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ABSTRACT: Solid-state NMR and X-ray scattering are used to study intermolecular interactions in
miscible blends of Cgo with polystyrene, poly(9-vinylcarbazole), and phase-separate blends with poly-
(ethylene oxide). Miscible Cgo blends prepared by solution precipitation with polystyrene and poly-
(9-vinylcarbazole) are purple in color, show intermolecular Cgy—polymer cross-polarization, and do not
show the scattering peaks from Cgq crystallites. The Cgy dynamics measured using the chemical shift
anisotropy filter pulse sequence shows that Cg rotates rapidly in the blend and averages the anisotropic
line shape, while blending with Cgy has a minor effect on the host polymer dynamics. These results
demonstrate that Cg, interacts weakly with polymers in miscible blends.

Introduction

Polymer nanocomposites have attracted great attention
because materials with new and improved properties can be
fabricated by combining polymers with nanometer-sized parti-
cles. The grand challenge is to combine these materials in such a
way as to retain the mechanical, electrical, and optical properties
of the nanoparticles while also retaining the fundamental ad-
vantages of polymers, including low cost ease of processing,
high strength, toughness, and durability."> Carbon nanotubes
(CNT’s) have attracted particular attention as additives because
they are highly anisotropic and the tubes have unusual mecha-
nical, electrical, and optical properties.® A variety of tube types
(single wall, double wall, multiwall, etc.) have been identified
for applications in a wide variety of polymer nanocomposite
devices.

The most challenging problem in fabricating CNT comp051te
devices is dispersing the tubes in the polymer matrix.>* CNT’s
strongly self-associate into ropes and other higher-ordered struc-
tures that are extremely difficult to disperse in organic solvents or
polymers. One possible solution is to functionalize the tubes to
increase dispersibility, but this leads to changes in the CNT
properties and decreased performance in nanocomposite devices.
Another approach is to find solvents and/or polymers that
strongly interact with the CNT’s to facilitate dispersion. One
goal of our research effort is identify polymers that form miscible
blends with CNT’s and to understand the intermolecular inter-
actions that drive molecular level mixing.

Solid-state NMR is a powerful method to study interactions in
polymer blends and nanocomposites because the chemical shifts,
line widths, and relaxation times are sensitive to the structure over
a local length scale (0.2—20 nm) and the dynamics over a very
wide time scale (picoseconds to seconds).””’ To date, these
methods have been used to study a variety of nanocomposites,
including clay and silica nanocomposites,® ! but they have not
been extensively used to study local interactions in CNT—poly-
mer blends because of the difficulties in obtaining the NMR
spectra of CNT’s. The NMR spectra and relaxation times have
been reported for CNT’s,'>”* but many preparations are diffi-
cult to study because they contain mixtures of tube types (metallic
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and semiconducting), mixtures of sizes, and residual paramag-
netic catalysts. All of these factors tend to broaden the lines and
decrease the resolution.'>!® Furthermore, our experience shows
large batch-to-batch variations in the NMR properties of CNT’s.

Polymer/Cg, blends are an ideal system to study polymer—
nanoparticle interactions since Cgq is monodisperse, available in
high purity, and dispersible in many polymers* and block
copolymers.'®!” While there are some applications, including
photovoltaics,'® where the structure and dynamics of polymer/
Cyo blends are of direct interest, we have used Cgg as a model
system to understand the interactions between polymers and
CNT’s. The observation that antifullerene IgG monoclonal
antibodies recognize single wall carbon nanotubes'*?° demon-
strates that Cgo shares many structural features with CNT’s and
can be used to understand how macromolecules interact with
CNT’s.

The physical })roperties of polymer—Cs blends including
polystyrene,**'~** poly(methyl methacrylate),** polPI(dimethyl-
phenylene oxide),” and tetramethylpolycarbonate,>’ have been
the subject of several studies. A review of the reported results
reveals that the properties depend critically on the method of
blend preparation. It has been reported, for example that low
concentrations of Cgq in polystyrene can either increase 2126 op
decrease®>*” in the glass transition temperature (7, o) of the host
polymer. It has also been reported that the best blend dispersionis
observed when the components are rapidly precipitated from
solution.*

In these studies we use rapid precipitation to prepare blends of
Cgo with polystyrene, poly(9-vinylcarbazole), and poly(ethylene
oxide). Solid-state NMR and X-ray scattering are used to
measure the degree of mixing, to examine the interaction strength
between Cgq and polymers, and to evaluate the effect of blending
on the Cgy and polymer dynamics. To examine the Cqy dynamics
in the blend, we have used a novel application of the chemical
shift anisotropy (CSA) filter®® to measure the degree to which the
anisotropic carbon line shapes are averaged by molecular motion
in the blend. The more traditional NMR measures of polymer
dynamics, including the carbon spin—Ilattice relaxation times and
dipolar line shapes, are used to evaluate how the presence of Cg
alters the polymer dynamics on the microsecond and millisecond
time scale.
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Materials and Methods

Materials. Polystyrene (M,, = 288 000 g/mol), poly(ethylene
oxide) (M, = 900000 g/mol), poly(9-vinylcarbazole) (M, =
25000—50000 g/mol), Cgp, methanol, and benzene were ob-
tained from Aldrich and used without further purification.

Blend Preparation. Cq—polymer blends were prepared by
solution precipitation from benzene into cold methanol. In a
typical experiment 0.02 g of Cg, was mixed with 0.2 g of polymer
in 20 mL of benzene with stirring. The deep purple polymer/Cgq
solutions were precipitated with cold methanol, filtered, and
dried in a vacuum oven at 60 °C. The mol % Cgqq in the blends
with polystyrene, poly(9-vinylcarbazole), and poly(ethylene
oxide) were 1.4, 2.7, and 0.6 mol %, respectively. Precipitation
appears to be quantitative so we estimate that the Cgy concen-
tration is accurate to 0.1 mol %.

X-ray Diffraction. The X-ray diffraction spectra of the poly-
mers and Cg blends were measured on a Bruker AXS D8 Discover
and a Molecular Metrology SAXS in transmission mode.

Solid-State NMR. Solid-state NMR spectra were acquired on
a Bruker Avance NMR spectrometer at400.13 MHz for protons
and 100.62 MHz for carbons, using a 7 mm magic-angle spinn-
ing probe with a spinning speed of 5—6 kHz. The 90° pulse

Figure 1. Photograph showing solution-precipitated blends of (A) 0.6
mol % poly(ethylene oxide)/Cgy and (B) 1.4 mol % polystyrene/Cg.
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widths were 5 us for carbons and protons, and the signals were
recorded with two-phase pulse modulation (TPPM) decoup-
ling.”® In some experiments the spinning side bands were
suppressed using the TOSS pulse sequence.”” The pulse sequen-
ces for the relaxation time measurements,® wide line correlation
NMR,*! and the CSA filter are reported in the literature.?

Results

Solution-precipitated polymer/Cgq blends are used as a model
system to understand how CNT’s interact with polymers. The
dispersion can be evaluated by X-ray scattering and the precipi-
tate color, since semicrystalline or aggregated Cg is a brownish
color, while dispersed Cg is purple. The Cgo solution mixtures
with polystyrene, poly(9-vinylcarbazole), and poly(ethylene
oxide) in benzene are all an intense purple color in solution, but
different colored solids are observed after solution precipitation
with methanol. The precipitated polystyrene and poly(9-vinyl-
carbazole) blends are light purple, while poly(ethylene oxide)
blends give rise to a brown precipitate, as shown in Figure 1.

Ceo dispersion in the polymer blends has been investigated by
X-ray scattering, and Figure 2 compares the scattering profile for
semicrystalline Cg, polystyrene, and the 1.4 mol % Cgo/poly-
styrene blend. Crystalline Cgqq gives rise to a peak at 20 = 11°
corresponding to the Cqo diameter (0.8 nm). No scattering peaks
are observed in this range for polystyrene or the purple precipitate
from the Cqo/polystyrene blend, while the crystalline Cg, peak at
260 = 11° is observed for the brown poly(ethylene oxide) blend
(not shown). These data support our conclusion that the purple
solids contain dispersed Cg, while the brown solids contain
aggregated Cgp.

Cross-polarization NMR has been effectively used to study
intermolecular association in polymers and other materials.®”
The cross-polarization pulse sequence begins with proton mag-
netization that is transferred to carbons during a spin-lock (or
cross-polarization) period. This method is ideally suited to
investigate Cgo blends because Cgy does not contain protons
and cannot be cross-polarized unless it is in close proximity to the
polymer protons.**

Figure 3 shows the solid-state carbon spectra for the 1.4 mol %
solution-precipitated blend of Cgy and polystyrene. At short
cross-polarization times, only the polystyrene signals, including
the nonprotonated carbons at 146 ppm, the protonated aromatic
carbons at 128 ppm, and the overlapping methine/methylene
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Figure 2. X-ray scattering for bulk Cg, solution-precipitated polystyrene, and solution-precipitated 1.4 mol % polystyrene/Cegp.
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Figure 3. The 100 MHz carbon solid-state NMR spectra of the solution-
precipitated polystyrene/Cqy acquired with cross-polarization contact
times of (a) 0.1 and (b) 5 ms. The peak at 143 ppm in spectrum b is
assigned to Cg. The spinning sidebands (*) were partially suppressed with
the TOSS pulse sequence,*® and the arrow shows the peak position of Ce.
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Figure 4. Pulse sequence diagram for the chemical shift anisotropy
filter.®

carbon peak at ~40 ppm, are observed. At cross-polarization
times longer than 2 ms a sharp peak at appears 143 ppm, the
chemical shift reported for Cgq in solution.®* Tt is well-known
from previous studies of polymers that peaks appearing at long
cross-polarization times have weaker dipolar interactions, either
from longer carbon—proton distances or from partial averaging
of the dipolar couplings by molecular motion.”

The dynamics of Cg in miscible blends with polystyrene and
poly(9-vinylcarbazole) were investigated with the chemical shift
anisotropy (CSA) filter pulse sequence shown in Figure 4.%® The
CSA filter is a recoupling experiment in which 7 pulses applied at
specific points during the magic-angle spinning rotor cycle (z,)
lead to dephasing and signal losses that depend on the width of
the CSA line shape. The signal intensity (and phase) of the filtered
signal depends on the time allotted for CSA dephasing (tcga) and
the width of the pattern. With a dephasing time of 70 us (tcsa =
35 us) signals from carbons with broad CSA line shapes will be
greatly attenuated and negative in phase, while carbons with
smaller anisotropies will appear slightly attenuated and positive
in phase.”® The CSA filter can be used to distinguish between
mobile and immobile phases in those cases where the molecular
motion averages the CSA line shape.

The dynamics of crystalline Cgy have been previously investi-
gated by solid-state carbon NMR.** At low temperature (7' <
140 K) a broad CSA line shape is observed for Cg that has a
width of 180 ppm (~18 kHz at a magnetic field of 9.4 T). At
higher temperature a narrow, motionally averaged peak is
observed that increases in intensity with increasing temperature
and becomes the dominant spectral feature above 160 K. The
narrow line is assigned to Cg in the crystalline lattice that is
undergoing rapid isotropic reorientation. When the rate of
molecular motion is much greater that the width of the CSA line
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Figure 5. Solid-state carbon spectra of the polystyrene/Cgo blend (a)
without and (b) with the CSA filter. The arrow shows the peak position
of Cgp and the spinning sidebands are marked with an asterisk ().
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Figure 6. Solid-state carbon NMR spectra of the 2.7 mol % poly-
(9-vinylcarbazole)/Cg blend (a) without and (b) with the CSA filter.
The arrow shows the peak position for Cg and spinning sidebands are
marked with an asterisk (x).

shape (18 kHz), a single narrow Lorentzian line (LW ~ 200 Hz) is
observed.

Molecular motion of Cg in the polymer blends can be
measured from the CSA filter experiments if molecular motion
averages the CSA line shape. Cg has a broad CSA line width in
the immobile state and exhibits behavior similar to the proto-
nated and nonprotonated aromatic carbon signals from poly-
styrene in the CSA filter experiment. Figure 5 compares the
carbon cross-polarization spectra for the 1.4 mol % polystyrene/
Cep blend with the CSA-filtered spectrum. As expected, the peaks
with broad CSA line shapes from the polystyrene aromatic
signals are greatly suppressed and slightly negative in the CSA
filtered spectrum.” The signals from the methine/methylene
peaks in the main chain have a smaller CSA line width and
appear as large positive signals. The most important feature to
note is the appearance of a positive signal at 143 ppm from the
Ceo. Positive signals only appear if the CSA has been effectively
averaged by rapid molecular motion in the blend. These data
show that Cg is very mobile in the miscible blend and imply that
it is weakly interacting with the polymer.

Figure 6 compares the aromatic region of the solid-state
carbon NMR spectrum for the poly(9-vinylcarbazole)/Cg blend
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Table 1. Carbon Relaxation Times and Dipolar Line Widths from
Polystyrene and the 1.4 mol % Cgo/Polystyrene Blend

polystyrene polystyrene/Cgo

parameter Oc = 128 Oc = 40 Oc = 128 Oc = 40
Ty (s)* 17.1 30.2 17.2 28.5
Avy ), (kHz)” 34.4 43.7 28.3 349

“The estimated uncertainty in the 7 ’s is 210%. * The estimated
uncertainty in the diplar line widths is 3 kHz.

with the CSA filtered spectrum. The results are more difficult to
interpret because the Cg peak overlaps with a large number of
nonprotonated carbazole signals, but a weak positive signal can
still be observed at 143 ppm. As with the polystyrene blend, the
positive signal shows that the Cgq is rotating rapidly in the
miscible polymer blend and therefore interacting weakly.

The CSA filter experiments are sensitive to the Cgy dynamics
but do not provide information about the effect of Cgy on the
polymer molecular dynamics. To evaluate the polymer dynamics,
we have measured the carbon spin—lattice relaxation times
(Ty’s)”* and the proton dipolar line widths using two-dimen-
sional wide-line correlation spectroscopy®’ with Lee—Goldberg
cross-polarization®’” to suppress spin diffusion during the line
width measurements.**-

The carbon T;’s and proton dipolar line widths are sensitive to
molecular motions over different frequency ranges. The T7’s are
sensitive to molecular motions with a correlation time near
the carbon Larmour frequency (125 MHz) while the proton line
widths are can be averaged by motions faster than the dipolar
line width (~50 kHz). The results listed in Table 1 show that the
carbon relaxation times are insensitive to the presence of Cg
while the proton line widths are reduced by 17—20% in the
presence of Cg. These data are consistent with suggestions that
the dynamics of polystyrene on the microsecond—millisecond
time scale are sensitive to the presence of Ceo 2"

Discussion

NMR is a powerful method to study intermolecular inter-
actions because the NMR parameters are sensitive to local
(<2 nm) structure, and a variety of relaxation and line shape
experiments can be used to measure the dynamics over a wide
frequency range.®’ To the extent that separate signals can be
resolved for the polymer and nanoparticle, NMR can be used to
probe the properties of both components. NMR experiments
have been effectively used to characterize nanoparticle dispersion
in composites and to probe the structure and dynamics of the
interface.®%4% In the case of Cg blends with aromatic polymers
there is generally overlap between the nonprotonanted carbons
and the Cgo peak. We have overcome this limitation by using the
CSA filter experiment to observe the Cg signals selectively. Since
the Cg is present only at 0.6—2.7 mol %, the cross-polarization
spectrum is dominated by the polymer signals, and we can use the
traditional NMR methods to probe the polymer dynamics.
Cross-polarization has also been used to demonstrate that Cg,
is localized to the polystyrene phase in polystyrene-b-poly(dime-
thylsiloxane) copolymer blends.

The CSA filter is a recoupling pulse sequence®® that allows us
to distinguish peaks based on the anisotropic line widths. It is
well-known that aromatic and carbonyl carbons have large
anisotropies in the carbon spectrum and that molecular motion
above T, leads to averaging of the CSA line shapes.®’ Here we use
the averaging of the CSA line shapes to monitor the dynamics
and infer something about the strength of the polymer—Cg,
interaction. The results from the CSA filter experiment shows
positive peaks for Cg( in the miscible blends with polystyrene and
negative peaks for the protonated and nonprotonated ring
carbons. This demonstrates that rapid molecular motion
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averages the C¢y CSA line shape but that the presence of Cg
does not lead to a sufficiently rapid reorientation of the poly-
styrene aromatic ring to average the polymer CSA line shapes.
The presence of Cggat 1.4—2.7mol % does not change the carbon
spin—lattice relaxation times but narrows the dipolar line widths.
The decrease in the dipolar line width is attributed to increased
molecular motion in the blend.

The effect of Cg on the physical properties of blends has been
the subject of a number of experimental studies. Most of these
literature reports are for fullerene derivatives, including PCBM,
that are of interest for bulk heterojunction organic photovoltaic
devices."® The properties of the Cqo blends are expected to depend
strongly on the length scale of mixing, so different results may be
expected for the phase-separated films prepared by solvent
evaporation and the miscible blends prepared by rapid precipita-
tion.* As in the T, . studies mentioned previously, the dynamics
probed by incoherent neutron scattering also appear to depend
on blend preparation. Blends prepared by solvent evaporation
show slower dynamics relative to polystyrene when detected by
neutron scattering,”’ while miscible blends prepared by rapid
precipitation show an increase in molecular motion.** As with the
neutron scattering results on the miscible blends, the NMR line
shape experiments are consistent with an increase in polymer
molecular motion in the presence of Cg. This could be attributed
either to a direct interaction with the Cgy or a change in the
packing efficiency in the blend.
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