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ABSTRACT: To facilitate the dispersion of single-walled carbon nanotubes (SWCNT) into poly(methyl methacrylate) (PMMA),
SWCNT were functionalized with a RAFT chain transfer agent, and PMMA was grafted from the SWCNT by reversible addition—frag-
mentation transfer (RAFT) polymerization to give SWCNT-g-PMMA containing 6 wt % PMMA. SWCNT-¢g-PMMA in the form of
small bundles was dispersed into PMMA matrices. The SWCNT-g-PMMA filler increased the glass transition temperature (Tg) of the
composite when the matrix molecular weight M, was less than the graft molecular weight, but not when the matrix M, was equal to
or greater than the graft M,. The threshold of electrical conductivity of the composites as a function of weight percent SWCNT
increased from 0.2% when matrix M, was less than graft M, to about 1% when matrix M, was greater than graft M,. Dynamic
mechanical analyses of the composites having graft M, less than or equal to matrix M, showed broader rubbery plateaus with
increased SWCNT content but no significant differences between samples with different grafted PMMAs. The results indicate that
lower M,, matrix wets the SWCNT-g-PMMA whereas higher M,, matrix does not wet the SWCNT-g-PMMA. © 2013 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2014, 131, 39884.
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INTRODUCTION and on curved surfaces'™ in a chemically identical matrix

show that usually the matrix polymer wets the polymer brush if
the molecular weight of the matrix is less than the molecular
weight of the graft, but not if the molecular weight of the
matrix polymer is greater than that of the graft. This phenom-
enon is known as “autophobic dewetting,” and is due to a
decrease in entropy when the higher molecular weight matrix is
mixed with the lower molecular weight graft chains. The con-
formations of polymer chains anchored to a surface depend on
the curvature of the surface relative to the dimensions of the
polymer. At the same grafting density (in chains nm~?), poly-
mer chains anchored to a curved surface of a sphere or a cylin-
der of radius less than the radius of gyration of the polymer
become less densely packed with increasing distance from the
surface than polymer chains anchored to a flat surface.'*~'*'¢7"?
Thus autophobic dewetting becomes less probable as the radius
of curvature of the surface decreases; for example, by compari-
son of a planar silica surface, where grafted polymer chains
Polymer mixing, however, is not that simple. Theory and extend in one dimension, to the surface of a silica nanoparticle,
experiments on polymer brushes grafted on planar surfaces’'®  where grafted polymer chains extend in three dimensions.

Dispersing carbon nanotubes into a polymer promises to increase
the mechanical strength and the electrical and thermal conductiv-
ity of the polymer.'™ However, in practice, carbon nanotube filler
has produced only minor improvements in the mechanical prop-
erties of most polymers.! The smaller the diameter of carbon
nanotubes, the more difficult the tubes are to disperse in solvents
or polymers. Unfunctionalized single-walled carbon nanotubes
(SWCNT) generally disperse into solvents in the form of individ-
ual tubes or small bundles stabilized by adsorption of surfactants
or polymers." Alternatively the SWCNT can be functionalized
covalently to decrease the strong intertube van der Waals attrac-
tions and increase the surface energy of the tube which both aid
in dispersion." While added surfactants and polymers are gener-
ally detrimental to the properties of a composite, functionaliza-
tion of the nanotube surface with a polymer chemically identical
with the matrix avoids additives and should aid dispersion.

Additional Supporting Information may be found in the online version of this article.
© 2013 Wiley Periodicals, Inc.
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Autophobic dewetting also becomes less probable as the density
of grafted chains decreases.” In this article, we report PMMA
grafted at low density to the surface of bundles of SWCNT, in
which the grafted polymer chains extend in two dimensions, as
a function of the relative molecular weights of the grafted and
the matrix PMMA chains. Thermal analyses of the SWCNT-g-
PMMA/PMMA composites are consistent with autophobic dew-
etting even at low graft density when the matrix chains are
longer than the chains grafted to the bundles of SWCNT. Previ-
ously we reported that T, of SWCNT/polystyrene (PS) and of
low graft density SWCNT-g-PS/PS composites increases with
increasing SWCNT content using broad polydispersity PS rather
than the narrow polydispersity PMMA of this investigation.>*"*?

EXPERIMENTAL

Materials

Methyl methacrylate (99.0%, Aldrich) was purified by passing
though activated basic alumina. Thionyl chloride (Aldrich, 99+ %),
tetrahydrofuran (THE HPLC grade, Aldrich), triethylamine (TEA,
Aldrich, >99.5%), 4-(dimethylamino)pyridine (DMAP, Aldrich,
>99.0%), N,N -dicyclohexylcarbodiimide (DCC, Aldrich, >99.0%),
and CDCl; (Aldrich, 99.8 atom% D) were used as received. Ethyl-
ene glycol (EG, Acros, 97%) was distilled at 1 atm pressure.
1-Methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), N,N-dime-
thylformamide (DMF), and 1,2-dichlorobenzene (DCB) were used
as received from Aldrich or Acros Chemicals. Azobisisobutyronitrile
(AIBN, Aldrich, 98%) was recrystallized from methanol. The RAFT
chain transfer agent (CTA) 4-cyano-4-(dodecylsulfanylthiocarbo-
nyl)sulfanylpentanoic acid (min. 97%) was purchased from Strem
Chemicals. SWCNT (CoMoCat, Lot # SG76-000-020) was provided
by Southwest Nanotechnologies (Norman, OK). The manufacturer
reported diameter 0.93 = 0.27 nm, aspect ratio 1000, >90 wt %
carbon, ~8-10% Mo oxide, and >50% tubes of (7,6) chirality.
Water was triply deionized.

Instruments and Measurements

The molar masses of PMMA were measured by size exclusion
chromatography (SEC) using THF as eluent at 1 mL min~' and
40°C with differential refractive index detection and a single
Polymer Laboratories column (PL gel 5 um mixed B, 300 mm
length X 7.5 mm internal diameter). PMMA standards in the
range 600,000-800 g mol ™' were used for calibration. A 35 uL
sample solution (5 mg mL™" in THF) was injected. Thermogra-
vimetric analyses (TGA) were carried out in a nitrogen atmos-
phere at a heating rate of 10°C min~ ' with a Mettler Toledo
TGA/DSC/1, STAR® System instrument. The wt % of PMMA
grafted onto the nanotube surface was calculated from the TGA
plots at 600°C as 100(wt % RAFT agent grafted SWCNT — wt
% SWCNT-g-PMMA)/(wt % RAFT agent grafted SWCNT). The
amounts of RAFT agents attached to the SWCNT surface were
measured by elemental analyses for S at Atlantic Microlab, GA.
SWCNT samples were dispersed in solvents using a Fisher FS-30
160W 3QT ultrasonic cleaner or a Microson XL-2000 22 KHz
ultrasonic cell disruptor. The dispersions were filtered using a
vacuum glass filtration cell and Fluoropore 0.2 um PTEFE filters
from Millipore. SWCNT-g-PMMA were precipitated using a
DAMON IEC EXD centrifuge. Raman spectroscopy was carried
out on solid samples using a Coherent He-Ne laser at 633 nm
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at 20 mW with a scan time of 10 s. Scanning transmission
electron microscopy (STEM) images were obtained with a JEOL
JEM-2100 instrument at 200 kV accelerating voltage. Samples
were prepared by diluting 1 mL (0.45 mg of SWCNT) of
SWCNT-g-PMMA dispersion in NMP with 20 mL of THE, centri-
fuging at 8400 X g for 15 min, and redispersing the solids in THF
four times. The solid SWCNT-g-PMMA was dispersed in 2 mL of
THF and bath sonicated for 5 min. Two drops of THF dispersion
were deposited onto an ultrathin carbon film/holey carbon 400
mesh copper grid (Ted Pella). UV/vis/NIR spectra were obtained
using a Varian 5000 spectrophotometer. Stock dispersions of
0.015 g SWCNT L™" in NMP were centrifuged for 30 min at 540
X g and allowed to stand for 3 h. The dark supernatant solution
was used to obtain the spectra. Differential scanning calorimetry
(DSC) data of SWCNT-g-PMMA/PMMA nanocomposites were
recorded at the scan rate of 10°C min ™" after quick cooling from
elevated temperature.”’ Electrical conductivities were tested by a
two-point probe method with a specially constructed resistivity
chamber, calibrated by a Keithley 610C Electrometer. Dynamic
mechanical analysis (DMA) measurements of the storage and loss
moduli of 30 X 5 X 0.5 mm’ SWCNT-g-PMMA/PMMA com-
posite samples were made with a Rheometric Scientific RSA 1I
instrument. All experiments were performed with a 1 Hz fre-
quency, 0.05% strain, and static force tracking dynamic force. The
temperature was ramped between —90 and ~250°C. The samples
were equilibrated for 1 min at a given temperature before mea-
surement with a 4 K interval between data points. T, was deter-
mined from the temperature corresponding to the peak in tan 9.

SWCNT-COOH™'

A 500 mL glass bottle was charged with 0.34 g of SWCNT and
300 mL of DMF. The mixture was bath sonicated at 25°C for
1 h followed by 12 h stirring. Then tubes were vacuum filtered
through a 0.2 pm PTFE membrane, and washed with water and
small amounts of methanol. Immediately, the tubes were dis-
persed in 680 mL of 8 M HNOs;, stirred for 10 min, and bath
sonicated for 2 h at 55-60°C. The mixture was cooled to 25°C,
diluted with 200 mL of water, and vacuum filtered. The tubes
were washed with water until the pH was >6. The solid col-
lected on the filter was washed with 30 mL of methanol, and a
small amount of DCB and kept wet.

SWCNT-OH?

All of the SWCNT-COOH were dispersed in 300 mL of SOCI,
in a three necked 500 mL round bottomed flask, bath sonicated,
and stirred magnetically for 5 min. DCB (25 mL) was added
and heated at 70°C for 30 h under nitrogen, 50 mL more of
DCB was added to the flask, and the SOCI, was distilled off at
1 atm. The SWCNT-COCI dispersion was added to 300 mL of
THF and vacuum filtered. The solid on the filter was washed
with a small amount of NMP and dispersed into NMP at con-
centration ~0.5 g L™'. The mixture was stirred for 15 min,
bath sonicated for 1 h, and stirred for 24 h.

A 1000 mL round bottomed flask was charged with all of the
SWCNT-COCI/NMP dispersion. The mixture was tip sonicated
for 15 min at 15 W output. DMAP (0.13 g, 1.1 mmol), 6.8 g of
ethylene glycol (6.1 mmol), and 10 mL of triethylamine were
added to the mixture and stirred for 96 h under nitrogen in the
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dark. The mixture was vacuum filtered and washed with THE,
methanol, and dichloromethane. The solid SWCNT-OH was
dispersed in dichloromethane (dried over 3 A molecular sieves)
overnight.

SWCNT-RAFT

The RAFT agent was immobilized on the SWCNT by a method
described elsewhere for 4-cyano-4-(dodecylsulfanylthiocarbo-
nyl)sulfanylpentanoic acid.”> A 1000 mL round bottomed flask
was charged with all of the SWCNT-OH/dichloromethane dis-
persion. The mixture was bath sonicated for 30 min with mag-
netic stirring under nitrogen. DCC (1.1 g, 5.4 mmol), DMAP
(0.13 g, 1.1 mmol), CTA (1.4 g, 3.5 mmol), and 15 mL of dry
dichloromethane were stirred for 10 min under nitrogen. The
solution was added to the SWCNT-OH/dichloromethane dis-
persion, and mixture was stirred at 25°C for 24 h in the dark.
The SWCNT-CTA were filtered and washed with an excess of
the amount of dichloromethane needed to dissolve the dicyclo-
hexylurea, methanol, and NMP. The SWCNT-CTA were dis-
persed in NMP at ~0.5 g L™, bath sonicated for 15 min, and
stirred overnight under nitrogen.

SWCNT-g-PMMA

The SWCNT-CTA dispersion was divided into three equal por-
tions. Each portion was used to graft PMMA as follows. A 500
mL round bottomed flask was charged with 206 mL of
SWCNT-RAFT/NMP dispersion (~0.5 g L™'), MMA (5 g, 50
mmol) and 0.5 mg (0.003 mmol) of AIBN (0.1 mL of a stock
solution of 50 mg AIBN in 10 mL of MMA). Four freeze-
pump-thaw cycles were applied to remove dissolved oxygen.
The solution was bath sonicated for 15 min and immersed in
an oil bath at 90°C with constant stirring. After 96 h the mix-
ture was cooled, diluted with 200 mL of THE bath sonicated
for 2 min, stirred for 15 min, and centrifuged at 540 X g for 30
min, and the supernatant liquid containing ungrafted PMMA
was decanted. The cycle of centrifugation and redispersion in
THF was repeated three times to obtain SWCNT-¢g-PMMA free
of unbound PMMA. The mixture was vacuum filtered and
washed with THF until the filtrate showed no cloudiness in
excess methanol. The solid was washed with a small amount of
NMP and dispersed in 210 mL of NMP, bath sonicated for 15
min and stirred for 24 h.

Cleavage of Grafted PMMA from SWCNT

The grafted PMMA was cleaved from the SWCNT surface by a
method described elsewhere.”> A 100 mL round bottomed flask
was charged with 20 mg of SWCNT-¢g-PMMA dispersed in 5
mL of CDCls, 20 mL of DCB, 7 mL of methanol, and 0.5 mL
of concentrated sulfuric acid. A water condenser was attached to
the flask, and the mixture was stirred at 65°C for 7 days. After
cooling, the mixture was sonicated for 2 min with 15 mL of
CHCl3, vacuum filtered, and washed twice with 10 mL of chlo-
roform slowly with stirring to remove traces of PMMA. The fil-
trate was washed three times with 10 mL of DI water to remove
H,SO,. The organic phase which contained cleaved PMMA was
separated, and the organic solvent was removed under the vac-
uum. The residual PMMA was dispersed in 15 mL of THF
which was evaporated to 2 mL for SEC analysis. After the SEC

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39884 (3 of 11)

Applied Polymer

SCIENCE

analysis the THF was evaporated to dryness, and 0.5 mL of
CDCl; was added for "H-NMR analysis.

Ungrafted PMMA

A mixture of a stock solution of MMA (24.1 g, 241 mmol),
AIBN (0.01 g, 0.06 mmol), and NMP (11.9 mL) was added to a
100 mL Schlenk flask containing a weighed amount of the
RAFT agent. The reaction contents were degassed by four
freeze-pump-thaw cycles, and the flask was heated in an oil
bath at 90°C for 6 h. After cooling the viscous PMMA was dis-
solved in 10 mL of dichloromethane and precipitated into a
10-fold excess of methanol. The solid PMMA-RAFT was vac-
uum dried at 100°C for 48 h. The yield of PMMA was deter-
mined gravimetrically.

SWCNT-g-PMMA/PMMA Composites

SWCNT-g-PMMA was dispersed in NMP by bath sonication for
15 min followed by 24 h stirring at 25°C. The concentration of
SWCNT in an NMP dispersion was measured by filtering 10
mL of the dispersion on a pre-weighed PTFE filter, washing
with THE and vacuum drying at 100°C for 24 h. The weight of
solid on the filter and the wt % of grafted PMMA on SWCNT
obtained from the TGA analysis were used to calculate the
amount of SWCNT dispersed in the NMP. The SWCNT con-
centrations in the SWCNT-¢g-PMMA/NMP dispersions were
0.42-0.47 g L™'. A dispersion of SWCNT-g-PMMA in NMP
and a solution of matrix PMMA in THF (1.5 g in 20 mL) were
mixed to yield the desired wt % of SWCNT in the final com-
posite. The mixture was stirred mechanically for 15 min, bath
sonicated at room temperature for 15 min, and precipitated
dropwise into a large excess of 10 wt % aqueous solution of
CaCl, with vigorous mechanical stirring. The composite was fil-
tered, washed with water until the filtrate showed no white pre-
cipitate in 0.05M AgNOs(aq) solution, washed with a small
amount of methanol, and dried under vacuum at 130°C for 24
h. Composite samples having dimensions 2.5 X 2.5 X 0.02
inch? pressed in a mold at 1600 psi and 180°C for 1 min. Films
were cooled to room temperature under the same pressure.

RESULTS

PMMA Grafting from SWCNT

There are several general methods for preparation of SWCNT
and numerous types of SWCNT available. We used CoMoCat
tubes from Southwest Nanotechnologies, which had average
diameter 0.93 nm and contained more than 50% semiconduct-
ing tubes of (7,6) chirality. To improve their dispersability in
solvent for functionalization, tubes were treated with nitric acid
by a method that introduces small amounts of carboxylic acid
groups and does not destroy any of the tubes.*’ The residual
metal oxide content from the cobalt-molybdenum on silica cat-
alyst after nitric acid treatment of this type of SWCNT is 3%.!
All synthetic procedures were carried out with wet (not dried)
modified SWCNT to facilitate dispersion.*»*

Carboxylic acid groups on the SWCNT were converted to tri-
thiocarbonate RAFT agent by the method of Scheme 1. The
amount of RAFT agent on the SWCNT was calculated to be 1.1
RAFT agent per 1000 nanotube C atoms from the sulfur content
and an assumed 95 wt % of SWCNT carbon atoms in the
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Scheme 1. Grafting of PMMA from SWCNT by RAFT polymerization.

material. The sulfur content was measured by elemental analysis
of two different samples to average 0.85 wt %. A 'H NMR spec-
trum of the SWCNT-RAFT material in CDCl; (Supporting
Information Figure S1) had distinct peaks for all of the protons
of the RAFT structure like the spectrum of the starting RAFT
agent but with some changes in chemical shifts, which indicates
a significant degree of functionalization with the RAFT
structure.

Three different samples of PMMA grafted from SWCNT were
prepared by RAFT polymerization under the same conditions.
Simultaneously some ungrafted free PMMA was formed. Free
PMMA and SWCNT-g-PMMA were separated by filtration and
thorough washing of the retained SWCNT material with THE.
Part of each SWCNT-g-PMMA sample was treated with strong
acid to cleave the PMMA. PMMA samples both from the fil-
trates and from the SWCNT-g-PMMA were analyzed by SEC.
The results are in Table 1. The three PMMA samples recovered

Table I. SEC Analyses of Grafted and Free PMMA

Grafted PMMA? Free PMMAP

M, (g mol™) Mu/My, M, (g mol™) Mu/Ms,
22,600 1.39 19,100 1.23
26,000 1.31 18,200 1.24
35,700 114 18,700 1.32

2PMMA recovered after cleavage from SWCNT.
®PMMA recovered from the filtrate of the grafting reaction mixture.
Molecular weights are the average of two analyses of one sample.
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from the filtrates had the same molecular weights within experi-
mental error and polydispersities of 1.23-1.32. The three
PMMA samples recovered by cleavage from the SWCNT-g-
PMMA had higher and more varied molecular weights, and
polydispersities of 1.14-1.39. Cleaved PMMA had a 'H NMR
spectrum like that of ordinary PMMA from radical polymeriza-
tion. All of the data show that all PMMA samples were pro-
duced by controlled polymerization, and that the soluble
polymers were not identical with the grafted polymers.

Thermogravimetric analyses (TGA) of commercial SWCNT,
nitric acid treated SWCNT, SWCNT-RAFT, and three different
SWCNT-g-PMMA samples are shown in Figure 1 with weight
losses at 600°C reported in Table II. After functionalization with
the RAFT agent, the SWCNT lost 12% of their weight. The
SWCNT-RAFT was washed thoroughly with dichloromethane
and dried before TGA analysis, but that does not prove that all
organic material corresponding to the weight loss had been
bound covalently to the SWCNT. Graft densities of the nitric
acid treated SWCNT and the SWCNT-RAFT calculated from the
TGA weight losses overestimate the number of functional
groups because an unknown fraction of SWCNT carbon atoms
may be lost along with the functional groups during heating.
Assuming that the same amounts of SWCNT carbon atoms and
RAFT functional groups were lost from the SWCNT-g-PMMA
samples as from the SWCNT-RAFT sample, we calculate from
curve ¢ versus curves d, e, and f of Figure 1 that each SWCNT-
gPMMA sample was 5.9 wt % PMMA. This low PMMA con-
tent and the grafted PMMA molecular weights of 22,600-35,700
mean that less than 1% of the RAFT sites on the SWCNT
actually produced PMMA. If the SWCNT were individual
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Figure 1. TGA under nitrogen heating at 10°C min~' of (a) commercial
SWCNT, (b) nitric acid treated SWCNT, (c) SWCNT-RAFT, (d) SWCNT-
¢-PMMA22600, () SWCNT-g-PMMA 26000, (f) SWCNT-g-PMMA35700,
and (g) linear PMMA of M,, = 44,100 and M,,/M, = 1.2 made by RAFT.

1.0-nm-diameter tubes, the graft density of PMMA would be
0.001 polymer chain per nm?* of tube surface or approximately
1 chain for every 300 nm of nanotube length. TEM images
show that the SWCNT existed as bundles, which have less exter-
nal surface area than individual tubes, and therefore the graft
density on bundles was significantly higher.

An important concern about the electrical properties of modi-
fied SWCNT is whether the functionalization of the tube ends
and sidewalls affects the electronic structure of the tubes. The
high electrical conductivity of SWCNT is due to the conjugated
graphitic structure. Changes in electronic structure can be
detected qualitatively from visible-NIR absorption and emission
spectra, and alteration of the sidewalls can be detected from
Raman spectra. The UV-vis—NIR absorption spectra of com-
mercial SWCNT, nitric acid treated SWCNT, SWCNT-RAFT
material, and SWCNT-¢g-PMMA in Figure 2 all show distinct
first and second electronic transitions due to specific (n,m)
types of tubes. This proves that the degree of functionalization
is low, because high degrees of functionalization result in vis—
NIR spectra that have no distinct peaks.”® The NIR peaks can-
not be assigned, however, because bundling of SWCNT perturbs
the spectra.”” Functionalization of SWCNT also can cause a
large increase in the disorder/order (D/G) area ratio of peaks in
resonance Raman spectra at about 1320 and 1580 cm ™', respec-

Table II. TGA of Functionalized SWCNT

Sample % Weight loss® Graft density®
SWCNT® 2.9

SWCNT-RAFT 12.0 3.55
SWCNT-g-PMMA22600 17.9 0.03
SWCNT-g-PMMA26000 17.9 0.03
SWCNT-g-PMMA35700 17.9 0.02

2At 600°C relative to the starting SWCNT of curve b in Figure 1.
®Functional groups or PMMA chains/1000 SWCNT carbon atoms.
®Treated with nitric acid.
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Figure 2. UV—vis—NIR spectra of (A) commercial SWCNT, (B) nitric acid
treated SWCNT, (C) SWCNT-RAFT, (D) SWCNT-g-PMMA22600, (E)
SWCNT-g-PMMA26000, and (F) SWCNT-g-PMMA35700.

1100 1300

tively. The disorder peak is due to sp’-hybridized carbon atoms
in the tube sidewalls. The Raman spectra in Figure 3 all have
very small disorder peaks, indicating that functionalization had
little effect on the electronic structures of the tubes.

Scanning transmission electron microscopy (STEM) images of
the nitric acid treated SWCNT and the SWCNT-g-PMMA35700
are shown in Figure 4. (Images of the commercial SWCNT and
SWCNT-g-PMMA26000 are in Supporting Information Figure
S2). The lower resolution images in Figures 4(A) and 4(C)
show long bundles having a wide range of diameters. The diam-
eters of the bundles are not uniform, which means that the
bundles consist of overlapping tubes of different lengths. The
high resolution images of Figures 4(B) and 4(D) show individ-
ual parallel SWCNT in the bundles. The images of SWCNT-g-
PMMA samples show intertwined bundles of SWCNT but no
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Figure 3. Resonance Raman spectra of (A) commercial SWCNT, (B) nitric
acid treated SWCNT, (C) SWCNT-RAFT, (D) SWCNT-g-PMMA22600,
(E) SWCNT-g-PMMA26000, and (F) SWCNT-g-PMMA35700.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39884

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

Figure 4. STEM images of nitric acid treated SWCNT (A, B) and SWCNT-g-PMMA35700 (C, D). In D the diameter at the marked point of a bundle is

7.31 nm.

PMMA is apparent, probably due to the low PMMA content
(5.9 wt %) or to PMMA decomposition in the electron beam.

SWCNT-g-PMMA/PMMA Composites

We used RAFT polymerization to prepare three PMMA homo-
polymers as matrices for the SWCNT-¢g-PMMA/PMMA compo-
sites. Table III reports the polymerization conditions, molecular
weights, and glass transition temperatures, which increased with
increasing molecular weight as expected.

Table III. Synthesis Conditions and Molecular Weights of Matrix PMMA?®

[RAFTI o (M x 10%) M, (gmol™) M,/M, Yield (%)° T, (C)

4.95 14,700 1.16 93 106
2.48 26,600 120 98 113
0.32 97,200 1.63 100 117

2MMA (6.55M in NMP), AIBN (0.0018M), and RAFT agent were heated
for 6 h at 90°C.
®Measured gravimetrically.
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The composites were prepared by mixing a dispersion of
SWCNT-g-PMMA in NMP with a solution of matrix PMMA in
THF and adding the mixed dispersion dropwise to water with
stirring, a method known as coagulation/precipitation. Coagula-
tion methods generally lead to good dispersion as judged by
low percolation thresholds of electrical conductivity and
increased storage modulus.’”***>*® Three different matrix poly-
mers were used with three different SWCNT-g-PMMA samples
to obtain composites in which the matrix polymer had molecu-
lar weight less than, equal to, and greater than the molecular
weight of the grafted PMMA. The contents of the three different
sample types are listed in Table IV. Composites of each type
containing 0.1-2.0 wt% of SWCNT were prepared. After drying,
small amounts of the composite powders were analyzed by
DSC. Larger amounts were heat pressed into thick films at
180°C for measurement of electrical conductivity and dynamic
mechanical analysis.

Figures 5 and 6 show the results of DSC measurements of T,
and heat capacity change (AC,) at T, of the three types of
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Table IV. Compositions of SWCNT-g-PMMA/PMMA Composites

M,, matrix® M., graft®
97,200 22,600
26,600 26,000
14,700 35,700
2From Table IlI

®From Table |

composites as a function SWCNT content. The T, and AC, of
composites With My < Mipauix do not vary with amount of the
SWCNT filler. The T, of the composites with Mg = Mmatrix
increases slightly with increasing SWCNT content, and AC, does
not change significantly. The T, of the composites with
Mgraf > Miauix  increases up to 2.0% SWCNT while AC,
decreases from 0% to 0.5% SWCNT and then increases to 2.0%
SWCNT.

Figure 7 shows graphs of two-probe electrical conductivities of
the composite films. The films have percolation thresholds of
0.1-0.3% SWCNT for the composites with Mgraq = Mmagrivo 0.3—
0.5% SWCNT for the composites with Mg > Mmayixo and
0.5-1.0% for the composites with Mgr,q < Mpagix- The conduc-
tivities at 2.0% SWCNT were 10 to 107" S cm™', and
decreased with increasing molecular weight of the matrix.

The composites with Mg = Mmagix and Mgrag < Minauix Were
investigated by dynamic mechanical analysis (DMA). Compo-
sites with matrix M, = 14,700 and Mg > Mmauix Were too
brittle for DMA measurements. Figures 8 and 9 show the tem-
perature dependences of the storage modulus (E') and tan J. F
of the composites increased little with increasing SWCNT con-
tent, and no there was no significant change in tan d. T, values
measured from the DMA data were higher than T, from DSC
as expected because of the higher frequency of the DMA experi-
ment. The rubbery plateau of both types of composites at
>140°C broadened with increasing SWCNT which is indication

5 120
< lii ] " L]
e
21510 5 1 .
©
'g £ 4 . ®
E 110
-
S e =
£ 105 $
4 (]
o
-
100 -
(%]
L
o
95 T T T T 1

0 02040608 1 121416 18 2
Weight % SWCNT

Figure 5. T, of PMMA filled with SWCNT-g-PMMA. (M) Matrix
M, =97,200 and graft M, =22,600. (A) Matrix M, =26,600 and graft
M, =26,000. (+) Matrix M, =14,700 and graft M, =35,700. The error
bars are standard deviations of six measurements.
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Figure 6. AC, at T, of PMMA filled with SWCNT-g-PMMA. (M) Matrix
M, = 97,200 and graft M, =22,600. (A) Matrix M, = 26,600 and graft
M, = 26,000. (+) Matrix M, = 14,700 and graft M, = 35,700. Standard
deviations of six measurements of each sample ranged from = 0.015
to*0.03] g °C™ "

of the beginnings of network formation as described else-
where.” In other words, the dispersed SWCNT-g-PMMA makes
the composites more rubbery at T> T, and correspond to an
increase storage of or steady-shear viscosity common in
nanotube-filled systems.

DISCUSSION

Grafting of PMMA from SWCNT

Polymers can be “grafted to” or “grafted from” surfaces such as
silicon wafers, silica and other metal oxide particles, and carbon
nanotubes. Generally grafting from provides a higher density of
chains because the initiator or chain transfer functional groups
1E-08

1E-09 2
1E-10

1E-11

1E-12

1E-13

1E-14

1E-15

1E-16

1E-17 + T T T T T T T T T ]
0 02040608 1 121416 18 2
Weight % SWCNT

Figure 7. Electrical conductivity of PMMA filled with SWCNT-g-PMMA.
(M) Matrix M, = 97,200 and graft M, =22,600. (A) Matrix M, = 26,600
and graft M, =26,000. (+) Matrix M, = 14,700 and graft M, = 35,700.
Data points are the average of data recorded at 30 V and at 100 V. Error
bars represent the standard deviation of measurements on the same sam-

Conductivity (S/cm)

ple made multiple times; the error bars are asymmetric because averages
were calculated on the values, not the logarithm of the values.
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Figure 8. Storage modulus and tan ¢ of SWCNT-g-PMMA22600/
PMMA26000 measured by DMA with temperature sweep at 1 Hz and
0.05% strain.

can be created at high surface density, whereas grafting to is
sterically hindered by previously grafted polymer chains. Graft-
ing from can be performed by atom transfer radical polymeriza-
tion (ATRP),”>**? by reversible addition fragmentation
transfer polymerization (RAFT), in which a dithioester® or tri-
thiocarbonate® chain transfer group is prepared on the surface,
and by polymerization from a surface-bound initiator.”> Graft-
ing from by radical chain polymerization from SWCNT could
be complicated by reaction of carbon radicals with the sidewalls
of the tubes, which have strained carbon-carbon double bonds.
Although SWCNT do not react as fast as Cgo with carbon radi-
cals,’® nitroxide-terminated polystyrene grafts readily to
SWCNT.* Most literature reports of RAFT polymerization from
carbon nanotubes employed multi-walled carbon nanotubes
(MWCNT) which react slower than SWCNT with carbon

1.E+11 1

— PMMA26600
R 0.1 Wt% SWCNT-g-PMMA
e, 0.25 wt% SWCNT-g-PMMA

1Es10: “N“\% ---0.5 Wi% SWCNT-g-PMMA

\ - 1.0 wt% SWCNT-g-PMMA
y ~~ 2.0Wt% SWCNT-g-PMMA

1.E+09

1E601 ¢

Storage modulus (dynes/cm?)

1.E+08
1.E400 1
[Z=]
c
]
1.E+07 {F
1E01 {
1.E+06 -
1E02 +— ' v - . - - \\
100 50 a 50 100 150 200 0 300
0,
1.E+05 - Temperature (°C) - — .
100 -50 0 50 100 150 200 250

Temperature (°C)
Figure 9. Storage modulus and tan ¢ of SWCNT-g-PMMA22600/
PMMA97200 measured by DMA with temperature sweep at 1 Hz and
0.05% strain.
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radicals because the outer tube of a MWCNT has a greater
diameter and is less strained than a SWCNT.

Because RAFT also produces ungrafted free polymer, separation
of free polymer from surface-bound polymer is necessary for
investigation of how polymer-grafted particles interact with a
matrix of controlled molecular weight in a composite. Such sep-
arations can be difficult. Also it is difficult to prove that all of
the free polymer has been removed from a sample of polymer-
grafted particles.”” We chose RAFT for this research following
the examples of Benicewicz and coworkers for grafting polysty-
rene and poly(meth)acrylates from silica nzanoparticle:s.11’38_40
Evidence that RAFT polymerization grafted PMMA from
SWCNT in this work is as follows. (1) After functionalization of
the SWCNT with the RAFT agent as in Scheme 1, TGA showed
12 wt % of degradable material, NMR spectra showed the
desired RAFT trithioester, and elemental analysis found 0.85%
S. All of these observations support extensive functionalization
with the RAFT agent. (2) Both PMMA bound to SWCNT and
ungrafted PMMA were isolated after polymerization. The
ungrafted PMMA and the PMMA that was isolated by cleavage
of PMMA from the SWCNT had different molecular weights
and molecular weight distributions. (3) After separation of
ungrafted PMMA the NMR spectrum of the SWCNT-g-PMMA
showed both bound PMMA and residual bound RAFT agent.
(4) Varied relative molecular weights of the grafted PMMA and
the matrix PMMA of the composites gave varied T, of the com-
posites, which is consistent with theory for wetting or dewetting
the SWCNT by grafted PMMA. The autophobic dewetting evi-
dence is discussed below.

SWCNT-g-PMMA/PMMA Composites

Literature reports of the effect of SWCNT and of silica nanopar-
ticles on T, of PMMA in composites vary widely. PMMA
grafted to silica by RAFT gave no change in T, of composites
up to 15 wt % silica.*’ Up to 20 wt% silica changed T,<1°C
in bulk samples,*"** and 0.5% silica increased T, by 6°C in thin
films.*> In situ polymerization of PMMA in the presence of
SWCNT to prepare SWCNT-g-PMMA followed by dispersion
into matrix PMMA gave no change of T, in one report™ and a
6°C increase in Ty at 2% SWCNT in another report.”® Dispers-
ing up to 2 wt % of unmodified SWCNT into PMMA changed
T, by <2°C in one report™ and increased T, by up to 18°C in
other reports.*>™*” These variations in results are probably due
to the widely different processing methods. Comparisons of
composites prepared by one method in one laboratory, on the
other hand, should be valid. Our SWCNT-g-PMMA caused only
small changes in T, of the matrix PMMA but differed as a func-
tion of the relative molecular weights of the grafted and matrix
PMMA.

A matrix polymer will mix with (wet) a chemically identical
polymer grafted from a surface only if the entropy lost by
matrix chains penetrating the grafted chains is less than the
entropy gained by mixing.”™"? The condition of net decrease of
entropy is known as autophobic dewetting. Chains attached to
a planar surface at low graft density have a mushroom shape
due to a random coil with one anchored end. At high graft den-
sity packing forces the chains to extend farther from the surface,
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and the grafted chains are constrained so that extension occurs
only in one dimension. Although small molecules penetrate the
grafted chains at high density, the positive entropy of mixing of
chemically identical long chain matrix polymers is too small to
compensate for the negative entropy change of matrix chains
confined by the grafted chains on the surface. Numerous experi-
ments support autophobic dewetting. At low graft density, it is
easier for solvents and polymers of all sizes to mix with grafted
chains, which has been shown by AFM observation of increas-
ing aggregation with increasing density of grafting of PS to 14
nm diameter silica spheres.'* The density of grafted chains
decreases as the radius of gyration (R,) of the grafted chains
increases with respect to the particle radius and increases with
decreasing sphere radius,'? which has been verified by increased
dispersion into matrix poly(dimethylsiloxane) (PDMS) of
spheres of silica-g-PDMS of decreasing radius of 592, 100, and
16 nm.*® In other words, the volume available for extension
becomes larger as one moves away from the surface. Silica
spheres of 14-nm-diameter grafted at a density of 0.27 chains
nm * with PS of DP 1050 are wetted by PS matrices of
DP <620, as T, increases with added filler, and not wetted by PS
of DP=860, as T, decreases with added filler.'"" Similar results
were reported for PS composites containing TiO,-g-PS particles.*
Experimentally wetting/autophobic dewetting of polymer-grafted
silica particles in a polymer matrix also has been observed by
rheology of particle-polymer mixtures,'>**>* SAXS,'> neutron
scattering,'>® X-ray photon correlation spectroscopy*' AFM of
film and bulk composite surfaces,'>'* and TEM.'”>*">! Note that
aggregation by polymer bridging between nanospheres provides
mechanical reinforcement of the composite; that is, poorer dis-
persion results in greater mechanical strength.*">°

Polymers grafted from bundles of SWCNT extend in two
dimensions. The chains should be less densely packed than
chains grafted from a planar surface and more densely packed
than chains grafted from the surface of a nanosphere of the
same diameter. Composto® reported PS grafted to 12 nm X 42
nm gold nanorods at surface densities of 0.15-0.53 chains
nm 2. The nanorods dispersed in a PS matrix when Mg, > M-
matrix and aggregated when M. < Miauix. Dispersions of Au-
¢-PEG [PEG = poly(ethylene glycol) of M,, =5000] in PMMA
and in PEO [poly(ethylene oxide)] of higher M, were made;
the PEG brushes dispersed into PMMA due to favorable
enthalpic interaction and not into PEO due to net decrease of
entropy.”> We do not know the diameters of our bundles of
SWCNT-g-PMMA and therefore do not know the surface den-
sity of grafted PMMA chains. Six weight percent of grafted
PMMA on the SWCNT corresponds to a surface chain graft
density of 0.001 nm™? if the SWCNT were all individual tubes
and a surface graft density of 0.004 nm™” if the SWCNT were
all 5-nm-diameter bundles of nanotubes (assuming 1-nm-
diameter individual tubes, hexagonal packing of parallel cylin-
drical tubes, and PMMA of M,, = 26,000).

Despite the low surface graft density of PMMA on SWCNT, T,
of the composites still varied with relative DP of the grafted and
the matrix polymers consistent with autophobic dewetting:
When M. > Miauixs T increased with increasing weight per-
cent of SWCNT and when Mg < Miauixo T did not change
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with increasing amount of nanotubes. The former is consistent
with wetting and the latter is consistent with dewetting. The
results suggest that the SWCNT-¢g-PMMA in the composites is
less aggregated when Mgp,q > Mpayix, and therefore these com-
posites should have a lower percolation threshold of electrical
conductivity, which indeed is the result in Figure 7. We con-
clude that the SWCNT-g-PMMA/PMMA composites exhibit
autophobic dewetting when M, < Mpqix even with a low sur-
face graft density. Because of autophobic dewetting, the percola-
tion threshold of electrical conductivity is expected to be higher
for SWCNT-g-PMMA/PMMA than for unfunctionalized
SWCNT/PMMA composites, contrary to the simple “like dis-
solves like” prediction that the SWCNT-g-PMMA should disperse
better than unfunctionalized SWCNT. Although we have not
investigated dispersions of unfunctionalized SWCNT in PMMA,
dispersions of SWCNT-¢g-PS in PS, using the same method of
composite preparation as in this paper, had a higher threshold of
electrical conductivity than dispersions of unfunctionalized
SWCNT in PS, which is consistent with autophobic dewetting.?’

The data in Figure 7 show that all three of the composites have
relatively low electrical conductivity at SWCNT contents above
the percolation threshold, which may be due to the grafted
PMMA acting as an insulating barrier to electron hopping
between nanotube bundles, as we suggested for SWCNT-g-PS/PS
composites.”” Also significant is the higher percolation threshold
(>0.5 wt % nanotubes) of the composite in which the lower
molecular weight matrix wets the higher molecular weight graft.
The higher percolation threshold with higher DP of grafted
PMMA also might be due to effective PMMA insulation between
nanotube bundles. Percolation thresholds in the same range as in
Figure 7 have been noted before for SWCNT/PMMA composites
that were prepared by a coagulation method.*®>* Lacking grafted
PMMA, the conductivities of SWCNT/PMMA composites con-
taining 0.5 wt % SWCNT increased with increasing UV-vis—NIR
absorbance of the samples, which corresponds to increasing dis-
persion of the SWCNT into smaller bundles.*®

PMMA also has been grafted to SWCNT using a surface bound
azo initiator to give SWCNT-¢g-PMMA containing 82% PMMA
by weight after extraction of ungrafted PMMA, which is much
higher than the PMMA content in our materials.”> A PMMA
composite of this material containing 2.17 wt % SWCNT had
T, 6°C higher than both pure PMMA and a blend of SWCNT
and PMMA. Both the grafted polymer and the matrix polymer
had broad molecular weight distributions. The similarity of
both the T, and the electrical conductivity changes in our com-
posites compared with others having much higher PMMA con-
tent, might be explained by much larger diameter average
bundles of SWCNT than we calculated for bundles of 5 nm
diameter, and therefore higher graft densities than is indicated
by the TEM images of Figure 4, more like the graft densities of
other SWCNT-g-PMMA materials.”®?”

CONCLUSIONS

SWCNT having a low concentration of surface COOH groups
were functionalized with an initiator of RAFT polymerization,
and PMMA was grafted to give SWCNT-g-PMMA containing
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6 wt % of PMMA. SWCNT-g-PMMA having grafted M, =
22,600-35,700 were dispersed into matrices of low polydispersity
PMMA having M, = 14,700-97,200. The surface densities of
grafted PMMA chains could not be determined because the diame-
ters of the bundles of SWCNG-g-PMMA in the composites resisted
imaging by STEM. From measurements of the composites as a
function of SWCNT content, matrix PMMA of M, greater than
M, of grafted PMMA had little effect on the properties whereas
matrix PMMA of M, less than M,, of grafted PMMA increased T,
and decreased the percolation threshold of electrical conductivity
of the composites. The results are consistent with wetting of
SWCNT-g-PMMA by the lower but not the higher M, matrix.
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