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ABSTRACT: Polystyrene nanocomposites with functionalized single-walled carbon nanotubes (SWNTSs),
prepared by the in-situ generation and reaction of organic diazonium compounds, were characterized
using melt-state linear dynamic viscoelastic measurements. These were contrasted to the properties of
polystyrene composites prepared with unfunctionalized SWNTSs at similar loadings. The functionalized
nanocomposites demonstrated a percolated SWNT network structure at concentrations of 1 vol % SWNT,
while the unfunctionalized SWNT-based composites at twice the loading of SWNT exhibited viscoelastic
behavior comparable to that of the unfilled polymer. This formation of the SWNT network structure for
the functionalized SWNT-based composites is because of the improved compatibility between the SWNTs
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and the polymer matrix and the resulting better dispersion of the SWNT.

Introduction

Development of single-walled carbon nanotube
(SWNT)-based polymer nanocomposites has the poten-
tial for the tailoring of unique lightweight materials
with distinctly superior mechanical, thermal, and elec-
tronic properties. The development of such composites
has been impeded by the inability to disperse SWNTSs,
which typically appear as ropes, in the polymer matrix
due to the lack of chemical compatibility between the
polymers and the SWNTs.! A cursory summation of
important areas for composites with SWNTs would
include homogeneity of dispersion, interfacial compat-
ibility with the matrix, and the exfoliation of SWNT
ropes and bundles. Chemical modification of SWNTSs,
be it covalent or noncovalent, may help address all of
these concerns by the attachment of appropriate moi-
eties to the surface of SWNTSs. The covalent chemistry
of SWNTSs has been reviewed,? and this area is actively
being investigated. Using these techniques, one can
envision attachment of moieties that both facilitate
dispersion and provide for chemical bonding with the
matrix. We demonstrate here the benefit of functional-
ized SWNTs by examination of melt-state rheology of
polystyrene/SWNT composites.

We draw inspiration from previous work in layered
silicates (smectites or nanoclays), where organic modi-
fication, by ion-exchange of the metal cations with
organic cations, renders the pristine hydrophilic silicates
to be hydrophobic or organophilic and capable of being
intercalated or exfoliated by polymeric matrices.3~> Two
theoretical arguments have been proposed to justify the
incorporation of polymers between the silicate layers;>7
the simpler mean field theory of Vaia and Giannelis’
suggests that the intercalation of polymers results
almost entirely due to enthalpic interactions. They
demonstrated, with experimental verification,® that
even though the polymer had unfavorable interactions
with the silicate, and the tail of the organic surfactant
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modifier had repulsive interactions with both the poly-
mer and the silicate, intercalation was possible by
simply ensuring that the polymer/silicate interaction
was less unfavorable than the surfactant/silicate inter-
action. However, to obtain a truly exfoliated state,
highly favorable interactions between the polymer and
the silicate were necessary.

In the case of layered-silicate polymer composites, the
state of mixing is conveniently probed directly using
X-ray diffraction and electron microscopy, because of the
layer—layer registry and the large electron density
contrast between the silicate sheets and the polymer
matrix.*® On the other hand, for mixtures of SWNTs
and polymers, the electron density contrast is poor,
making the application of electron microscopy and X-ray
diffraction slightly complicated. However, melt state
rheology has proven to be a powerful mechanism to
examine the superstructure of filled systems ranging
from liquidlike dispersion of block copolymer micelles,®
isotropic carbon black-filled elastomers,19 steric stabi-
lized silica particles!! and layered silicate-based polymer
nanocomposites.’?715 We exploit the changes in the
linear response to applied small-amplitude oscillatory
strain from composites prepared with a model mono-
disperse polystyrene and functionalized and unfunc-
tionalized SWNTs in order to elucidate the changes in
dispersion.

Experimental Section

Methylene chloride and acetonitrile were distilled from
calcium hydride. Dimethylformamide (DMF) was distilled and
stored over molecular sieves. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone ketyl. Pyridine was dis-
tilled immediately prior to use. All other reagents were
obtained commercially and used without further purification.
Raman spectra were collected from solid samples, with excita-
tion at 780 nm. UV/vis/NIR absorption spectra were collected
in double-beam mode, with solvent reference. Solutions for
these experiments were prepared with the aid of sonication.
Homogenization was performed using a IKA UltraTurrax T25.
TGA data were collected in an argon atmosphere, with a
heating rate of 5 °C min~'. Details of the synthesis and mixing
and characterization of the nanocomposites are described
below.
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4-(10-Hydroxydecyl)nitrobenzoate (1). In a 250 mL
round-bottom flask, under nitrogen, a 42.26 g (242.2 mmol)
portion of 1,10-dihydroxydecane was dissolved in 200 mL of
distilled pyridine. This solution was then cooled with an ice
bath, and a solution of 4-nitrobenzoyl chloride (15.00 g, 80.8
mmol) in 120 mL of dichloromethane was slowly added. After
1 h the ice bath was removed, and the solution was stirred for
15 h at room temperature. The solution was then diluted with
100 mL of dichloromethane and washed three times with 50
mL portions of water. The organic phase was dried over
magnesium sulfate and then filtered, and the solvent was
removed by distillation at reduced pressure. The residual oil
was dissolved in hexanes:ethyl acetate (1:2) and chromato-
graphed on silica, using hexanes:ethyl acetate (2:1) as the
eluent. The product was isolated as a light-yellow oil that
crystallized on standing (12.9 g, 50%). An additional portion
of the title compound was collected as a mixture with a second
product and was retained for future use; mp 62—66 °C. IR
(KBr): 3302.2,3201.2, 2931.2, 2905.4, 2863.3, 2849.2, 1728.9,
1524.9, 1354.5, 1284.1, 1130.4, 1104.13, 716.73 cm 1. *H NMR
(400 MHz, CDCl3): 6 8.30 (d, J =8.9 Hz, 2 H), 822 (d, J =
8.9 Hz, 2 H), 4.38 (t, J=6.7 Hz, 2 H), 3.65 (t, J = 6.6 Hz, 2 H)
1.80 (quint, J = 6.8 Hz, 2 H) 1.58 (quint, J = 7.2 Hz, 2 H),
1.48 to 1.33 (m, 12 H). 3C NMR (100 MHz, CDCl): 165.17,
150.89, 136.28, 131.06, 123.92, 66.50, 63.42, 33.17, 29.88,
29.81, 29.78, 29.61, 29.00, 26.35, 26.13. HRMS calculated for
C17H2sNOs: 323.173 273. Found: 323.173 087.

4-(10-Hydroxydecyl)aminobenzoate (2). 1 (5.00 g, 15.5
mmol) was dissolved in 40 mL of absolute ethanol, and a
catalytic amount of 10% Pd/C was added. The suspension was
hydrogenated on a Parr apparatus (55 psi, 23 °C) for 20 min
and then filtered through Celite, washing with ethanol. The
solvent was removed by distillation at reduced pressure to give
a clear oil that crystallized on standing (4.37 g, 96%); mp 76—
78 °C. IR (KBr): 3500.8, 3338.9, 3221.7, 2926.7, 2851.6, 1687.7,
1640.7, 1603.2, 1519.7, 1278.1, 1166.8, 1126.7, 1045.7, 1008.37,
840.69, 772.18 cm™. *H NMR (400 MHz, CDCl3): ¢ 7.86 (d, J
= 8.6 Hz, 2 H), 6.66 (d, J = 8.6 Hz, 2 H), 4.26 (t, J = 6.7 Hz,
2 H), 3.64 (t, 3 = 6.6 Hz, 2 H), 1.74 (quint, J = 6.8 Hz, 2 H),
159 to 1.71 (m, 2 H), 1.45 to 1.32 (m, 12 H). ¥C NMR
(CDCly): 167.23, 151.15, 131.95, 120.49, 114.23, 64.93, 63.42,
33.19, 29.89, 29.82, 29.78, 29.64, 29.19, 26.45, 26.12. HRMS
calculated for C;7H27NO3: 293.199 094. Found: 293.198 914.

4-(10-Hydroxydecyl)benzoate—SWNT (3). SWNTSs (940
mg) were homogenized in a mixture of 1.5 L of 1,2-dichlo-
robenzene and 300 mL of THF for a period of 20 min. The
suspension was transferred to a 2 L round-bottom flask
equipped with a magnetic stir bar and a thermometer. The
solution was sparged with nitrogen for 20 min, and 2 (34.50
g, 117.5 mmol) was then added all at once. The flask was
sealed with a rubber septum and then evacuated and back-
filled with nitrogen. Isoamyl nitrite (18.30 g, 156.6 mmol) was
added by syringe. The contents were heated and stirred at an
internal temperature of 55—60 °C for 48 h. Upon cooling of
the reaction mixture, the suspension was diluted with 100 mL
of DMF and then filtered to a wet cake over a PTFE membrane
(0.45 uM). The cake was washed with an additional 50 mL
portion of DMF, then transferred to an Erlenmeyer flask
containing 200 mL of DMF, and homogenized for 20 min. The
suspension was again filtered to a wet cake, washed with 25
mL of DMF, and again subjected to homogenization in DMF.
After a final filtration (the filtrate was clear at this point),
the cake was washed with 40 mL of ethyl acetate and kept
wet. The wet cake was spread out on a glass plate and dried
under vacuum (ca. 0.8 mmHg) at 55 °C for 15 h. The fluffy
resulting material was scraped off the glass plate to obtain a
total of 1.20 g. Residual mass on heating to 800 °C in argon:
74.2%. The organic content indicates that on an average one
out of every 66 C in the SWNT is functionalized.

Polymer. The polymer used in this study was a model
anionically polymerized atactic polystyrene obtained from
Polymer Source and was used as obtained. The molecular
weight was determined by gel permeation chromatography;
the weight-average molecular weight (M,) was 152 000 Da
with a polydispersity ratio (My/M;) of <1.05.
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Figure 1. Preparation of functionalized SWNT material and
the requisite precursors.

Composite Preparation. Composites were prepared by
solution mixing appropriate quantities of pristine SWNTSs or
3 and the polymer in toluene at room temperature. The
solutions were dried extensively at room temperature and
subsequently annealed at 180 °C in a vacuum oven for ~24 h
to remove any remaining solvent.

Melt Rheology. Samples for melt rheology were prepared
by vacuum-molding ~1 g of the sample in a 25 mm die and
pressed in a Carver press at 170 °C for 1 h using a maximum
1 ton load. Melt-state rheological measurements were per-
formed on a Rheometric Scientific ARES rheometer with a
torque transducer range of 0.2—2000 g+ cm using 25 mm
diameter parallel plates with a sample thickness of 1-2 mm
and a temperature range of 150—170 °C. Oscillatory strain
(y(t)) of the form

7(t) = o sin(ot) 1)

where yq is the strain amplitude (always less than 0.15 in the
studies reported here and typically below 0.02) and w is the
frequency, is applied. The resulting time-dependent linear
shear stress (o(t)) is interpreted as

o(t) = yo(G' sin(wt) + G" cos(wt)) )

where G' and G" are the storage and loss modulus, respec-
tively. All measurements in this study are linear (i.e., G' and
G" are independent of yo) and interpreted using eq 2.

Results and Discussion

The SWNTSs utilized in the present experiments were
produced by the HiPco process!® and were purified
according to literature methods.’” The SWNTs were
functionalized with 4-(10-hydroxy)decyl benzoate moi-
eties (3) via in-situ generation of the corresponding aryl
diazonium of 2, according to a previously described
method.!® The reaction sequence is depicted in Figure
1, and detailed procedures are described in the Experi-
mental Section. The functionalization results in signifi-
cant changes in the spectroscopic properties of the
SWNTs, as expected from previous work.18-20 The
solution phase absorption spectra of 3 and pristine
SWNTs are shown in Figure 2. The absence of van Hove
band structure in the spectrum of 3 is indicative of
covalent modification. In the Raman spectrum of 3
(Figure 3b), the relative intensity of the D-band at ca.
1290 cm™1 is significantly increased compared to the
spectrum of pristine SWNTSs. This change is also indica-
tive of covalent modification, as it reveals sp3-hybridiza-
tion or disorder within the nanotube framework. Pre-
vious work has demonstrated that the SWNTs are
damaged by functionalization (although not quantifi-
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Figure 2. Absorption spectra in dimethylformamide: (a)
pristine, unfunctionalized SWNTSs; (b) material 3.
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Figure 3. Raman scattering spectra from solid samples, with
excitation at 782 nm: (a) pristine, unfunctionalized SWNTSs;
(b) material 3.

able) and that the SWNT character is fully recovered
following annealing to remove the functional moi-
eties.1819

Thermal gravimetric analysis (TGA) of 3 in an argon
atmosphere (at 5 °C min~1) revealed a significant mass
loss on heating to 800 °C that is believed to represent
loss of the functionalizing moieties from the SWNT
surface. The residual mass after this treatment was
74%. On a weight basis, this corresponds to a stoichi-
ometry of CgsR where R is the functionalizing moiety.
This degree of functionalization is sufficient to render
the SWNTs more easily dispersed in organic media,
although they are not truly soluble. Unfunctionalized
HiPCO nanotubes and 3 (functionalized SWNTSs) were
solution mixed with a model polystyrene as described
above, and the viscoelastic properties of the resulting
composites were investigated.

The melt state linear dynamic oscillatory properties
for the pristine polymer and a series of hybrids prepared
with the unfunctionalized and functionalized (3) SWNTs
were investigated. The data, using the smallest possible
strain amplitudes, were collected over a narrow range
of temperatures (160—180 °C) and superposed using the
Boltzmann principle of time—temperature superposi-
tioning to obtain viscoelastic mastercurves.?* Horizontal
(frequency) shift factors (at), with small vertical (modu-
lus) shift factors (bt) (0.98 < bt < 1.02), were necessary
to obtain complete superpositioning of the data sets.
Moreover, these shift factors (over a very restricted
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Figure 4. Master curves for the frequency dependence of the
storage modulus (G') for the nanocomposites prepared with
(a) 3 and (b) pristine unfunctionalized SWNTSs. The data were
shifted using the principle of time—temperature superposi-
tioning and reduced to a reference temperature T, of 170 °C.

temperature range) were comparable for the polymer
and the nanocomposites with both the functionalized
and unfunctionalized SWNTs and consistent with prior
values reported in the literature for polystyrene.?!

Comparison of the influence of added unfunctionalized
and functionalized SWNTs on the frequency dependence
of the storage modulus (G') is demonstrated in Figure
4. We focus on the storage modulus (G') because the
largest changes due to the reinforcement resulting from
the added nanotubes are observed in this rheological
property.’® In particular, at low reduced frequencies
(arw), the pure polymer behaves as a Newtonian liquid
with the viscoelastic properties exhibiting liquidlike
characteristics (i.e., G' 0 w?, G" O w?, and #* O w° where
n* is the complex viscosity and G*/w = [(G")2 + (G")2]Y2/
), while the nanocomposite with 1.5 wt % of the
functionalized SWNTSs exhibits pseudo-solid-like behav-
ior (i.e., G' 0 w%).22

For the functionalized SWNT-based nanocomposites,
the low-frequency values of G', at any particular fre-
guency, systematically increase with increasing SWNT
loading and are accompanied by a progressive decrease
in the low-frequency slope of log G' vs log(arw). On the
other hand, the hybrids prepared with up to 3 wt % of
the unfunctionalized SWNTs do not demonstrate the
same change in the frequency dependence of G'; in fact,
the 0.75 wt % functionalized SWNT-based nanocom-
posite exhibits a higher low-frequency modulus (and
weaker frequency dependence of G' at low frequencies)
than the 3 wt % unfunctionalized SWNT-based com-
posite as demonstrated in Figures 4 and 5. The high-
frequency behavior, reflective of the dynamics on the
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Figure 5. Comparison of storage modulus (G') values at two
frequencies for the functionalized SWNT composites (filled
symbols) and the unfunctionalized SWNT composites (open
symbols). The diamonds correspond to a frequency (w) of 63.9
rad/s at 170 °C and probe the dynamics in the entanglement
regime of the polymer. The triangles represent data at v =
0.1 rad/s and are representative of the data in the terminal
flow zone of the polymer. The data for the functionalized and
unfunctionalized SWNT composites are similar at high fre-
guencies and considerably different at low frequencies.

length scale of an entanglement or smaller, on the other
hand, demonstrates roughly the same composition
dependence for the addition of the functionalized and
unfunctionalized SWNTs as demonstrated in Figure 5.
This high-frequency behavior suggests that the SWNTSs
do not significantly affect the dynamics of the PS chains
on length scales comparable to the entanglement length.

Dramatic changes in the terminal zone (low fre-
quency) behavior of the storage modulus, as observed
for the functionalized SWNT—PS nanocomposites, have
recently been demonstrated for macrocomposites of
isotropic carbon black-filled elastomers,° polymer nano-
composites of highly anisotropic sheetlike layered sili-
cates,?1523 and multiwalled carbon nanotube compos-
ites®* and has been attributed to the formation of a
hydrodynamically percolated filler network structure.
In addition to this frequency-independent behavior of
G', the formation of a percolated filler network structure
is accompanied by the development of a finite yield
stress, which in the case of linear dynamic oscillatory
flow behavior is manifested as a diverging n* vs G* plot
as shown in Figure 6.25 For the case of the functionalized
SWNT-based hybrids, a divergence in the value of * is
observed for the 1.5 wt % nanocomposite and is consis-
tent with inferences of a percolated filler structure
drawn from the frequency dependence of G'. In contrast,
the unfunctionalized SWNT-based hybrids exhibit no
such divergence even at 3 wt % SWNT loading, an
observation consistent with a poorer dispersion of the
nanotubes in this case.

The rheological data suggest that the extent of
reinforcement and state of dispersion are considerably
better for the functionalized SWNTSs in PS as compared
to the pristine SWNT in PS. Further, clear evidence for
the formation of a percolated filler network structure
is observed for the functionalized SWNTs at loadings
as low as 1.5 wt % (or a volume fraction less than 1%),
significantly lower than the ~30 vol % required for the
percolation of isotropic spheres in three dimensions.26:27
Considerable lowering of the percolation threshold from
that of isotropic noninteracting particles is observed due
to either the anisotropic nature of the particles or the
polymer-mediated interactions between particles.10121523
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Figure 6. Dependence of the complex viscosity on the shear
modulus for (a) functionalized and (b) pristine SWNT-based
composites. The divergence in * at low G* for the 1.5 wt %
functionalized SWNT composite corresponds to the presence
of a finite yield stress and the formation of a filler superstruc-
ture.

In the present case, we suggest that the organic
modification of the SWNTSs results in a better dispersion
and demonstration of a higher anisotropy in these
hybrids. In fact, for a system where percolation occurs
at a loading of 1 vol %, it is anticipated that the effective
anisotropy (in the absence of excluded-volume interac-
tions) associated with the primary objects in the mate-
rial is of the order of 100.2” Inclusion of excluded-volume
effects would probably lower the effective anisotropy.

However, the dispersion achieved for this combination
of organic modification and polymer is probably not
optimal. We do not anticipate any significantly favorable
interactions between PS and the SWNTSs, and this is
verified by the poor dispersion of the pristine SWNTs
in the PS matrix demonstrated here. Similarly, the
organic surfactant-like tail of the functionalizing moiety
in 3 does not have any exceedingly favorable interac-
tions with the SWNT or the PS. The similarity of the
high-frequency moduli for the functionalized and un-
functionalized SWNT-based composites (Figure 5) sug-
gests that the reinforcement mechanism of the PS
remained roughly unchanged with functionalization of
the SWNT and further suggests that the interactions
between the PS and the organic modifier are relatively
weak.

The improved miscibility between PS and 3 could also
emerge from the creation of the less repulsive PS/SWNT
interactions at the expense of the more repulsive sur-
factant tail/SWNT interactions. This argument is simi-
lar to the detailed thermodynamic and experimentally
based arguments used to assess the intercalation and
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exfoliation of organically modified layered silicates by
fairly nonpolar polymers such as polystyrene.>” For
these arguments to be valid, it is expected that the
entropy of mixing and any entropy loss due to confine-
ment of polymer chains near the SWNTSs (or between
SWNTs in the ropes) are negligibly small.2® Further, it
is assumed that in 3 the organic moieties at the surface
of the SWNTs do not form an all-trans rigid structure.
On the basis of prior studies of organically modified
layered silicates,?® and the 1 in 66 functionalization ratio
in 3, it is anticipated that in these sparsely functional-
ized systems the organic chains take on a liquidlike
disordered state. This liquidlike structure results in
significant SWNT/organic tail interactions in 3, and the
replacement of these highly unfavorable contacts by the
slightly less unfavorable PS/SWNT interactions (result-
ing from the similarity of the structures and the slightly
polar nature of PS)3° results in the better dispersion.
Thus, we anticipate that by carefully tailoring the
interactions between the organic modification and the
matrix polymer we can obtain significantly better
dispersion and lowering of the percolation threshold
than reported here.

Finally, the fact that we observe percolation at 1.5
wt % SWNTSs is indeed quite remarkable. For the same
polystyrene matrix, addition of a layered silicate (mont-
morillonite, organically modified with a double-tailed
C18 cationic surfactant), considered as disks with thick-
ness of ~1 nm and disk diameters of ~0.5 um, results
in a percolation threshold of ~5 wt % (2 vol %) layered
silicates.!? Non-Brownian disks and rods of similar
aspect ratios are not expected to exhibit significantly
different percolation thresholds. Thus, such a remark-
able decrease in the percolation threshold for the
SWNT-based composites suggests that the dispersion
of the organically modified SWNTs is comparable to, if
not significantly better than, that of the layered silicates
in the same PS matrix.

Concluding Remarks

We have examined the linear viscoelastic properties
of composites prepared with pristine SWNTs and or-
ganically modified SWNTSs dispersed in a polystyrene
matrix. The small strain oscillatory behavior is strongly
influenced by the mesoscale dispersion of the added
nanofillers, and the data reported here demonstrate the
formation of a percolated filler network structure for the
case of the organically modified SWNT with 1.5 wt %
SWNT. In contrast, pristine SWNTSs, when mixed with
the same polystyrene matrix, do not exhibit the forma-
tion of a network superstructure for loadings as high
as 3 wt % SWNT. In this context we observe that
percolation at volume fractions of less than 0.01 implies
that the effective anisotropy associated with the SWNTs
in such composites is of the order of 100. We anticipate
that the percolation threshold for the SWNT-based
nanocomposites can be further lowered (and thus exploit
the large aspect ratios afforded by these SWNTSs) by
either functionalizing the polymer or tailoring the
organic modifier and thereby improve the interactions
between the organic modifiers and the polymer matrix.
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