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ABSTRACT: The synthesis and characterization of poly-
(phenylene methylene) (PPM) and carbon composites thereof
are described. The materials were prepared using graphite oxide
(GO), which was discovered to function in two distinct roles.
First, the GO was found to facilitate the dehydrative polymer-
ization of benzyl alcohol (BnOH) to form PPM. Second, the
residual carbon from the GO catalyst, having undergone ther-
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mal deoxygenation during the polymerization reaction, served as a graphene-like additive in the resulting composite. While pure
(i.e., additive-free) PPM was found to be mechanically compliant (E’ = 40 MPa), inclusion of 0.1 wt % GO in the starting reaction
mixture improved the material’s mechanical properties significantly (E' = 320 MPa). Homogeneous dispersion of the additive in the
matrix was confirmed by powder X-ray diffraction (PXRD) analysis, Raman spectroscopy, and transmission electron microscopy
(TEM). The carbon additive was seFarated from the PPM via trituration in dichloromethane, and the GO starting material (C:O
ratio = 2.0:1; 0 = 4.45 X 10 °Sm™ ') was found to have undergone significant reduction during the polymerization reaction (C:O
ratio = 12.3:1; 0 = 801 S m_l). Moreover, the recovered carbon did not assemble into graphite-like aggregates, as determined by
PXRD, Raman spectroscopy, and TEM, which indicated that the PPM matrix was able to effectively disperse the additive.

olymer nanocomposites containing graphene or other similar
Pcarbon additives have found widespread utility, primarily due
to the low loadings necessary to achieve significant enhancement
in the targeted properties (e.g., mechanical, thermal, electronic,
barrier, etc.).! However, the incorporation of metastable addi-
tives such as graphene is often challenged by their propensity to
aggregate and phase separate from the polymer matrix.” From a
processing perspective, the additive and matrix are typically
combined via melt blending, extrusion, or other postpolymeriza-
tion methods,> > or through the in situ polymerization of a
monomer in the presence of the carbon additive.®” The latter of
these approaches is generally more efficient as it minimizes or
eliminates the need for extensive processing to ensure homo-
geneous dispersion of the additive in a preformed polymer.® ™'
In situ polymerizations are also preferred when interactions
(either covalent or noncovalent) between an additive and its
polymer matrix help stabilize the composite or provide enhanced
mechanical, thermal, or electronic properties.u_m However,
many of these in situ methods either require modification of
the additive to ensure compatibility with the matrix or are not
broadly applicable. Thus, simpler and more general in situ
polymerization approaches are of high value. Toward this end,
we envisioned exploiting the inherent catalytic properties of
functionalized carbon materials as a means to facilitate the
polymerization of various monomers. Given its high degree of
functionality and demonstrated chemical reactivity, * we
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began by exploring the utility of graphite oxide (GO) in
such roles.

Recently, we have shown that GO, a carbon nano-
material obtained in one step from inexpensive, commercially
available starting materials (see Figure 1), is cagable of facilitating
a broad range of synthetic transformations.”””** The selective
conversion of alcohols to aldehydes, alkynes to methyl ketones,
and olefins to diones,* as well as various C—H oxidations>* and
autotandem combinations of these reactions,*’ have all been
accomplished using this single, metal-free carbocatalyst.** As an
extension of these chemistries and to address the issues discussed
above, we have launched a program aimed at using GO as a
catalyst for preparing a broad range of polymeric materials. In
addition to facilitating valuable polymerizations, the use of a
carbon as the reaction catalyst was expected to afford carbon-
filled composites as the products and proceed without the need
for postpolymerization incorporation of an additional additive
(Figure 2).** Such an approach could potentially offer a sig-
nificant improvement, with potentially broad applicability, over
other methods for forming composites containing carbon additives
such as graphene. The direct use of a carbon material as both the
polymerization catalyst and additive condenses the process of
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Figure 1. Synthesis and structure of graphite oxide (GO) according to the Lerf—Klinowski mode
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Figure 2. Comparison of approaches used to access carbon-filled
composites. The conventional stepwise method is effectively circum-
vented through the use of graphite oxide (GO) as both the polymeri-
zation catalyst and the composite additive. The use of GO as the
polymerization catalyst facilitates polymer formation as well as the
formation of a product that is enhanced by graphene’s remarkable
chemical and physical properties.

composite formation to one facile step that requires no purifica-
tion or further processing of the desired product. Herein we
demonstrate this concept by showing that GO not only catalyzes
the dehydrative polymerization of benzyl alcohol (BnOH),
resulting in the formation of poly(phenylene methylene) (PPM),
but also that mechanically robust PPM-based nanocomposites are
formed in a single step.

PPM, also known as “polybenzyl”,***” is one of the oldest
known polymers that belong to the poly(phenylene alkylene)
class.”® For example, Cannizzaro, Friedel, and Crafts each
obtained an amorphous hydrocarbon consistent with the struc-
ture of (C;Hg), upon adding strong Lewis or Brensted acids
(e.g, BF3, H,SO,, P,Os, or AICl;) to benzyl halides or benzyl
alcohol 2% 733 Since those early experiments, it has been shown
that highly branched polymers are formed via step-growth
condensation process as a result of the multiple reactive sites
present on the benzyl species (i.e., the ortho, meta, and para
positions are all reactive’®).** 3’ At low molecular weights
(<5 kDa), PPM is soluble in a wide range of organic solvents
but tends to have poor mechanical properties, in part due its low
softening temperature (typically less than 80 °C).>* * Higher
molecular weights can be achieved using metal catalysts,>>33841
but these polymers are typically insoluble, which challenges
processing and subsequent use in apzplications where structu-
rally robust materials are required.*” Despite these obstacles
and the relative paucity of recent reports on poly(phenylene
alkyene)s, PPM and its derivatives exhibit a number of useful
properties, including low dielectric constants (&, = 2.5—2.7),43
high thermal stabilities (T4 > 400 °C),** high solvent resis-
tance, high hydrophobicity (6 = 87°—90°),* and good gas
and moisture barrier properties (for example, H,O permeability
typically ranges from 0.6 to 6.0 g mil atm™ ' 100 in. > 24 h~ " at
25 °C) 254548

In our early optimizations of the GO-catalyzed oxidation of
BnOH to benzaldehyde, we observed a polymeric byproduct via
NMR spectroscopy when the reaction was performed at high
temperatures (>150 °C).*® Considering that previous reports
have shown that H,SO, or other strong acids can polymerize
BnOH,* we reasoned that this compound would undergo a
dehydrative polymerization in the presence of GO as a result of
the material’s acidity (pH = 4.5 at 1 mg mL ™" in water).*”** In a
preliminary experiment designed to investigate such reactivity,
BnOH (3.0 g) was heated with 10 wt % GO (0.3 g) in a sealed
vessel to 200 °C for 14 h under vigorous magnetic stirring. Upon
cooling to room temperature, the product solidified in the vessel
and no visible phase separation of the carbon material was
evident. The polymeric portion of the product was found to be
soluble in a wide range of organic solvents, including dichloro-
methane (DCM), N,N-dimethylformamide (DMF), and tetra-
hydrofuran (THE).*' Conversely, the carbon that was used to
catalyze the reaction was not soluble in any of these solvents,
facilitating its separation from the polymer. Thus, unlike pre-
viously described uses of GO for the formation of composites,'
the polymer and the carbon did not appear to be covalently
bound (see below for additional discussion). The water pro-
duced as a byproduct was found to phase separate from the solid
product and was decanted or removed under vacuum. Further-
more, no other byproducts were observed by NMR spectroscopy
of the crude polymer (separated from the carbon by trituration in
DCM), which suggested to us that the conversion of the mono-
mer to PPM was quantitative (later verified by mass balance).
The molecular weight and golydispersity of the isolated polymer
were analyzed by GPC,>* which revealed a number-average
molecular weight (M,) of 2.3 kDa and a polydispersity index
(PDI) of 1.26.>

Having demonstrated that GO is capable of catalyzing the
polymerization of BnOH, subsequent efforts were directed
toward optimizing the reaction with respect to the loading of
GO in the starting mixture. At loadings below 7.5 wt %, the
as-prepared GO was unable to completely polymerize BnOH;
though, above this threshold, monomer conversion was com-
plete.>* Therefore, in order to maximize formation of the target
polymer at lower loadings, 1 wt % H,SO, was added to the
reaction mixtures that contained less than 7.5 wt % of GO.*>° As a
control, an additive-free sample of PPM was prepared under
otherwise identical conditions using only concentrated H,SO,
(1 wt %) as the polymerization catalyst. Similar to the product
formed using 10 wt % GO, a polymer with a M, of 2.2 kDa (PDI
= 1.18) was obtained. In general, no significant change in M, was
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Table 1. Summary of Poly(phenylene methylene) (PPM) Composites Incorporating Graphene as the Carbon Additive®

graphite oxide elastic modulus softening point decomposition temp

loading (%)" (E') at 0 °C/MPa“ (T.)/°C? (Tg)/°C* mol wt (M,)/Da’ polydispersity index (pDIY
0.0 40 £ 20" 3543 463.68 2229 1.18
0.01 40+ 10" 38.20 447.01 2316 1.22
0.1 320420 40.06 472.08 2210 1.27
0.5 310+ 20 38.31 445.19 2414 1.18
1.0 310+ 10 36.68 462.55 2310 1.21
5.0 490 £ 20 38.64 444.34 2252 1.12
10.0 915+ 8 4827 445.52 2307 1.26
10.0° 910+ 10 47.38 446.83 2218 1.23

“ Unless otherwise noted, all comp051tes were prepared by reacting 3.0 g of benzyl alcohol with varying amounts of GO (as indicated) and 0.03 g (1 wt %)
of H,SO, at 200 °C for 14 h. * Prepared via the Hummers method. “ The elastic (E’) and loss moduli (E”) were characterized by dynamic mechanical
analysis (DMA). The samples were heated from 0 °C to their softening point (T) at a rate of 1 °C min™* while oscillating at a constant amplitude of
50 um and a frequency of 1 Hz. All measurements were performed in triplicate, and the reported errors represent 1 standard deviation from the mean.

Softemng points (T) were determined by calculating the loss onset of the elastic modulus (E’) measured via DMA. ® Decompostlon temperatures (Ty)
were determined via thermogravimetric analysis by heating a sample of the composite under nitrogen at a heating rate of 10 °C min ™. Number-average
molecular weights (M,,) and polydispersity indices (PDIs) were determined by GPC against poly(styrene) standards after dissolvmg the polymer in
DMF and separating from the carbon additive via filtration. ¢ An additive-free PPM was used to compare mechanical, thermal, and molecular weight
propertles with the GO-derived composites. The polymer was prepared by reacting 3.0 g of benzyl alcohol with 0.03 g (1 wt %) of H,SO, at 200 °C for
14 h. " A higher signal-to-noise ratio was observed in the DMA of the additive-free polymer (0 wt % loading) and the composite containing 0.1 wt %
loading of GO in the starting mixture. Because of the fragility of these additive-free or low loading samples, and ensuing sample fracture, it was not
possible to fully tighten the sample in the dual cantilever clamp; a smoothing algorithm was not applied to these data. * Composite prepared by reacting

3.0 g of benzyl alcohol with 10 wt % GO at 200 °C for 14 h. No H,SO, cocatalyst was used.
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Figure 3. Proposed structure and formation of poly(phenylene methylene) (PPM) synthesized via an acid-catalyzed dehydration process.
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observed as the GO loading or acid content was varied (see
Table 1), and the polydispersity indices of the resulting polymers
were found to be relatively constant. The observed plateauing of
the molecular weight may be due to inactivation of the
propagating cation (e. g termlnatlon of the polymerization or
chain transfer) at these chain lengths

In accord with other polymerizations of BnOH, the mecha-
nism of the aforementioned reaction was likely an acid-catalyzed
dehydration (see Figure 3).>**% 364657 The propagating species
may react at any of the available positions on the BnOH
monomer, with a preference for the available ortho and para
positions, and afford a highly branched polymer. For example,
the well-defined FT-IR absorbances attributed to the arene
moiety in BnOH (1454, 1469 cm™ ') were broadened and split
to a series of several strong absorbances spanning from 1393 to
1527 ecm™ ' in the corresponding polymer, consistent with a
branched structure (see Figures S11 and S12). Likewise, the 3C
NMR spectrum of the polymer displayed broad resonances in the
arene region (125—141 ppm). The operative acid-catalyzed
reaction may be mediated by the carboxylic acid groups present
on the edge or surface of GO (see Figure 1)"*'* or other acidic
functional groups on GO’s surface.

Having characterized the molecular weight of the polymers
obtained using a variety of GO loadings, we next sought to

investigate the thermomechanical properties of the polymers and
composites. Using dynamic mechanical analysis (DMA), the
additive-free polymer was found to exhibit a softening point (T)
at ~35 °C.*® In the PPM composite prepared using 10 wt % GO,
the corresponding T was measured at 48 °C, indicating that the
softening point of the polymer was enhanced upon incorporation
into a carbon-filled composite (see Table 1 for T values at
various GO loadings). Consistent with previous results deter-
mined on related poly(p-xylylene)s, the additive-free PPM appeared
to be thermally stable and exhibited an onset of decomposition
(T4) at 464 °C by thermogravimetric analysis (TGA). 42,45
The onset of decomposition was perturbed only slightly when
the additive was incorporated at various GO loadings (i.e., the T4
ranged from 445 to 463 °C; see Table 1). In all of the composites
tested, the decompositions occurred in a single event, rather
than stepwise, suggesting cooperative effects between the matrix
and additive.

Considering that other poly(phenylene alkylene)s (e.g., poly-
(p-xylylene)) have found use as robust structural materials,” we
next sought to characterize the mechanical properties of PPM
and its composites using DMA. Prior to the T, the additive-
free polymer exhibited an elastic modulus (E') of 40 MPa
(see Figure 4); however, the E' increased to 915 MPa upon
incorporation of 10 wt % GO in the starting mixture. This result
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Figure 4. Stress—strain curves of PPM and a PPM—GO composite (1 wt % GO) (top left). Elastic (E') and loss (E”) moduli as a function of
temperature for PPM—GO composites at loadings of 0 (top right), 0.1 (bottom left), and 10 wt % GO (bottom right) (single cantilever, S0 #m

amplitude, heating rate = 1 °C min " ').

suggested to us that GO not only efficiently catalyzed the
polymerization of BnOH but simultaneously functioned as an
additive for the enhancement of the stiffness of the resulting
polymer.>”*° While GO and other similar carbon nanomaterials
have been used as additives in a range of polymer matrices," to
the best of our knowledge this is the first example of GO-derived
carbon additives and PPM being integrated into a single compo-
site material.’"

To understand how varying the GO loading in the starting
mixture influenced the mechanical properties of the resulting
composites, the carbon content was varied from 0.01 to 10 wt %
(relative to the unreacted monomer) (see Table 1). Inclusion of
GO at loadings of 0.5 or 1.0 wt % produced composites with
nearly the same stiffness as the composite prepared using 0.1 wt %
of GO (E' =310—320 MPa). The E increased to 490 MPa upon
increasing the GO loading to 5.0 wt %. Thus, 1.0 wt % may
represent a critical threshold for increasing the modulus of these
composites in a linear fashion with respect to the carbon loading
(see Figure S), an observation similar to that seen in other carbon
composites.

To determine if the inclusion of GO in the starting mixture
was advantageous over the postpolymerization addition of the
carbon additive, preformed PPM (M,, = 2.3 kDa), prepared using
H,SO, (1 wt %) as the catalyst, was mixed with GO (1wt %) by
stirring the two components at 200 °C for 4 h. Upon cooling, the
resulting composite was analyzed by DMA and found to exhibit
an elastic modulus of 147 &+ 7 MPa (T, = 34.86 °C); this value is
approximately half that of the analogous composite where GO
was used as the catalyst to polymerize BnOH (see Table 1). In
addition to the practical advantage of eliminating the processing

1000 ~
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Figure 5. Plot of elastic modulus (MPa) against GO loading in the
initial polymerization mixture for various PPM—graphene composites.

step required to blend preformed PPM and GO, these results
demonstrated that additional mechanical stiffness may be im-
parted using a single step approach.

Natural flake graphite and chemically reduced graphene
oxide (CReGO) (prepared using hydrazine as a chemical
reductant of exfoliated GO according to previously described
methods®) were also explored as alternate additives to GO to
understand how the carbon material’s chemical and physical
properties (added either prior to or after the polymerization)
influence the composites’ mechanical and thermal properties.
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Macromolecules

Table 2. Summary of Poly(phenylene methylene) (PPM) Composites Incorporating Natural Flake Graphite as the Carbon
Additive®

graphite elastic modulus softening point decomposition polydispersity
loading (%)" (E') at 0 °C/MPa° (T,)/°C? temp (T4)/°C* mol wt (M,)/Da’ index (PDI)
0.0 304 10" 34.31 450.34 2258 118
0.01 36+S 35.67 443.89 2241 1.18
0.1 79£7 39.67 451.67 2401 1.27

“ All composites were prepared by reacting 3.0 g of benzyl alcohol with varying amounts of graphite (as indicated) and 0.03 g (1 wt %) of H,SO,4 at 200
°C for 14 h.” SP-1 natural flake graphite purchase from Bay Carbon, Inc., and used without further purification. ° The elastic (E") and loss moduli (E”)
were characterized by dynamic mechanical analysis (DMA). The samples were heated from 0 °C to their softening point (T) at a rate of 1 °C min™ "
while oscillating at a constant amplitude of 50 #m and a frequency of 1 Hz. All measurements were performed in triplicate, and the reported errors
represent 1 standard deviation from the mean. ¢ Softening points (T,) were determined by calculating the loss onset of the elastic modulus (E') measured
via DMA. ‘ Decompostion temperatures (T,) were determined via thermogravimetric analysis by heating a sample of the composite under nitrogen at a
heating rate of 10 °C min~ . f Number-average molecular weights (M,) and polydispersity indices (PDIs) were determined by GPC against
poly(styrene) standards after dissolving the polymer in DMF and separating from the carbon additive via filtration. ¢ An additive-free PPM was used to
compare mechanical, thermal, and molecular weight properties with the GO-derived composites. The polymer was prepared by reacting 3.0 g of benzyl
alcohol with 0.03 g (1 wt %) of H,SO, at 200 °C for 14 h. "A higher signal-to-noise ratio was observed in the DMA of the additive-free polymer (0 wt %
loading). Because of the fragility of this additive-free sample, and ensuing sample fracture, it was not possible to fully tighten the sample in the dual
cantilever clamp; a smoothing algorithm was not applied to these data.

Table 3. Summary of Poly(phenylene methylene) (PPM) Compsites Incorporating Chemically Reduced Graphene Oxide
(CReGO) as the Carbon Additive”

CReGO elastic modulus softening point decomposition
loading (%)" (E’) at 0 °C/MPa° (T,)/°C? temp (T,4)/°C* mol wt (M,)/Da’ polydispersity index (PDI)’
0.0 40 4 20" 33.13 450.59 2214 1.18
0.01 180+ 8 33.04 459.38 2283 119
0.1 170+ 10 32.30 445.49 2246 1.18

“ All composites were prepared by reacting 3.0 g of benzyl alcohol with varying amounts of chemically reduced graphene oxide (CReGO) (as indicated)
and 0.03 g (1 wt %) of H,SO, at 200 °C for 14 h, followed by dissolution of the polymer in DCM and isolation of the carbon product by filtration.

Prepared according to previously described methods using hydrazine hydrate (N,H,-H,0) as the chemical reductant.’® “ The elastic (E') and loss
moduli (E”) were characterized by dynamic mechanical analysis (DMA). The samples were heated from 0 °C to their softening point (T) at a rate of
1 °C min~" while oscillating at a constant amplitude of 50 #m and a frequency of 1 Hz. All measurements were performed in triplicate, and the reported
errors represent 1 standard deviation from the mean. d Softening points (T,) were determined by calculating the loss onset of the elastic modulus (E’)
measured via DMA. ° Decompostion temperatures (T;) were determined via thermogravimetric analysis by heating a sample of the composite under
nitrogen at a heating rate of 10 °C min ./ Number-average molecular weights (M,,) and polydispersity indices (PDIs) were determined by GPC against
poly(styrene) standards after dissolving the polymer in DMF and separating from the carbon additive via filtration. ¢ An additive-free PPM was used to
compare mechanical, thermal, and molecular weight properties with the GO-derived composites. The polymer was prepared by reacting 3.0 g of benzyl
alcohol with 0.03 g (1 wt %) of H,SO, at 200 °C for 14 h.” A higher signal-to-noise ratio was observed in the DMA of the additive-free polymer (0 wt %
loading). Because of the fragility of this additive-free sample, and ensuing sample fracture, it was not possible to fully tighten the sample in the dual
cantilever clamp; a smoothing algorithm was not applied to these data.

Using H,SO, as the polymerization catalyst (1 wt %),
composites incorporating these carbon materials were pre-
pared using the same in situ methods described above (i.e., 3.0 g
of BnOH, 0.03 g of concentrated H,SO,4, 0.0—0.1 wt %
carbon, 200 °C, 14 h). The resulting materials exhibited
significantly poorer mechanical properties (E' < 180 MPa)
compared to the carbon-filled composites derived from GO
(see Tables 2 and 3). Moreover, the T, of these composites,
determined primarily by the identity of the polymer matrix,
varied depending on quantity and the composition of the
additive (T, = 32—40 °C). Regardless, in all of the graphite-
and CReGO-based composites produced, the carbon additives
were visually observed to aggregate and phase separate from the
transparent polymer matrix. Such aggregation of these partic-
ular carbon additives has been widely observed in other
composites®*®® and often leads to the introduction of stress
concentration g)oints, thereby weakening the materials’ mechan-
ical integrity.”® Hence, the relatively poor mechanical perfor-
mance of these unfunctionalized carbons suggested to us that

GO’s surface functionality may stabilize the dispersion of the
carbon in the polymer matrix.®

We also were interested in the fate of the GO and thus sought
to characterize the resulting carbon additive and its dispersion in
the as-prepared composite. The observation of improved me-
chanical stiffness in the composites, as compared to the additive-
free polymer, suggested to us a good dispersion of the additive in
the matrix; however, direct characterization of the structure and
morphology of the carbon additive, as well as the polymer matrix,
was necessary to support this conclusion. In previous reactions of
GO with BnOH, we have found that the carbon product tended
to undergo deoxygenation to a graphene-like material, which
then underwent restacking to form well-defined, graphite-like
aggregates, as confirmed by powder X-ray diffraction (PXRD)
analysis and Raman spectroscopy.®® As reported in our previous
work,%® upon deoxygenation and formation of graphite-like
aggregates, a significant increase in the peak position was
observed (from 26 = 11° to 26 = 27°), as well as a concomitant
decrease in the I /I ratio, indicating an overall increase in order
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Figure 6. (left) Bright field (BF) and (right) dark field (DF) TEM images of the carbon-filled PPM composite (1 wt % GO loading) showing
amorphous and crystalline regions (dark speckles in the BF image and white speckles in the DF image). (left inset) Selected area electron diffraction
(SAED) patterns from the amorphous regions and (right inset) the crystalline regions shown in the respective larger images.

within the carbon material. When PXRD was performed on the
composite prepared using 1 wt % GO (see Figure S6), a broad
reflection centered at 20 = 18.7°, which corresponded to a
d-spacing of 4.7 A, was observed. The measured reflection was
inconsistent with that observed in graphite (26 = 26.5°) (see
Figure S3).

Surprisingly, analysis of the separated carbon by PXRD did not
reveal the expected graphite-like reflection present at 20 ~
26.5°.5%% Rather, a series of broad, low-intensity, ill-defined
reflections spanning from 26 = 10°—25° was observed. These
results suggested to us that the carbon, though highly deoxyge-
nated as evidenced by its high conductivity and C:O ratio (see
below), did not aggregate into graphite-like particles. Strong
interactions between the PPM and the deoxygenated carbon,
consistent with intercalation of the polymer into the carbon’s
interlayer spacing, may have stabilized the dispersion of the
carbon in the matrix, both in the melt and in the solid state. The
observed disordered structure of the carbon was supported by
Raman spectroscopy, which revealed a slight increase in the ratio
of the intensities of the D and G bands in the recovered carbon as
compared to the GO starting material (Ip/Ig = 1.23 and 1.04,
respectively) (see Figure S14). Graphite and other highly
ordered carbon materials typically exhibit significantly lower
Ip/Ig ratios (usually zero, if the graphite is highly ordered; see
Figure S13), while hi7%h In/Ig ratios are characteristic of relatively
disordered carbons.”””!

To gain further insight into the dispersion of the carbon in the
composite containing 1 wt % GO loading, transmission electron
microscopy (TEM) was performed on the as-prepared material.
Two distinct regions were revealed (see Figure 6): a completely
amorphous region, as evidenced by the diffuse ring and lack of
spots in the selected area of the electron diffraction (SAED)
pattern, as well as a highly crystalline region, as shown by the
presence of diffraction spots. The observed amorphous region
was consistent with a structure corresponding solely to the

polymer material, whereas the crystalline area was consistent
with a composite mixture of the carbon additive and PPM.”> The
higher degree of crystallinity seen in the high-resolution trans-
mission electron microscope (HRTEM) image of the as-pre-
pared composite as compared to the pure carbon additive
(separated and recovered; see Figure 7) indicated that the
polymer cocrystallized around the included carbon additive
and formed an interphase region, in accord with observations
made on other nanocomposite materials." Within these crystalline
regions, the carbon additive was well dispersed, and no phase
separation was observed. We surmised that the resulting struc-
ture may be responsible for the enhanced mechanical properties
previously described. Increased crystallinity within polymers has
been shown to enhance mechanical stiffness as well as thermal
stability, comspared to amorphous samples of the same
polymers,”*~7° and as we observed similar enhancements in
PPM’s mechanical properties, we reasoned that similar effects
were operative within the crystalline regions of the composites
(see above).”®

In addition to evaluating the stacking and morphological
behavior of the recovered carbon, we also investigated its extent
of functionalization. Our previous results have shown that BnOH
excels at deoxygenatinéé GO, affording a sparsely functionalized,
graphite-like product.” To determine if similar products could
be observed in the composites produced by treating BnOH with
GO under the conditions studied here (1 wt % in the starting
mixture), deoxygenation of the GO starting material was eval-
uated by elemental combustion analysis. The results revealed
that the carbon isolated from the composites exhibited a C:O
ratio of 12.3:1, as compared to 2.0:1 for the GO starting material.
Powder conductivity analysis was also performed on the sepa-
rated carbon in order to characterize the extent of deoxygenation
of the GO starting material. A bulk conductivity (o) of 801 S m '
was measured, which was significantly higher than the analogous
value measured for as-prepared GO (0= 4.45 x 10 > Sm ).
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Figure 7. (left) HRTEM images of the recovered carbon additive and (right) the composite, which consisted of carbon additive and polymer. The
higher crystallinity present in the composite was confirmed by the fast Fourier transform (FFT) images shown in the insets. The increase in crystallinity
is likely a result of cocrystallization of the polymer matrix around the carbon additive particles and formation of an interphase crystalline region within the

regions of the composite that included the carbon.

For comparison, graphite, graphene, and reduced gra};hene oxide
exhibit high conductivities (500—2000 S m™"),%>””~"? similar to
the recovered carbon analyzed here, suggesting efficient reforma-
tion of the sp>-hybridized structure found in graphene.®
Likewise, analysis by FT-IR spectroscopy showed a near
complete disappearance of the absorbances associated with
the oxygen-containing functionalities present on GO (see
Figures $9 and $10).°" Finally, deoxygenation of the recov-
ered additive was confirmed by TGA, which revealed minimal
mass loss prior to 400 °C (heating rate = 10 °C min~ ' under N,),
in contrast to the GO starting material, which began to decom-
pose immediately upon heating (see Figures S17 and S18).
Collectively, the analyses of the recovered carbon indicated that
the GO transitioned to a highly deoxygenated and disordered
graphene-like material that became trapped in the polymer
matrix, allowing it to effectively function as a mechanical rein-
forcer.*

In conclusion, we have shown that GO is capable of catalyzing
the dehydrative polymerization of BnOH to PPM in quantitative
yield. Moreover, the product obtained at the conclusion of the
polymerization reaction incorporated the carbon as a dispersed
additive without the need for further processing, indicating this
method is a viable one-step approach for forming PPM—carbon
composites. While PPM is a structurally compliant material (E' =
40 MPa), reaction of BnOH with as little as 0.1 wt % GO
markedly increased the stiffness of the resulting composite (E' =
320 MPa), and the elastic modulus was found to scale with the
loading of the carbon. Upon separation, the carbon was found to
be significantly deoxygenated, akin to other graphene-like
materials, as determined by FT-IR spectroscopy, elemental
combustion analysis, and powder conductivity measurements.
Moreover, the long range order in the recovered carbon was
relatively low and the restacking of carbon layers to form
highly ordered graphite-like aggregates was not observed, as

determined by PXRD, TEM, and Raman spectroscopy. Taken
together, these spectroscopic data indicate that the recovered
carbon was mostly disordered and well-dispersed within the
polymer matrix. We conclude that this is a direct result of
favorable interactions between the additive and the matrix,
resulting in a homogeneous dispersion and enhancement of
the mechanical properties of the matrix.

Collectively, the results demonstrated herein portend a new
method with broad applicability. Specifically, these findings
demonstrate that carbon-based catalysts,”* such as GO, may be
used as both a polymerization catalyst and, simultaneously, as an
additive in the polymer product, ultimately resulting in polymers
with improved properties (mechanical, electrical, barrier, etc.).
Such an approach will allow for the formation of robust nano-
composites in a single step using only two reaction components:
the monomer and the carbon. As an example of how this
method might be realized for the preparation of other compo-
sites, other dehydration polymerizations are strong candidates
for GO-mediated acid catalysis, and many of these carbon-filled
structural composites have found widespread use.*> *° In a
broader perspective, the promise of GO and other graphene-
based materials now extends beyond the utilization and
exploitation of their remarkable electronic and mechanical
properties and poises them to address synthetic issues at the
frontier of polymer chemistry, particularly for offering metal-
free methodologies and for facilitating the synthesis of polymer—
carbon composites.
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