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We have synthesized low-molecular-weight diblock copolymers of polystyrene-block-poly(dimethyl-
siloxane) with total molecular weights <12 kg/mol and PS volume fractions of ~0.2. We have investigated
the phase behavior of the PS-PDMS in its pure state and with up to 10 wt% of Cgg added. The Cgp was shown to
selectively segregate into the PS phase only although its solubility limit is ~1 wt%. Although the Cgo
aggregates above 1 wt%, the cylindrical morphology observed in the pure copolymer bulk samples persists

in the Cgp-copolymer composites even up to 10 wt% Cgp loading. In thin films, the pure copolymer possesses

Keywords:
Copolymer
Fullerene
Blend

a highly ordered morphology with grains hundreds of microns across. When Cgg is blended with the
copolymer the high degree of order rapidly decreases due to increasing numbers of defects observed.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Incorporation of fullerenes with polymers often produces
dramatic improvements to the polymer properties [1,2] including gas
barrier properties [3], microhardness of films [4,5], inhibition of
thermo-oxidative degradation [6], photovoltaic efficiency in solar
cell applications [7-13], and electro- and photoluminescence [14,15].
However, in most cases, the limited solubility and miscibility of
fullerenes in both solvents and polymers [16], coupled with a lack of
understanding of how to control these interactions is often a severe
restriction to the general utility and wider applicability of using
fullerenes. Therefore a majority of studies of polymer-fullerene
systems have concentrated on covalently bonding the Cgp onto the
polymer chains thereby avoiding the problems associated with
limited solubility [ 17-23]. Whilst considerable synthetic capability is
required to obtain Cgp-functionalized polymers, simple blending of
unfunctionalized fullerenes, in particular Cgp, with homopolymers
has also shown significant modification of a number of the polymer
properties including photoluminescence [23,24], heat capacity [25],
thin film dewetting behavior [26,27], permeability [28], and thermal
stability [29,30]. Functionalization of the fullerene cage, such as [6]-
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phenyl Cg; butyric acid methyl ester (PCBM), which is widely utilized
for solubilizing Cgp with a range of conjugated polymers, has been
extensively used for incorporating the fullerenes into macromolec-
ular structures [31]. For a recent review of polymers containing
fullerenes, see reference [2].

The incorporation of fullerene molecules into block copolymers
has been much less widely reported than for metallic or ceramic
nanoparticles [32,33]. Due to their limited solubility in most
polymers [34,35], functionalization of the fullerene by grafting
polymer brushes to the Cgy cage can promote preferential misci-
bility of the fullerene into only one block of a diblock copolymer
[36-39]. However, this approach adds unnecessary complexity to
fullerene synthesis, detracting from the general applicability of
using much more widely available unmodified Cgp. In systems
without functionalized fullerenes, hydrogen bonding and acid-
base interactions have been used to enhance incorporation of
fullerenes into polymers [40,41]. For example, when Cg fullerene
was added to a PS-P4VP block copolymer, a cylindrical to spherical
morphology was induced [42]. In this case, the morphology change
was attributed to the electron-accepting Cgp forming charge-
transfer complexes with electron-donating pyridine groups from
different P4VP chains [10,42,43]. Despite these studies there
remains a limited understanding of polymer-fullerene miscibility
and indeed no tool for its prediction.

We are currently investigating inclusion of fullerenes in block
copolymers as part of a wider effort to investigate materials for
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global quantum information processing (QIP) [44]. In this paper, we
discuss the potential use of low-molecular-weight block copoly-
mers as templates for ordering Cgo fullerenes into cylindrical
domains of the block copolymer. The use of low-molecular weight
polymers are essential for the length scales of fullerene ordering
required for the functionality of the QIP materials.

2. Experimental

Polystyrene-b-poly(dimethylsiloxane)  (PS-PDMS)  diblock
copolymers were synthesized by sequential anionic polymerization
of styrene and hexamethylcyclotrisiloxane (HMCTS) [45-47].
Cyclohexane and tetrahydrofuran (THF) were distilled from
diphenylhexyllithium and sodium benzophenone, respectively, and
styrene monomer was purified by distilling from dibutylmagne-
sium. Polymerizations were performed at room temperature under
a nitrogen atmosphere in an Innovative Technologies glovebox
(<1 ppm O, and H,0). The polystyrene block was polymerized in
cyclohexane containing 0.5 vol% THF, using sec-butyllithium initi-
ator. The PS polymerization proceeded for 1 h, following which an
aliquot was removed for PS block characterization. To the remain-
ing solution, a small volume of HMCTS in THF was added to allow
the crossover to the PDMS polymerization, visually evident by the
disappearance of the orange color of the polystyryl anion. At this
point, the remaining HMCTS and sufficient THF to produce
a roughly 1:1 v/v cyclohexane:THF mixture were added and the
reaction vessel was then left stirring continuously for several hours
(depending on the molecular weight required) after which point
the polymerization was terminated by the addition of a 10-fold
excess of chlorotrimethylsilane. Additional details of the synthesis
are given elsewhere [45,48].

The molecular weight of the PS block of the copolymers was
determined by GPC using Polymer Laboratories PLgel Mixed-C
columns and a Waters 410 differential refractive index detector,
which was calibrated using a set of narrow molecular weight
distribution polystyrene standards. The total molecular weights of
the copolymers were determined from peak area analysis using 'H
NMR measurements conducted on dilute solutions (0.1 wt%) of the
copolymer in deuterated chloroform.

All PS and PS-PDMS samples with and without Cgo (Fluka, 97%
purity) were prepared by rapid precipitation of dilute solutions in
toluene (<2 mg/ml) into rapidly stirred cold methanol, followed by
filtering and vacuum drying. Free-standing films for SAXS
measurements were prepared by pressing the dried powder into
6-mm diameter, 0.75-mm deep PTFE molds and heating at 50 °C for
24 h in a laminar-flow cabinet. Samples for solid-state NMR and
WAXS were prepared from the filtered and vacuum-dried precipi-
tate and measured in a ceramic 4-mm MAS rotor (NMR) or 1-mm
capillary tubes (WAXS). Samples for TEM were prepared by adding
1 drop of the 0.5 wt% copolymer solution onto the surface of stirred
distilled water heated to 90 °C. The resulting film was then picked
up from the surface of the water onto 200 mesh Cu TEM grids (Agar
Scientific, UK).

TEM images were collected using a JEOL 2000FX microscope
operated at 100 keV. X-ray data collection from the copolymers and
composites were carried out using a Bruker AXS NanoSTAR for
SAXS measurements and a Rigaku MicroMax 002 with R-axis IV++
detector for WAXS measurements. Both X-ray systems used Cu
anodes operated at 40 kV and 35 mA.

Solid-state NMR spectra were recorded on a Bruker DSX-400
solid-state NMR spectrometer operating at a magnetic field strength
of 9.4 T. The samples were measured at 0 °C at a magic-angle spin
speed of 5 kHz. Spin-diffusion experiments were conducted with
a 'H dipolar filter sequence followed by a mixing time (t;,) and then
cross-polarization (CP) for measurement of '*C NMR spectra [49,50].

The 'H and *C 90° pulse durations were set to 5 ps. The dipolar filter
consisted of two 12-pulse cycles in which each pulse was separated
by a 30-ps duration. The contact time for magnetization transfer
from 'H to 13C was 2 ms. All 13C data were recorded under condi-
tions of 'H broadband decoupling during an acquisition time of
12.338 ms (1024 complex data points with a 12-us dwell time). For
the spin-diffusion experiment, 6000 scans were recorded for five
different mixing times from 0.5 to 500 ms and the average peak
areas normalized against those measured at the longest ty, (500 ms).

3. Results and discussion

Two different PS-PDMS copolymers were synthesized with
molecular characteristics as shown in Table 1. The molecular
weights of the PS blocks of the copolymers were determined using
GPC on an aliquot of PS extracted from the reaction mixtures before
HMCTS was added. The molecular weight of the PDMS blocks were
determined from solution NMR measurements of the molar ratio of
PDMS to PS using the methyl protons for the PDMS and the aromatic
protons for the PS. These NMR-determined mole fractions were
used to determine the corresponding weight fractions of PS in the
copolymers. The polydispersities of the copolymers were deter-
mined by GPC. The increase in the polydispersities of the copoly-
mers compared to those of the PS blocks is attributed to competing
depolymerization of the PDMS units to form small cyclics, especially
the cyclic tetramer. This increase in polydispersity effectively
limited the reaction time and therefore the total PDMS block length
able to be grown without significantly increasing its polydispersity.
An additional contribution to the apparent polydispersity was
a shoulder to the major copolymer elution peak observed in the GPC
trace, which is associated with homo-PDMS impurity. Methods of
removing homo-PDMS from these copolymers have been discussed
by Chu et al. [45], however, since the levels of impurity were
calculated to be approximately 2 wt%, the copolymers were not
purified further.

The location of the Cgg in the microphase-separated copolymers
was determined using solid-state NMR spin-diffusion [49,50].
Following excitation of all of the protons in the sample, the rigid-
phase 'H signal (i.e., from PS) was destroyed using a dipolar filter.
The remaining magnetization (i.e., PDMS) was then allowed to
“diffuse” through the sample for variable mixing times until equi-
librium was reached. The spin-diffusion progress was monitored by
transferring the 'H signal to the 3C nuclei via cross-polarization
(CP) before detection. Since the Cgp contains no attached protons
and must therefore polarize from those in its immediate neigh-
borhood, its location was monitored by comparing its polarization
rate with that of the similarly non-protonated carbons of the PS
phenyl side groups. Consequently, Cgp contained within the PS
phase would polarize at comparable rates as these non-protonated
PS carbons. However, any Cgg located at the PS-PDMS interface or in
the PDMS phase, would cause the Cgg signal to appear more rapidly.

Table 1
PS-PDMS copolymer characteristics.

Copolymer Weight M, (PS) My/M, My,/M, M, (PDMS) Topr

code fraction wps g/mol*  (PS) (PS-PDMS)? g/mol® (°0)*
S3 0.235 2200 1.07 1.22 7200 139+1°C
S4 0.174 2100 1.07 1.21 10,000 97 +1°C

2 Determined from GPC measurements calibrated against PS standards.

b Calculated based on solution NMR measurements of the molar ratio of PDMS to
PS.

¢ Determined from temperature dependent SAXS measurements of abrupt
primary diffraction peak broadening using a SAXS system consisting of an Anton
Paar compact Kratky camera, a Braun 1-D position-sensitive detector, and a custom-
built hot-stage.
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Fig. 1. 1C solid-state NMR spectra of a solution-blended composite of Cgo with the S3
(3wt% Cgp) diblock copolymer measured at 0°C and while magic-angle spinning
(MAS) at 5 kHz. The standard cross-polarization (CP) MAS spectrum is shown at the
top. The other three spectra are the '3C CP/MAS spectra measured after destruction of
the rigid-phase magnetization and then spin diffusion for the mixing times indicated
on each: 0.5, 50 and 500 ms. The insets show the region between 140 and 150 ppm,
which contains the peaks due to the Cgo (142 ppm) and the non-protonated phenyl
carbons of the PS (145 ppm).

A standard CP/MAS solid-state '>*C NMR spectrum of the solu-
tion-blended sample of 3 wt% Cgg in the S3 copolymer is shown in
Fig. 1. A single sharp peak near O ppm is due to the PDMS. The PS
peaks are broader, reflecting less mobility, and appear at 38-51 ppm
for the backbone methylene and methine carbons, around 129 ppm
for the side-group protonated phenyl carbons, and at 145 ppm for
the non-protonated phenyl carbons [51]. The Cgp peak appears at
142 ppm [52] and overlaps with the peak due to the non-protonated
carbons of the PS phenyl groups. This region is shown expanded in
the insets of Fig. 1. In the full CP/MAS spectrum, sets of spinning side
bands appear 5 kHz (50 ppm) downfield (179/195 ppm) and upfield
(79/95 ppm) from the aromatic PS carbon peaks. The small peak
near 29 ppm is also a spinning side band from the protonated
aromatic PS carbons.

Following application of the dipolar filter, none of the PS or Cgp
peaks appear in the 3C spectrum. This is shown in Fig. 1 in the
spectrum collected after a very short mixing time of 0.5 ms. The
expanded inset shows no signal for the Cgp or the non-protonated
PS carbons from 140 to 150 ppm. This result indicates that Cg is not
located in the PDMS phase. If it were, its 1>C peak would appear
along with the PDMS '3C peak via cross-polarization from the
selected 'H magnetization of the PDMS. To confirm this, the peak
intensity versus mixing times needs to be evaluated. For mixing
times longer than 0.5 ms, the PS and Cgg peaks appear and grow at
the expense of the PDMS peak. For each mixing time, the over-
lapping Cgp and non-protonated PS phenyl peaks were deconvolved
by fitting. The Gaussian line shapes used for fitting can be seen in
the expanded insets for the spectra collected with 50 and 500 ms
mixing times. Average peak areas from two separate spin-diffusion
data sets are shown in Fig. 2 as a function of the square root of the
mixing time, v/tm. The data in Fig. 2 have been normalized to peak
areas at the longest t;,;, (500 ms) and the solid line is an exponential
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Fig. 2. 13C solid-state NMR peak area versus the square root of the spin-diffusion
mixing time, (t,,)"”, for the non-protonated carbon of the PS phenyl side groups (M)
and the Cgp (0) in the S3:Cgp blend (3 wt% Cgp). These NMR peak areas are normalized
to the areas at ty, =500 ms, and are the averages of two separate experiments. The
solid line is an exponential fit to the data.

fit to the data. The Cgp and the non-protonated phenyl carbons of
the PS polarize at very similar rates, meaning that the Cgg is only
found within the PS phase of the copolymer.

Once it was established that the Cgg was found only in the PS
phase of the copolymer, we evaluated the solubility limit of Cggp in
PS using WAXS measurements. The WAXS patterns for all the PS
samples clearly show 3 broad peaks centered at 26 = 10.1, 19.6 and
42.5°, which are characteristic of amorphous PS scattering (see
Fig. 3). The PS-Cgp blends with >2 wt% Cgo also show distinct
diffraction peaks, which are consistent with the peaks from pure
Ceso. Even at 1 wt% addition of Cgg, weak fullerene peaks do appear
as shoulders to the amorphous scattering peaks of the PS at
260 =17.8 and 20.9°. Clearly even at these low weight fractions, not
all the fullerene is fully solubilized by the PS. Since no Cg diffrac-
tion peaks are visible in the 0.5 wt% sample, we estimate that the
solubility limit of Cgp in PS to close to 1 wt%, given the fullerene
diffraction peaks are only just visible at this concentration. This
result is consistent with molecular dynamic (MD) modeling results,
which estimates the thermodynamic solubility limit of Cgg in PS to
be 1.6 wt% [53]. The differences in these experimental and theo-
retical values are acceptable given the inherent assumptions built
into the MD calculations.
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Fig. 3. WAXS diffraction patterns from Cgo, PS and PS with increasing weight fractions
of Cgo added (as indicated). Data have been scaled for clarity.
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The effect of the presence of Cgp inclusions on the copolymer
morphology was evaluated using SAXS and TEM. The radially aver-
aged SAXS patterns for the pure S3 and S4 copolymers show distinct
primary peaks at Q;=0.495-+0.002 and 0.493+0.002 nm™},
respectively, which are both equivalent to a characteristic dimension
of L=12.7+0.1 nm. The similarity in dimension of these two
copolymers results from a fortuitous combination of differences in
total molecular weight and compositions. Both copolymers exhibit
a weaker secondary peak at a relative peak position of v/3-Q;. These
peak positions are consistent with cylindrical (hexagonal) copoly-
xmer morphology, which is expected based on volume fraction
considerations. On close examination of the S4 data at the position of
the expected third order peak (at v4-Q) a very weak maximum is
observed, although the data in this region are very noisy so this peak
cannot be confirmed unambiguously. Gyroid or other less common
structures cannot be ruled out from these SAXS data, but from
analysis of the TEM data these structures were later discounted. The
lack of higher order peaks is simply associated with the short-range
order of the copolymer domains in these bulk samples.

SAXS data for the S4-Cgo composite samples as a function of
increasing fullerene content are shown in Fig. 4. As was seen for the
pure S4 copolymer, the composite samples also have a clear primary
peak at Q; (0.493 + 0.002 nm™!), with weaker peaks at v3Q; and
v4Q; and no peak at v/2Q; indicating a hexagonal (cylindrical)
phase morphology. Similar behavior is also observed with the
S3-Cgo composites. When Cgg is blended with the copolymers,
perhaps surprisingly, not only is the cylindrical morphology
retained but the characteristic dimensions are also unchanged (the
primary peak does not change its Q position) even at the highest
weight fractions of Cgg. However, this is not as surprising as may
initially be thought since the amount of Cgp present is still relatively
low, so there are going to be large volumes of copolymer between
individual fullerenes (or clusters) which are largely unaffected by
the presence of the particles.

Although the cylindrical morphology is retained, the aggregation
of the fullerenes with increasing concentration produces increasing
amounts of excess scattering for Cgp contents of >1 wt%, i.e., above
the Cgo solubility limit. The excess scattering occurs at medium and
low Q values, ie., at approximately Q <0.8 nm~!, equivalent to
length scales of ~8 nm or greater. At Q < 0.4 nm~!, equivalent to
length scales of ~16 nm or greater, the excess scattering has to be
due to correlations between long-range density fluctuations that
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Fig. 4. SAXS patterns for the S4 copolymer as a function of wt% Cgo added (with
respect to PS content). The arrow indicates an increasing concentration of Cgo: 0, 1, 2, 3,
5 and 7.5 wt%. The diffraction peaks indicated (1, 2 and 3) are the primary peak, Q; at
0.495 nm-1, a secondary peak at Q = v/3-Qy, and evidence of a weak tertiary peak at
V/4-Qy, which is consistent with hexagonal ordering (see text).

are larger than the characteristic cylinder repeat distance of the
copolymer. Quantification of the excess scattering through deter-
mination of the scattering invariant [54] indicates that there is little
change in the structure of both S3 and S4 copolymers until loadings
of Cep > 2 wt% are exceeded. This suggests that below these levels of
loading even though fullerenes are clustering, the mean diameters
of these aggregates remain small and the copolymer is largely able
to accommodate them within the cylindrical PS phase without
significant changes to its morphology. As the weight fraction of Cgg
increases the cluster size becomes significant and this ultimately
affects the longer range domain morphology of the copolymer by
the introduction of defects.

Changes to the width of the primary peak (Q;) were used to
determine the variation in average copolymer characteristic dimen-
sion with increasing weight fraction of Cgp. For S4 there is no
discernable change in width of the primary peak, indicating that the
Cgp does not affect the average size of the copolymer domains. These
data clearly indicate that the local phase morphology of the copoly-
mer is therefore largely unperturbed by the addition of increasing
weight fractions of Cgo. For the S3 composites, the primary peak
width is essentially constant below 3 wt% Cgp, but increases at
concentrations higher than this. This indicates that above 3 wt% there
isanincrease in the size distribution of the characteristic dimensions,
that is to say, the PS phase cylindrical diameter increasingly varies
along its long axis with increasing Cgp content as the copolymer
deforms around the fullerene particles [55]. However, since the
primary peak position remains constant, clearly the average charac-
teristic dimension of the copolymer is not varying for either copoly-
mer with increasing fullerene loading.

The scattering results are also largely confirmed by analysis of the
TEM micrographs for the Cgg composite films, although care needs to
be taken in making exact comparisons with the SAXS results since
the samples were prepared in different ways. The TEM films of pure
S3 copolymer demonstrate a very remarkable degree of domain
ordering, forming a highly linear and near defect-free morphology
(see Fig. 5). The ordering in the thin films persists over a long range,
well beyond the scan size of the image. Indeed, unlike most
copolymer films no grain boundaries are observed and the domains
maintain the same order director beyond the 200 x 200 pm area that
was able to be surveyed using the TEM stage [48]. A similar degree of
domain regularity is also observed for the pure S4 copolymer films.
Numerous samples of both pure S3 and S4 were examined by TEM,
and remarkably few defects were observed. Where defects were
seen, they comprised almost entirely of dislocations, and thus the
directional orientation of the sample was conserved over the whole
area.

The significant degree of order in these pure copolymer films is
assumed to result from the mobility of the PDMS segments (T in the
bulk is —120 °C) coupled with the short chain lengths (Nota = 118
for S3), which allow the chains to eliminate defects when the films
are being formed. The elevated temperatures used during film
formation (90 °C) in the pure copolymers are clearly playing arole in
promoting defect annihilation, since the PS at this molecular weight
(~2 kg/mol) is well above its T,. The kinetics of this defect annihi-
lation and development of order is extremely rapid compared for
example, to PS-poly(ethylene-propylene) films, where ordered
samples could only be obtained either by long annealing times of
the order of 3 h to produce grains 1 pm? or through applying shear
to the film [56].

The effect of Cgp inclusion in S3 and S4 copolymers is very similar,
with representative TEM images for S3 shown in Fig. 5. Even for
a very modest inclusion of 0.5 wt% Cgg the near perfect ordering is
disrupted with a number of defects observed. An increasing number
of defects are observed with increasing Cgg content. At and above
5 wt% Cgo content, the microdomain morphology of the copolymer
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Fig. 5. TEM images of S3 copolymer with various amounts of Cgo. The number in the
top left hand corner of each image indicates the wt% of Cg, with respect to PS content;
the scale bar corresponds to 100 nm. The addition of Cgg to the copolymer appears to
increase the number of defects in the sample.

becomes significantly more disordered, with significant numbers of
defects visible. The TEM data were analyzed for microdomain
orientation by determining orthogonal pixel intensity differences to
derive the order parameter defined as cos(2A#), where Af is the
difference between the domain direction and the average orienta-
tion of the grain [57]. The order parameters determined for the S3
and S4 samples are given in Table 2, where increasing additions of
Cgo cause the order parameter to decrease.

The SAXS and TEM results qualitatively agree with the work of
Huh et al. [58] who determined the theoretical phase behavior of

Table 2
Order parameters determined from TEM analysis. The order parameter was obtained
from computational analysis of the TEM images.

wt. % Ceo S3 sS4

0 0.73 0.74
0.5 0.67 0.63
1 0.74 0.38
2 0.57 0.03
3 0.48 0.39
5 0.30 0.27
7.5 0.18 0.19
10 0.14 0.27

diblock copolymers in the presence of nanoparticles. In the strong
segregation limit, they showed that the incompressibility of the
system forces stretching of the chains around the nanoparticles,
causing the chains to incur an additional free-energy loss. The
magnitude of this free energy for any fixed copolymer composition
depends on the size of the particle relative to the radius of gyration of
the surrounding chains. Therefore, it is expected that addition of
nanoparticles to a diblock copolymer with a fixed composition
would have the effect of pushing the system towards a more disor-
dered state as the size of the nanoparticles increase. This predicted
behavior agrees well with the observed differences between the
pure copolymer and Cgp composite.

4. Conclusions

Low-molecular-weight PS-PDMS diblock copolymers have been
synthesized with total molecular weights of 9.4 and 12.1 kg/mol
and weight fractions of the PS blocks of 0.17 and 0.24. Despite the
low-molecular weights of these copolymers, they phase separate to
give a cylindrical morphology in the bulk as determined by SAXS,
with a PS cylinder repeat spacing of ~13 nm. The morphological
behavior of the pure PS-PDMS copolymers and its physical blends
with increasing loadings of Cgg has been investigated. The solubility
limit of Cgp in PS was determined to be ~1 wt%. Using solid-state
NMR measurements it has been shown that the Cgg fullerenes are
completely surrounded by PS chains, even when the Cgp loading
(3 wt%) is above its apparent solubility limit in PS and consequently
aggregated into clusters.

In thin films, pure copolymers form highly ordered, near defect-
free grains which extend over several hundred microns. When Cgg
was included into the copolymer the reduced entropic energy
associated with PS chain stretching in the vicinity of the Cgo
fullerene aggregates is balanced by the increase of entropy by the
introduction of defects into the copolymer phase morphology.
Despite the introduction of defects caused by inclusion of Cgg, the
SAXS results showed that the copolymer system still retains some
degree of its cylindrical morphology.

These results indicate that as the Cgg cluster sizes grow, as evi-
denced by the increase in excess scattering in the SAXS, the
copolymer domains must locally distort around the clusters in
order for the fullerenes to remain surrounded by PS chains. In the
TEM data even at high Cgp loadings where larger clusters might be
expected, no aggregates are directly observed. This is perhaps not
surprising since there is very little natural contrast between the Cgg
and PS given that both are C-rich molecules and both contain
aromatic rings.
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