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ABSTRACT: Polymer radii of gyration in isotropic single-walled carbon nanotube
(SWCNT)/polymer nanocomposites were previously found to increase with
increasing SWCNT concentration. Here, the SWCNTSs in nanocomposites were
aligned by melt fiber spinning, and the polymer chain conformations were found to be
anisotropic. Using SAXS and SANS, the anisotropic SWCNT meshes were found to
have smaller mesh sizes in the direction perpendicular to the alignment direction than
along the alignment direction. At fixed SWCNT orientation, the radius of gyration was
probed parallel and perpendicular to the alignment direction, RP* and RF%,
respectively, using SANS. With increasing SWCNT concentration, R,”" increases
significantly more than R, such that the extent of anisotropy increases with
SWCNT concentration. The anisotropic polymer conformation is larger in the
direction perpendicular to the alignment direction, which corresponds to a smaller
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SWCNT mesh size. Thus, when the SWCNT concentration and alignment combine to produce a SWCNT mesh size that is
smaller than the unperturbed R, the polymer conformation circumvents the SWCNTSs by adopting a larger R,. Changes in the
polymer conformation in nanocomposites with rod-like nanoparticles has important ramifications for entanglement density,

polymer dynamics, and mechanical properties.

N anoparticles with various functions, shapes, and sizes are
incorporated into polymer matrices to form polymer
nanocomposites with improved properties, including electrical,
optical, mechanical, and flammability.' > Adding nanoparticles
to polymer matrices impact both structure and dynamics of the
polymers. Given the interdependencies of polymer structure
and dynamics, knowing how polymer conformations are
affected by nanofillers provides insights to the observed
changes in dynamics and further improves our ability to
predict and design the properties of polymer nanocomposites.
So far, most of the studies of how polymer structure is affected
by nanofillers focuses on spherical nanoparticles (radius, r),*”
and it is concluded that the effect mainly depends on the
polymer—nanoparticle interactions, size ratio of polymers
(radius of gyration, Rg) to nanoparticles (Rg/ r), and the spatial
distribution of nanoparticles. It has been shown that nano-
particles smaller that R; can serve as diluents, which can swell
the polymer chains relative to the neat polymer in both
experiments and simulations.”"°

Our previous study of isotropic carbon nanotube/polymer
nanocomposites was the first experimental work investigating
how polymer chains are affected by cylindrical nanofillers.""
The polymer nanocomposites with single walled carbon
nanotubes (SWCNTs) showed an increase in with
increasing SWCNT concentration, while R, was independent
of filler concentration in nanocomposites with multiwalled
carbon nanotubes (MWCNTs). The diameters of the SWCNT
bundles were smaller than the MWCNT bundles in these
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composites, so that at a fixed concentration the CNT mesh size
was smaller for the SWCNT nanocomposites, and the polymer
conformation adapted to this smaller mesh size by expanding.
In this letter, we produce anisotropic SWCNT/polystyrene
nanocomposites by melt fiber spinning, demonstrate that our
annealing condition is sufficient to relax the polymers without
disrupting the SWNCT alignment, characterize the extent of
SWCNT alignment, and report the polymer radius of gyration
at a constant degree of SWNCT orientation as a function of
SWCNT concentration.

The SWCNT/polystyrene nanocomposites contain a
mixture of polystyrene (PS, M, = 117 kg/mol, PDI of 1.05)
and deuterated polystyrene (dPS, M, = 116 kg/mol, PDI of
1.03) with a volume ratio of dPS/hPS = 0.725/0.275 to
minimize the scattering from the SWCNT by contrast
matching and the interaction between dPS and hPS is
negligible."" After characterizing the isotropic composites with
SANS, they were melt extruded to align the SWCNTs, and
different degrees of alignment were obtained by controlling the
winder rate; see details in Supporting Information. The
nanocomposite fibers were annealed (150 °C for 3 days) and
then cut, arranged to maintain the extrusion direction, and
compression molded into samples for SANS and SAXS. The
2D SANS data are anisotropic and the average intensities versus
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q were obtained by integrating 25° (& 12.5°) over two
orthogonal directions, namely, parallel and perpendicular to the
extrusion direction, Figure la. This data reduction from 2D to
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Figure 1. (a) SANS data (low q configuration) for an aligned 3 wt %
SWCNT/dPS+PS nanocomposite. (b) I(q) data from integrating over
25° parallel and perpendicular to the direction of alignment for
SWCNTSs. Black lines are best fits using eq 1. Data are shifted for
clarity.

I(q) data was applied for low and medium g ranges and
subsequently combined, Figure 1b. The orthogonal integrations
were also performed in the absence of anisotropy (i.e., dPS
+PS) for comparison.

The I(g) data were fit to a model developed in our previous
work."" The scattering model includes contributions from
polymer chain scattering, rod network scattering, and scattering
from defects:

i(q) = A(1 — @,,) X Debye(q, R,) + B X q’
+Cxq* (1)

where

Debye(g, R,) = [¢’R> —

252
¢ — 1 +exp(—=q'R,)]

2
4
(qRy) @)
and R, is the radius of gyration of polymer chains, and @,
denotes the volume fraction of SWCNTs. The Bg~* term
represents the rod network scattering derived from the
scattering by a fractal object, which has a self-similar structure
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(i(q) ~ q7P)."> Here, D represents the fractal dimension, which
has been shown to be ~2 for rod networks.">'* At very low g,
the scattering intensity is dominated by voids and defects, as
described by Porod’s law,'® with a ¢~* dependence.

Melt fiber spinning elongates polymer conformations along
the fiber axis (the direction of extensional flow) and these
distorted conformations will persist indefinitely when the
molten sample is rapidly cooled and held below the glass
transition temperature. Thus, we first evaluate whether our
annealing condition is sufficient to eliminate any chain
distortions imposed by the extensional flow of fiber spinning.
A dPS+PS blend was also melt fiber spun, annealed, and
measured using SANS. The two data sets corresponding to
parallel and perpendicular to the fiber axis were fit to eq 1. A
was set as a shared fitting parameter, and @, and B were set to
zero, because there is no rod network in the homopolymer
blend. The same was obtained both perpendicular and
parallel to the fiber extrusion direction (Figure S1),
demonstrating that the annealing condition (150 °C for 3
days) is sufficient to remove anisotropic chain conformations
produced by the melt extrusion. In addition, the R; values from
the annealed homopolymer sample (~9.4 nm) agreed with our
previous study of compression molded and annealed samples."'

The parallel and perpendicular scattering profiles (g = 0.004
to 02 A™') for the anisotropic SWCNT/dPS+PS nano-
composites with a particular SWCNT concentration were fit
globally along with the scattering from the isotropic sample of
the same nanocomposite and the homopolymer sample (dPS
+PS). Specifically, A was set as a shared fitting parameter, @,
was set as a fixed parameter for the composites, and @, = 0 for
the homopolymer blend, and RP*, By and C were set as free
parameters for each data set. Each aligned SWCNT/dPS+PS
sample provides values for B, B, RS, and RF". At each
SWCNT concentration, this fitting approach also provides A,
RFP*, and R for the homopolymer blend and their values are
in reasonable agreement from 0 to 10 wt % SWCNT (Figure
S.2). An example of I(q) for the 6 wt % SWCNT/dPS+hPS
sample with isotropic and anisotropic SWCNT orientations is
provided in Supporting Information (Figure S.3) to illustrate
the difference in the scattering intensities. SANS data with fits
to eq 1 are provided in Figure S.4, and an example showing
how each of the components of the fit contributes to the overall
fit is provided in Figure S.S.

The anisotropic SWCNT meshes in aligned SWCNT/dPS
+PS samples were characterized using the Herman’s orientation
function (f,).'® Anisotropic 2D SAXS data was integrated from
q = 0.01 to 0.12 A™" and plotted as a function of ¢ from 0° to
90°, where ¢ is the azimuthal angle between the fiber extrusion
direction and the direction of the integrated intensity, Figure 2.
When f, has the value of 1, 0, or —0.5, the SWCNTs are
perfectly aligned perpendicular to the extrusion direction, the
SWCNTs are isotropic, or the SWCNTs are perfectly aligned
parallel to the extrusion direction, respectively. The SWCNT/
dPS+PS nanocomposites studied here have f, values ranging
from —0.02 to —0.14. Thus, although the annealing condition is
sufficient for the dPS+PS matrix to relax, the SWCNT's remain
aligned in the direction of extrusion.

Similar to the analysis of SANS (Figure 1), I(q) from the
SAXS data was obtained by integrating 25° (+12.5°) over the
directions parallel and perpendicular to the extrusion direction.
The X-ray scattering for polystyrene in this g range is relatively
low, so that the scattering is dominated by the SWCNT
networks arising from the electron density contrast between
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Figure 2. (a) SAXS data for an aligned 6 wt % SWCNT/dPS+PS
nanocomposite with Herman’s orientation parameter of —0.06. (b)
I(¢) integrated from q ~ 0.01 to 0.12 A™" vs the azimuthal angle (¢)
for the 6 wt % SWCNT/dPS+PS nanocomposite with different
degrees of alignment (squares, f, = —0.06, and circles, f, = —0.13).

nanotubes and PS. Thus, for SAXS with g from 0.02 to 0.1 AL
eq 1 simplifies to
3)

i(q) =Bxq"
obtained

where n is ~2 to 2.5. Figure 3a compares B,/B,,,

from SANS and SAXS for each sample with —f, from SAXS. In
both scattering models, eqs 1 and 3, B represents the scattering
strength of the rod networks, which is affected by the
concentration of mesh sizes smaller than the probing length
scale of the scattering experiments.'' Theoretical work on
anisotropic mesh sizes of rods distributed in 3D show that, at a
fixed volume fraction of rods, the mean of mesh size parallel to
the rod alignment direction is larger than the mean mesh size
perpendicular to the rod alignment'’ (see Supporting
Information). Figure 3b illustrates that an anisotropic
SWCNT mesh has a higher concentration of SWNCTs within
the probing length scale of the scattering experiments (green
circle) perpendicular to the SWCNT alignment direction.
Thus, B,.,/B,, > 1 corresponds to SWCNT/dPS+PS nano-
composites with SWCNT's preferentially aligned along the fiber
direction. As shown in Figure 3a, both SAXS and SANS values
of B,./B,, correlate well with —f,, further supporting that
larger values of B,/B,, corresponds to greater SWCNT
alignment. Finally, the extents of SWCNT alignment as
measure by SANS and SAXS are in good agreement (Figure
3a).

Fitting eq 1 to SANS data also provides the radii of gyration
parallel and perpendicular to the SWCNT alignment. Figure 4a
plots R, as a function of SWCNT concentration for the
isotropic samples; these values are in good agreement with our
early measurements of these samples.'' Figure 4a also shows
RgPar and RgPer for the anisotropic SWCNT/dPS+PS nano-
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Figure 3. (a) By, /By, obtained from SANS and SAXS are plotted as a
function of the Herman’s orientation function from SAXS for aligned
SWCNT/dPS+PS nanocomposites of various compositions. Lines are
fits with a fixed intercept of 1 corresponding to isotropic samples. (b)
Schematic of isotropic and aligned SWCNT rod networks, where the
green circle represents the probing length scale of SANS and SAXS.
The nanotube mesh is denser perpendicular to the extrusion direction
than parallel.
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Figure 4. (a) Polymer radii of gyration in isotropic and aligned
SWCNT/dPS+PS nanocomposites. The aligned nanocomposites have
Herman’s orientation function of —0.03 to —0.08. Lines are guides to
the eye. (b) Schematic illustration of polymer chains in polymer melt
with bulk R, in isotropic nanocomposites with isotropic expansion

(R;®), and in anisotropic nanocomposites with anisotropic expansion

(RF > RF™)
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composites, with —f, = —0.03 to —0.08. This range of —f, was
selected to provide the widest range in SWCNT concentration
at comparable SWCNT alignment. Compared to R, in isotropic
nanocomposites, R is slightly higher, while R} is
substantially lower and even close to the bulk R,. This indicates
that the polymer chain expands perpendicular to the direction
of SWCNTS, as shown schematically in Figure 4b. In contrast,
if there were strong attractions between the polymer and the
SWCNTs, one would expect the polymer conformation to be
extended along the SWCNT direction; thus, Figure 4a confirms
that interactions between nanotubes and polystyrene are weak.

The nanotube mesh size in nanotube/PS nanocomposites
dictates the radius of gyration of PS. In isotropic SWCNT/dPS
+PS nanocomposites, the distribution of mesh sizes shifts to
smaller values with increasing SWCNT concentration and the
measurable size range is a few nanometers to tens or hundreds
of nanometers.'’ When the mesh size is smaller than the bulk
polymer conformation (R, ~ 9.50 + 0.03 nm),"" polymer
conformations expand to circumvent the SWCNTSs. Note that
the diameter of the SWCNT bundles is smaller than Ry, so the
polymers circumvent the nanoparticles with minimal entropic
penalty; this is quite distinct from being confined between
impenetrable walls. When the SWCNTs are isotropic, the chain
expansion is isotropic because the SWCNT mesh size is
isotropic. When the SWCNTSs are aligned, the mesh sizes
perpendicular to the direction of alignment are smaller, so
polymer chains preferentially expand perpendicular to the
SWNCT alignment. The effect becomes more pronounced at
higher SWCNT concentrations. In contrast, parallel to the
SWCNT alignment, the mesh size increases with alignment and
RP* is smaller than R** and Rgiso. The anisotropic R, found in
these anisotropic nanotube/PS nanocomposites is not directly
the result of anisotropic nanoparticles, but rather the ability of
macroscopic processing to form anisotropic nanoscale
assemblies of nanoparticles. If spherical nanoparticles were
processed to form an anisotropic and nanoscale assembly in
polymer nanocomposites, perhaps due to chaining effects under
flow, then an anisotropic polymer conformation would be
expected.

In conclusion, SWCNT/dPS+PS nanocomposites with 0—10
wt % SWCNT were extruded, annealed, and characterized by
SANS and SAXS. The ratio between the scattering strength of
SWCNT networks perpendicular and parallel to the alignment
direction of SWCNTs (B,./B,,) is well correlated to the
Herman'’s orientation function. The orientation parameter was
then used to select a set of nanocomposites with comparable
SWCNT alignment to investigate the polymer conformation as
a function of SWCNT concentration. Above ~5 wt % SWCNT,
polymer chains experience smaller mesh sizes perpendicular to
the alignment direction and adopt an expanded chain
conformation to circumvent the SWCNTs. Simultaneously,
polymer chains experience larger mesh sizes parallel to the
alignment direction and adopt less expanded chain conforma-
tions to produce anisotropic polymer conformations with R P*
> RpP™. Interestingly, this finding demonstrates that these
SWCNTs and PS are not strongly attractive, which would be
expected to produce the opposite effect on chain conforma-
tions, namely, RP* < R As more cylindrical nanoparticles
become available, polymer conformations should be explored
across a wider range of nanoparticles size (diameter, length),
nanoparticle mesh size (as controlled by nanoparticle size,
concentration, and alignment), and polymer size (radius of
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gyration), as well as investigating systems with favorable
nanoparticle—polymer interactions.
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