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ABSTRACT: Linear polystyrene chains were grown from the con-
vex surface of two commercially available multiwall carbon nano-
tubes (MWCNTSs) with similar diameter but different lengths. The
MWCNTs were supplied from Bayer Material Science® (purity
>95%, external diameter = 13-16 nm, length = 1-10 um, denoted
MWCNTgms™®) and FutureCarbon GmbH (purity >99%, external
diameter = 15 nm, length = 5-50 um, denoted MWCNT:c*). The
MWCNTSs were oxidized with nitric acid, consecutively reacted with
thionyl chloride, glycol or poly(ethylene glycol), 2-bromo-2-methyl-
propionyl bromide and finally with styrene under atom transfer
radical polymerization (ATRP) conditions. The content of poly-
styrene grafted from the surface of the MWCNTSs can be controlled
by adjusting the molecular weight of the poly(ethylene glycol), the
initiator concentration and the monomer to carbon nanotube

weight ratio. Under comparable experimental conditions, a higher
amount of polystyrene is grafted from the MWCNTgus® than from
MWCNTg.*. The difference in dimensions and the state of aggre-
gation of the carbon nanotubes influence the grafting from
polymerization reactions, where relative shorter and tightly
aggregated carbon nanotubes promote higher polymerizations
yields than longer and less aggregated carbon nanotubes. The
increase of the viscosity of the carbon nanotube dispersion
decreases the polymer grafting content. © 2010 Wiley Periodicals,
Inc. J Polym Sci Part B: Polym Phys 48: 1035-1046, 2010

KEYWORDS: atom transfer radical polymerization (ATRP); car-
bon nanotubes; grafting from polymerization; multiwall carbon
nanotubes; polystyrene; thermogravimetric analysis (TGA)

INTRODUCTION The incorporation of carbon nanotubes in
polymer matrices has become a challenge during the past
decade.! Carbon nanotubes consist of graphene sheets rolled
up into a cylindrical shape. They are classified depending on
the number of graphene layers. Their dimensions range up
to few hundred nanometers in diameter and tens of micro-
meters in length.”® They have outstanding mechanical, elec-
trical, and thermal properties, which have inspired the
design of a new generation of light weight materials,**® or
even their use as biosensors or biocarriers,® although their
biocompatibility is still questionable.’®™*3

One of the drawbacks of the incorporation of this type of
nanofiller in polymer matrices is its tendency to aggregate
due to the strong n-n stacking interactions between gra-
phene sheets. Different strategies have been used to reduce
the size of the aggregates or to improve the dispersion of
individual carbon nanotubes. Sonication, centrifugation, cal-
endaring, or intense stirring have shown promising results
on single (SWCNT), double (DWCNT), and multiwall
(MWCNT) carbon nanotube dispersions in solvents and dif-
ferent polymer matrices.”>*7*¢ Other approaches aim for
the tuning of the surface of carbon nanotubes through the
physisorption of surfactants and polymers,’” or through the
direct functionalization on the surface of the nanoparticle.
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Tasis et al.'® have presented a review related with the chem-
istry of carbon nanotubes. They have categorized the modifi-
cation of carbon nanotubes into three groups: the endohe-
dral filling of their inner empty cavity, the noncovalent
adsorption or wrapping of various functional molecules, and
the covalent attachment of small molecules or polymer
chains through reactions onto the n-conjugated skeleton of
the carbon nanotubes. In the first case, the research has
been focused on the production of nanowires or on the stor-
age of liquid fuels. The works have been mainly related with
the encapsulation of fullerenes, metalofullerenes, metal salts
(subsequently reduced to metals), metal oxides, inorganic
salts, and biomolecules in SWCNTs and MWCNTs. There are
also examples of conjugated polymers that have the ability
of wrapping the carbon nanotubes, usually, with a helical
conformation. There are two main approaches for the cova-
lent attachment of polymers on carbon nanotubes, known as
grafting onto and grafting from. The former consists on
attaching polymer chains onto the surface of carbon nano-
tubes through the reaction with end or side functionalized
polymer chains. Unfortunately, the efficiency of the grafting
reactions is sometimes inaccurate due to the presence of
nongrafted polymer.'®' The grafting from relies on the
polymerization from the carbon nanotubes through the
immobilization of a polymer precursor at the particle

Journal of Polymer Science: Part B: Polymer Physics, Vol. 48, 1035-1046 (2010) © 2010 Wiley Periodicals, Inc.

EFFECTS OF THE CHARACTERISTICS OF THE NANOTUBES, ALBUERNE, BOSCHETTI-de-FIERRO, AND ABETZ 1035

1 LGES 1009

Q01 “010T ‘88+06601

sdyy woxy

tsdyy) suonipuo) pue swid [, 3y 93§ “[20g/21/17] uo Areiqry aunuQ A[Im “ 189 - K1pnoy) yeiied £q 76612°q10d/2001°01/10p/woo" Kfim-

10)/w09" K31 K.

P!

QSUSII SUOWIO) dATEAI) o[qearidde oy Aq pauIdA0S dIe SO[INIE Y $9SN JO SO[NI 10 AIRIqIT duIuQ) AJ[TAN UO (



JOURNAL OF POLYMER SCIENCE: PART B: POLYMER PHYSICS DOI 10.1002/POLB

surface.’® In this case, a series of prefunctionalization reac-
tions are required to covalently anchor groups capable to
initiate the polymerization. However, the concentration of
initiator groups and the final characteristics of the grafted
polymer (i.e, molecular weight and weight content) can be
tuned by the adjustment of the prefunctionalization reac-
tions. The most versatile technique used on the grafting of
polymer from carbon nanotubes (and other substrates) is
the controlled radical polymerization®**"*! because a broad
number of monomers is available, it generally does not
require an elaborated setup, and it accepts some level of
impurities on the carbon nanotubes and the reaction system.
There are diverse references regarding the grafting from car-
bon nanotubes where the control on the polymerization is
achieved by adjusting the concentration of monomer, initia-
tor, or deactivator.®?%313242 However, to the author’s knowl-
edge, the influence of the carbon nanotubes on the reactions
has not been discussed so far. In comparison, for silica nano-
spheres their influence has been previously studied, where
the success of the grafting polymerization was discussed as
a function of the sphere diameter;* and the characteristics
of the initiator groups attached at the surface.** The charac-
teristics of the carbon nanotubes and how they could affect
the surface functionalization has not been discussed until
now, mainly because they vary depending on the supplier
and the method of synthesis. Here, a comparison between
two commercially available multiwall carbon nanotubes
(MWCNTSs) subjected to functionalization reactions and their
influence on the grafting from of styrene is presented for the
first time. In this work, a multistep functionalization proce-
dure was chosen, where the carbon nanotubes have been
characterized after each reaction step as a function of their
characteristics and behavior after each reaction. Finally, the
factor that controls the content of grafted polystyrene has
been tuned and compared for the studied nanoparticles.

EXPERIMENTAL

Materials

MWCNTs were obtained from Bayer MaterialScience® (Bay-
tubes, purity >95%, internal mean diameter = 4 nm, exter-
nal mean diameter = 13-16 nm, length = 1-10 pm, number
of walls = 3-15, denoted MWCNTBMS%) and FutureCarbon
GmbH (purity >99%, internal mean diameter = 6 nm, exter-
nal mean diameter = 15 nm, length = 10-50 pum, number of
walls = 10, denoted MWCNTFCQQ). In the notation used here,
that is, MWCNT,?, the subscript x indicates the MWCNT man-
ufacturer and the superscript y the carbon purity of the
nanotube. Nitric acid (HNOs, 65% v/v), thionyl chloride
(SOCl;, >99%), ethylene glycol (EG), poly(ethylene glycol) of
200 g mol~! and 400 g mol ! (PEG200 and PEGyq, respec-
tively), 2-bromo-2-methylpropionyl bromide (2BriBr, 99%),
triethyl amine (Et3N, >99.5%), dimethyl amino pyridine
(DMAP, 97%), copper(l) bromide (CuBr, 99%), N,N,N',N',N-
pentamethyl diethylenetriamine (PMDETA, 97%), tetrahydro-
furane (THF), and anisole were used as received. Chloroform
(CHCl3) and styrene (S) were dried over calcium hydride
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(CaH,) and distilled before use. All the reagents were pur-
chased from Aldrich.

Oxidation of the MWCNTs

In a typical experiment, 1 g of MWCNT,” was dispersed in
40 mL of HNO3 in a round bottom flask. After 30 min of son-
ication at room temperature, the system was heated at 65 °C
for 48 h under continuous stirring. The dispersion was then
filtered and washed with copious amounts of distilled water
until the pH reached constant values. Finally, the oxidized
carbon nanotubes were dried at 60 °C under vacuum for
72 h.

Acid to Acid Chloride Conversion and

Esterification I: Glycol Spacer

The oxidized MWCNTs (400 mg) were chlorinated in the
presence of SOCIl, (28 mL) for 24 h at 65 °C. After reaction,
the dispersion was generously washed with THF filtered,
and dried at ambient temperature overnight. The acyl or
alkyl chloride functionalized MWCNTs were heated with dif-
ferent amounts of EG or PEG at 120 °C for 48 h. The
hydroxyl decorated carbon nanotubes were passed through a
Teflon® membrane (0.2 um pore size), washed with THF, and
dried for 48 h at ambient temperature. The products were
repeatedly dispersed, filtered, and dried. Details of the reac-
tion can be appreciated in Table 1.

Anchoring of Initiator Groups

The functionalization with initiator groups suitable for the
grafting of styrene was done following the work of Kong
et al.3! In a typical reaction (see Table 1, entry 1), hydroxyl
decorated MWCNTs (150 mg) were dispersed in CHCl3 (19.2
mL) with a catalytic amount of EtzN (228 uL) and DMAP
(29 pL). The system was immersed in a sonication bath for
10 min under Ar flow. Then, the dispersion was cooled
down in an ice bath and thrice vacuum filled with Ar. A
diluted solution of 2BriBr (210 uL) in CHCl3 (2.4 mL) was
added drop wise for ~1 h. The reaction was kept in the ice
bath for 3 h and after that at ambient temperature for 48 h.
After reaction, the carbon nanotubes grafted with initiator
groups were passed through a Teflon® membrane and
washed with copious amounts of CHCl;. The carbon nano-
tubes were redispersed, filtered, and dried three times. Ele-
mental analysis (atomic %): C, 92.25; H, 0.49; Br, 0.57. The
notation used is MWCNT,-Br, where the Br indicates the
anchoring of the initiator. Details of the reaction can be
appreciated also in Table 1.

Grafting from Styrene Under Atom Transfer

Radical Polymerization

In a Schlenk tube, MWCNTgys  -Br or MWCNTr"?-Br, 0.7
mol % of CuBr (respect to the monomer) and S were dis-
persed in anisole (4 vol % respect to the monomer) under
Ar flow for 60 min. After three freeze-pump-thawed cycles,
0.7 mol % of PMDETA (respect to the monomer) was added
and the tube transferred into an oil bath at 90 °C. When the
reaction was completed, the system was diluted in toluene
and precipitated in methanol. The precipitated sample was
filtered using a Teflon® membrane and dried for 48 h. After
drying, the polymer grafted carbon nanotubes were again
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TABLE 1 Experimental Conditions Used for the Esterification with Glycols and 2BriBr of MWCNTgms® and MWCNTEc

Esterification | (EG or PEG)?

Esterification Il Initiator Anchoring

Entry  Sample Type® [Glycol] (mol g~ ")P
1 MWCNTgc-Br! EG 1.3
2 MWCNTEc-Br? EG 1.3
3 MWCNTEc>-Br® PEGyo 1.3
4 MWCNTEc*-Br* PEGso 1.3
5 MWCNTEc>°-Br® PEGso 0.6
6 MWCNTEc*-Br® PEGso 1.3
7 MWCNTgc2°-Br’ PEGyo 1.3
8 MWCNTgws*®-Br' EG 1.3
9 MWCNTgus™-Br?>  EG 1.3

10 MWCNTgus®-Br*  PEGyo 1.3

1 MWCNTgus®™-Br*  PEGapo 1.3

[2BriBr] (uL mg~")°

[MWCNT] (mg mL~")¢

[Br] (mmol g7 )¢

1.4 6.5 0.07
2.7 6.9 0.13
28/ 6.9 0.22
5.4 6.9 0.24
2/ 6.0 0.04
2.7 6.9 0.14
2.7 6.9 0.08
1.4 15.6 0.08
2/ 16.0 0.62
1.4 15.7 0.36
1.4 15.6 0.15

2 EG: ethylene glycol; PEGago and PEGyoo: poly(ethylene glycol) of aver-
age number molecular weight of 200 g mol™' and 400 g mol™’,
respectively.

b Relation between mole of ethylene glycol or poly(ethylene glycol) and
MWCNT (g) used.

dispersed in CHCl3 for 24 h, filtered, and dried. This proce-
dure was repeated until no traces of polymer were collected
from the filtered solution by precipitation in methanol. The
polystyrene grafted carbon nanotubes are denoted
PS,,"MWNCNT,”, where the subscript w represents the
weight percent of polystyrene grafted, and the superscript q
represents the molecular weight of the grafted polymer (in
kg mol ™).

Characterization

Fourier transform infrared spectra (FTIR) were conducted
on a Bruker Equinox 55. The samples were dispersed in po-
tassium bromide (KBr) and compressed as disks. Thermal
gravimetric analyses (TGA) were carried out on a Netzsch
TG209 F1 Iris under constant Ar flow, at a rate of 20 °C
min~'. Scanning electron microscopy (SEM) studies were
performed on a Zeiss LEO Gemini 1550VP (1 kV). Samples
were carefully glued on conductive tape and sputtered with
a fine Au/Pd layer. Transmission electron microscopy (TEM)
observations were done on a Fei Tecnai G F20 (200 kV).
The samples were dispersed in CHCl3 or THF and dropped
on grids. Scanning force microscopy (SFM) images were
taken on a “Veeco” MultimodeTM AFM (NanoScope IV con-
troller) operating in tapping mode at ambient temperature.
Silicon TM AFM tips (model MPP-12100) with a free reso-
nance of 150 kHz and spring constant of 5 N m~! were
used. The carbon nanotubes were dispersed in CHCl3 (5%
w/v) for 24 h at ambient temperature. After 24 h, the dis-
persions were homogenized for 1 min with an ultrasonic
probe (Bandelin SONOPULS®, frequency = 20 kHz) and one
drop (5 uL) was placed on a cleaned polished silicon wafer.
The silicon wafers were previously cleaned in a water-satu-
rated UV-ozone atmosphere for at least 24 h. The viscosities
of the carbon nanotubes dispersions before and after the oxi-
dation reactions were measured using a Brookfield R/S rhe-

¢ Concentration of 2-bromo-2-methylpropionyl bromide (2BriBr, L)
respect to MWCNT (mg).

9 Relation between MWCNT (mg) and CHCl; (mL) used during the
reaction.

¢ [Br] determined by elemental analysis.

ometer. The experiments were performed at a constant rate
(500 s™!) for 2 min in a plate/plate geometry (C75-1). The
carbon nanotubes (1% w/v) were dispersed in ethylene gly-
col for 24 h at ambient temperature. Before the measure-
ments, the dispersions were then homogenized for 5 min
with an ultrasonic probe (Bandelin SONOPULS®, 20 kHz, am-
plitude = 50%).

RESULTS AND DISCUSSION

Oxidation of the MWCNTs

The scheme of the modification of MWCNTs is shown in Fig-
ure 1. A similar procedure has been adopted previously by
other groups.'29*% The reactions that lead to anchoring of
initiator groups able to initiate the polymerization of styrene
are based on well-known organic chemistry reactions. The
first step implies the oxidation of the pristine MWCNTs with
HNO3z. The FTIR spectra of the pristine and oxidized
MWCNTs can be appreciated in Figure 2. Many authors at-
tribute the signals between 1650 cm™! and 1540 cm™! to
the C=C stretching mode of the aromatic ring.**"*” Around
1460 cm~ ', the C—H bending alkyl vibrations can be
observed. Besides these signals, other features in the pristine
MWCNTs are interesting. A clear C—H stretching vibration in
the vicinity of a carboxylic group (~1430 cm™ ') and a rock-
ing vibration (~1380 em ) could indicate the presence of
quinones and aldehydes, respectively. The C=0 vibration in
both cases might be overlapped with the stretching mode of
the aromatics. Another feature around 1160 cm™ ! is related
with the C—O0—C stretching from aromatic esters. The
described bands show that the MWCNT skeleton is not just
composed of crystalline graphene layers but have also
defects coming from the synthesis or the rest of catalyst.
These imperfections might have consequences on the prop-
erties of the MWCNTs, however, they may also represent an
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FIGURE 1 Schematic representation of the surface modification reactions carried out on MWCNTSs.

advantage if reactions on these “weak points” can improve
the dispersion of the MWCNTs in solvents or polymers. After
oxidation, a C=0 stretching vibration related with esters is
easily identified for the MWCNTgc?® (1710 cm™1).*® In the
case of the MWCNTgys >, the C=0 vibration is located at a
lower wavenumber (broad peak) that would indicate the
presence of carboxylic acid,*® and a relative increase in the
intensity at 1575 cm ™' is observed. This signal might be
related with a keto-enol tautomerism. One interesting change
due to the oxidation reaction is the appearance of a strong
signal in MWCNTs from both suppliers around 1380 cm™ .
The assignment could be related again with the C—H rocking
vibration of aldehydes, but this would imply a stronger sig-
nal at around 1700-1650 cm™ %, which is not observed. A
second and more probable explanation could be the forma-
tion of phenols which present such strong signal due to the
combination of O—H and C—O deformation vibrations. The
oxidation favors the formation of phenol groups in MWCNTs
from both suppliers; ester groups seem more favorable in
case of the MWCNTg’?, whereas in the case of the
MWCNTgus” the presence of ketones and carboxylic acid
groups is predominant. The formation of carbonyl and
hydroxyl groups at MWCNTs after the reaction with HNO3
(and other carbonaceous fibers)50 has been widely described
by other groups using different characterization techni-
ques,*®51-55 where a qualitative increase in FTIR signal in-
tensity in the region of the carbonyl or hydroxyl groups is
associated to a discrete increase on the concentration of oxy-
gen atoms at the surface of the carbon nanotubes. This in-
crement has proven to be satisfactory for further reactions
of the carbon nanotubes with small molecules® or with
polymer chains.>*>¢

It is known that, to obtain high concentrations of carboxylic
acid groups (or their derivatives) on carbon nanotubes, treat-
ments more aggressive than the one used here are required,
such as combinations of HNO3 with stronger acids (like sul-

1038

furic acid) or air oxidation at high temperatures.’®>*57:58

Such treatments lead to the destruction of the graphitic
structure, reduction on the carbon nanotube length, disag-
gregation of nanotube bundles, and improvement of the dis-
persion of the carbon nanotubes in organic solvents. The
aim of the chosen acid treatment was to preserve the carbon
nanotubes by attacking defects already present in the struc-
ture and to dissolve the catalysts and the synthesis by-prod-
ucts (e.g, amorphous carbon), without cutting the length of
the nanotubes or loosing any of the walls.*® Figure 3 shows
transmission electron microscope images of the pristine and
oxidized MWCNTgms”>. The rest of catalyst or amorphous
carbon is evidenced in Figure 3(a) on the left side of the

Absorbance (a.u.)

1950 1800 1650 1500 1350 1200 1050 900

Wavenumber (cm™)

FIGURE 2 Fourier transform infrared spectra of MWCNTs from
different sources before and after the oxidation reaction: (a)
pristine and (b) oxidized MWCNTBMS%, (c) pristine and (d) oxi-
dized MWCNTg®.
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FIGURE 3 Transmission electron micrographs of (a) pristine and (b) oxidized MWCNTgus®®. Scale bar = 100 nm, insert = 10 nm.

image. These amorphous aggregates were not found on any
of the images after the treatment with HNOs. Zhang et al.>3
also reported the decomposition of the catalyst or amor-
phous carbon under comparable reaction conditions. In addi-
tion, TEM images show that the numbers of walls are pre-
served (see inserts in Fig. 3). In the case of the MWCNTgc"?,
catalyst residues were not appreciated in the pristine sample
during the observations (results not shown). Some pioneer-
ing works have proposed correlation models between the
nanotubes length against reaction time for different oxida-
tion systems on SWCNT.>”5° Unfortunately, these results can-
not be directly correlated to the ones presented here
because the oxidation depends on factors related with the
number of walls, purity, synthesis process, and source of the
carbon nanotubes.” A systematic study is required to under-
stand the effect of the oxidation on identical MWCNTs
exposed to mild and aggressive oxidation conditions.

Acid to Acid Chloride Conversion and

Esterification I: Glycol Spacer

Further reaction between the oxidized carbon nanotubes and
thionyl chloride leads to the formation of alkyl and acyl chlo-
ride groups. Experimental and theoretical evidences have
shown that carbon nanotubes could also absorb thionyl chlo-
ride and the presence of moisture gives rise to by-products
that could form C—Cl bonds on the structural defects.*® The
acyl or alkyl chloride groups are highly reactive and can fur-
ther form esters or ethers, respectively, in the presence of an
alcohol. Glycols of different molecular weights were used in
this work. These o,w-dihydroxy-functionalized telechelics will
be used as spacers between the carbon nanotubes and the
initiator moieties necessary for the grafting from of styrene.
While increasing the glycol molecular weight from 62 g
mol~! (ethylene glycol) to 400 g mol~?, the weight loss
between 100 °C and 500 °C (determined by thermal gravi-
metric analysis) increases from ~5% to more than 12%, in

the case of the MWCNTgc”° and from 5 to 18% in the case
of the MWCNTgys>", as can be appreciated in Figure 4.

The MWCNT source also has an effect on the reaction
product; since it was observed that the grafting content of
ethylene glycol on MWCNTgys” is almost the double of the
content obtained on MWCNTg.’’. On the one hand, the
concentration of reactive groups on MWCNTBMS95 and
MWCNTg? could explain the difference in grafting effi-
ciency; however, the characterization techniques available for
the determination of the concentration are still not reliable.
On the other hand, the difference in grafting could also be
attributed to the differences in the dimension of the carbon
nanotube and the quality of the dispersion during the reac-
tion. The contour length of the pristine and the oxidized
MWCNTs were examined by scanning force microscopy
(SFM). The distribution of the MWCNTs contour lengths can
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FIGURE 4 Glycol grafting content (left axes, filled symbols) and
concentration of hydroxyl groups (right axes, open symbols)
versus glycol molecular weight for MWCNTgus®® (®, O) and
MWCNTg:™ (m, ).
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FIGURE 5 Carbon nanotube length distribution (nm) of (a) pris-
tine MWCNTSs and (b) oxidized MWCNTSs, calculated from SFM
phase images. Filled bars (black) correspond to MWCNTgps®®
and contour bars (orange) correspond to MWCNTgc®.

be appreciated in Figure 5. Approximately one hundred inde-
pendent length measurements were done on each case, from
different positions on several silicon wafers.

Although the reported information in the technical data
sheets of the products indicates that the MWCNTgys”° are
on average shorter than the MWCNTyc"?, the results in Fig-
ure 5 show the contrary. The length distributions of the pris-
tine carbon nanotubes are 370 = 60 nm and 225 * 30 nm,
for MWCNTBM595 and MWCNTg?, respectively. It has to be
pointed out that just the carbon nanotubes dispersed on the
silicon wafers were taken into account for the measure-
ments, longer carbon nanotubes than the ones measured
could not be identified on any of the images taken. Longer
carbon nanotubes are probably present on the samples
included inside the aggregates. The ultrasonic probe was
used to disaggregate the carbon nanotubes before dropping

1040

the dispersion on the silicon wafer. The ultrasonic treatment
could induce the cleavage of the carbon nanotubes, espe-
cially if the graphitic structure has defects. In any case, com-
parison can be made between the MWCNTgys”® and the
MWCNTg:?® because the carbon nanotubes were dispersed
under the same conditions. After the acid treatment, the
population of carbon nanotubes with shorter lengths
decreases in both cases, which evidences that the HNO; is
also able to disrupt the carbon nanotubes. The carbon nano-
tube length distribution is slightly shifted to higher values af-
ter the acid treatment, which could indicate that the reaction
unbundles longer carbon nanotubes from the aggregates.

Although the SFM measurements give an indication of the
length of the isolate carbon nanotubes, the viscosity of the
dispersion of carbon nanotubes could give evidences of
the state of aggregation of the nanoparticles. Table 2 shows
the viscosity of the dispersion of MWCNTs in ethylene glycol
before and after the acid treatment. The viscosity of the
MWCNTs dispersions in ethylene glycol increases after the
acid treatment. The viscosity of the dispersion of
the MWCNTgc®? is more than two times higher than the
MWCNTBMS%. This difference could be associated to the
structure of the aggregates. It is known that the synthesis
process of the MWCNTgys” leads to the formation of highly
bundled nanoparticles, whereas the synthesis of the
MWCNTg:?® leads to more loose aggregates. The results
obtained could indicate that the highly aggregated MWCNTSs
have a minor influence on the viscosity of the dispersion
whereas, on the contrary, the loose aggregate structure
increases the relative viscosity of the dispersion. The
increase in viscosity can be associated with the disaggrega-
tion of the MWCNTs that leads to the presence of longer car-
bon nanotubes or looser aggregates in the dispersion. It has
to be mentioned that the error on the measurements
increases for the oxidized carbon nanotubes. This might indi-
cate that the treatment on the nanoparticles depends on the
state of the particle in the dispersion and the experimental
conditions used. For example, it could be expected that the
HNO;3; oxidize faster nanoparticles with more structural
defects or might easily unbundles loose agglomerate than
compact ones. Also, the variation of the conditions of the
acid treatment could lead to the homogenization of the nano-
particles (e.g., dispersion of isolate particles or homogeneous
size of aggregates), however, the conditions used on this
work were meant to evaluate the difference between carbon

TABLE 2 Viscosity of the Dispersion of MWCNTs
in Ethylene Glycol (1% w/v)

Sample Description n (MPa s)
Ethylene glycol 17 =1
MWCNTgpms®® Pristine 63 + 1
Oxidized 75 =10
MWCNTc%® Pristine 154 + 1
Oxidized 280 + 70

Values obtained at 500 s~ .
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nanotubes. Nevertheless, the mean values of the viscosities
obtained after the acid treatment can be very well differenti-
ated and increases ~20% and 80%, in the case of the
MWCNTgys”® and MWCNTgc®, respectively. Under the previ-
ous assumptions, the oxidation reaction using HNO3 unbun-
dles more efficiently the MWCNTg.’® compared to the
MWCNTgys ™. It is expected then that the low viscosity of
the dispersion containing the acyl and alkyl chloride func-
tionalized MWCNTgws’® favors the grafting reaction more
than the dispersion containing the acyl chloride functional-
ized MWCNTg"?. However, the relative low increase in vis-
cosity of the dispersion of MWCNTgys ® after the oxidation
reaction might indicate that the disaggregation of these car-
bon nanotubes during the functionalization reactions is more
difficult compared with the MWCNTFng, as a consequence,
the functionalization of the MWCNTgys > probably takes
place rather on the surface of aggregates than on isolated
carbon nanotubes.

Previous works have shown that noncovalent adsorption
of poly(ethylene glycol) may occur during grafting.?*®!
Although the reactions have been performed at high concen-
tration of the glycols and in the absence of solvent, the
poly(ethylene glycol)s used have relative low molecular
weights, and due to the thorough washing processes no or
negligible adsorption should be present.® From the differ-
ence in weight loss between the MWCNTs after the acid
treatment and after the grafting onto reaction of the glycols
and the molecular weight of the glycols, one can estimate
the concentration of hydroxyl groups ([OH]). This value is
presented in the right axis in Figure 4. In the case of the
MWCNTgys”>, the [OH] decreases dramatically when the gly-
col molecular weight increases. This suggests that even
when the grafting content of the glycols increases with the
molecular weight, the relative concentration of terminal
hydroxyl group decreases. In the case of MWCNTg:"?, the
[OH] is lower compared with the MWCNTgys”> and inde-
pendent of the glycol used, in the range of molecular weights
used in the present study. Then, the MWCNTs can be more
easily dispersed in organic solvent because of the longer
grafted chains, but have fewer functional groups available
for the successive reactions.

The difference in [OH] between the MWCNTBMS95 and the
MWCNTgc”? can be attributed to different factors. The con-
centration of acyl (or alkyl) chloride groups present on the
MWCNTgys” and the MWCNTgc”? could be responsible for
the difference of the grafting onto of the glycols, unfortu-
nately, these differences are difficult to quantify using any of
the existing characterization methods. The contour length of
the MWCNTSs estimated by the SFM measurements (Fig. 5)
showed no marked difference between the dispersed nano-
particles that could infer any influence on the reaction effi-
ciency.® However, the viscosity of the dispersion containing
the MWCNTs seems to play a role on the grafting efficiency.
The low viscosity of the dispersion of MWCNTgys”® during
the reaction might increase the accessibility of the hydroxyl
groups to the acyl (or alkyl) chloride groups compared with
the MWCNTg.
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FIGURE 6 Fourier transform infrared spectra of MWCNTSs after
different sequential modification steps (a) PEGuo grafted
MWCNTec?, (b) MWCNTEc?-Br?, (c) PS4,°MWCNTe®, and (d)
PSgs2*MWCNTE.

A representative infrared spectrum of the MWCNTs after
grafting of PEGyo is presented in Figure 6. Even though the
symmetric C—H stretching of the methylene groups is diffi-
cult to identify due to the alkyl groups of the MWCNTs, the
C—H stretching deformations at ~1420 cm™' and the
C—0—C stretching deformation at 880 cm ' are evident.
These indicate the success of the reaction. An asymmetric
C—H deformation is observed for this sample at 2970 cm™?,
which is only observed clearly in MWCNTs modified with
poly(ethylene glycol) of 400 g mol~’. The occurrence of any
noncovalent interaction can be ruled out, since there is no
evidence of the methylene groups related with nongrafted
poly(ethylene glycol) at 2890 cm™1.%°

Esterification II: ATRP Initiator

The infrared spectrum after anchoring the initiator groups
for the controlled radical polymerization to the MWCNTSs is
also shown in Figure 6. The carboxylic acid stretching vibra-
tion located at 1740 cm™! indicates the successful grafting
of the initiator. Table 1 shows the initiator concentration
estimated by elemental analysis. The reaction conditions
were optimized to obtain comparable results of anchored ini-
tiator concentration [Br] for the MWCNTs from both used
sources as a function of the 2BriBr concentration, as can be
seen in Table 1 (entries 1 and 8). For this reason, the esteri-
fication reaction on the hydroxyl modified MWCNTg?? was
carried out at higher dilutions. Figure 7 shows the distribu-
tion of the average contour lengths of two MWCNTs with a
comparable concentration of initiator. The length distribution
of the MWCNTs shorter than ~1 pum does not appreciably
change with respect to the values obtained after oxidation,
however, longer carbon nanotubes could be found on the
samples after the esterification, which confirms the assump-
tion that the functionalization reaction helps to disaggregate
the MWCNTs. In addition, longer carbon nanotubes were
found in the sample MWCNTgc?%-Br® than in the sample
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FIGURE 7 Length distribution (nm) for MWCNTSs after the graft-
ing of the ATRP initiator. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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MWCNTgys >-Br.* This could also be an indication that the
MWCNTgc” are effectively longer than the MWCNTgys” and
that they are easier to disentangle due to the looseness of
the aggregates.

In the case of the ethylene glycol modified MWCNTs, the
anchored initiator concentrations shown in Table 1 for
MWCNTgys”® and MWCNTg’ are comparable when low
2BriBr concentrations are used. By increasing the concentra-
tion of 2BriBr, the [Br] increased in both cases, though it is
five times higher for the MWCNTgys”® (0.62 mmol g~ ') than
for MWCNTgc?® (0.13 mmol g 1). To the authors’ knowledge,
the [Br] obtained for the MWCNTgys”® under the described
conditions is the highest value found on the grafting of initia-

tor for surface initiated radical polymerizations on carbon
nanotubes, 327.28:30,31,33,38,42,64,65

The use of poly(ethylene glycol) spacers also affects the
anchoring of the initiator. Under the same experimental con-
ditions, the highest [Br] concentration is found on the
MWCNTs grafted with PEGyqq, followed by PEG4oo and EG.
Two effects are involved in this behavior. On the one hand, it
was previously discussed that the concentration of hydroxyl
groups decreases if the molecular weight of the spacer
increases (shown in Fig. 4) in the case of the MWCNTBMS95,
whereas the concentration is rather low in the case of the
MWCNTgc?. On the other hand, the stability of the carbon
nanotube dispersions in organic solvents improves with the
increment in spacer chain length, as well as the mobility of
the hydroxyl end-groups. Therefore, as the molecular weight
of the spacer increases, the esterification reaction takes place
under conditions that resemble more those of a homogene-
ous reaction, which increases the feasibility of the reaction.
Consequently, the observed tendency results from the com-
petition between these two effects: the lower [Br] on the
PEGy409 modified carbon nanotubes is assumed to be due to
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lower hydroxyl concentration, whereas the lower [Br] on the
EG modified MWCNTs is attributed to the heterogeneity of
the reaction.

ATR Polymerization

Styrene (S) was chosen as a monomer for the grafting from
the initiator anchored MWCNTs under controlled radical
polymerization conditions. The results are summarized in
Table 3. The decoration of carbon nanotubes and other sub-
strates using this monomer has been well documented.*®¢6-¢8
Styrene is able to solubilize its polymer, shows slower poly-
merization rate than other available monomers [i.e, meth
(acrylates)],*” and thermally polymerizes under the experi-
mental conditions described.** These characteristics allow the
study of the grafting without nonbonded initiators (free initia-
tor), or deactivator (e.g., CuBr,)’° and with reduced quantity
of solvent, which may complicate the analysis. In the styrene
grafting from polymerization reactions, some free chains are
always generated in solution, which promotes the termination
in the reaction medium rather than within the active species
attached to the substrate, and supports a controlled polymer
growth in the sense that crosslinking between different nano-
particles will unlikely occur. This has been described previ-
ously on polymerization from silica nanostructures.*>772

The infrared spectra of polystyrene (PS) surface grafted
MWCNTs under different reaction conditions are also shown
in Figure 6. The bands corresponding to the polymer are
clearly evident when the polymer content is over 70 wt %,
for example, the = C—H stretching vibrations between 3100
and 3000 cm %, the ring stretching vibration at ~1600
cm™?, the overtones between 2000 and 1660 cm™?, and the
C—H out-of-plane vibration and ring out-of-plane deforma-
tion located at 760 cm™* and 690 cm™?, respectively. Nuclear
magnetic resonance (*H NMR) measurements also support
the presence of the grafted PS at the MWCNTs (results not
shown). High polymer content is required also for the H
NMR measurements, because the magnetization of the
MWCNT promotes first the aggregation and then the sedi-
mentation of the nanoparticles during the measurement.

Scanning electron micrographs are presented for a represen-
tative group of samples in Figure 8. Qualitatively, the PS
grafted MWCNTs are similar, independent of the source
(MWCNTBMS95 or MWCNTFCQQ). The scanning electron micro-
graphs show that if the polymer content is below 50 wt %,
the aspect ratio of the MWCNTs does not discern from the
one of unmodified filler. When the polymer content is lower
than ~20 wt % it is possible to analyze the sample without
being sputtered, which indicates that the MWCNTs preserve
their electrical conductivity characteristics after modification.
This might represent an advantage in applications like con-
ducting polymer films, where the preservation of the electri-
cal conductivity in the nanofillers is required and a relatively
good dispersion ensures a low MWCNTSs percolation thresh-
old in the nanocomposite. The samples with polymer content
higher than 50 wt % present a more homogeneous structure,
where the nanotubes look like they are embedded in
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TABLE 3 Conditions and Polymer Content on the Styrene Grafting from Reaction on MWCNTgns®® and MWCNTEc™
St?
fos® Mh 16a°

Entry Sample Source (Wt %) (mol %) tn (h) (Wt %) (kg mol™") T4 (°C)
1 PS19°MWCNTgc* MWCNTgc*-Br’ 30 4,000 20.0 18.8 3 352
2 PSo'MWCNTgc?® MWCNTgc%°-Br? 30 2,200 20.1 9.0 1 272
3 PS;,"MWCNTg.* MWCNTgc?°-Br? 30 1,300 20.2 11.4 1 344
4 PS4 MWCNTg:® MWCNTgc%-Br* 30 1,200 20.1 44.1 3 375
5 PSgs2*MWCNT: MWCNTgc%°-Br# 120 4,700 19.4 85.2 24 410
6 PS5 °MWCNT(™ MWCNT(c%°-Br® 30 6,700 23.7 28.1 10 361
7 PS,,’MWCNTg:® MWCNTgc*-Br® 30 2,100 20.1 22.0 2 348
8 PS15°MWCNTE:>® MWCNTgc%-Br’ 30 3,800 20.0 12.8 2 335
9 PS,5*MWCNTE:® MWCNTgc*-Br’ 60 7,700 20.0 22.5 4 356
10 PS3:°MWCNTE:*® MWCNTgc%-Br’ 120 15,400 20.1 30.6 6 371
1 PS3,°MWCNTE:® MWCNTgc*-Br’ 120 15,400 20.2 32.0 6 370
12 PS112MWCNTgc>® MWCNTgc%-Br’ 30 3,800 20.2 1.1 2 331
13 PS3s’MWCNTgps®® MWCNTgps*®-Br' 30 3,400 21.0 34.4 7 393
14 PS43'°MWCNTgums® MWCNTgys®-Br' 30 3,400 26.0 43.4 10 394
15 PS,;""MWCNTgums®® MWCNTgys®-Br' 60 6,800 20.0 47.1 1 396
16 PSg12°MWCNTgums®® MWCNTgus*>-Br? 30 430 20.0 91.3 20 420
17 PSgs°MWCNTgps® MWCNTgus*>-Br? 60 870 18.0 84.7 9 418
18 PS;0*MWCNTgps® MWCNTgus*®-Br? 60 870 7.0 70.4 4 406
19 PSgs'’MWCNTgums®® MWCNTgus*>-Br 30 740 20.0 85.8 17 410
20 PS40’ MWCNTgms® MWCNTgus*-Br? 30 2,900 20.1 49.1 7 387

2 Weight and mole percent of styrene respect to the MWCNTSs.
b Polystyrene grafting content.

polymer. This effect has been previously observed by other

From the transmission electron micrographs (shown as
inserts in Fig. 8) one could assume that the graphitic-like
structure of the nanotubes is preserved after all the func-
tionalization reactions. The grafting of polymer takes place
along the MWCNTSs, not just on their tips, where the highest
initiator concentration is supposed to be due to a major con-
centration of defects. However, as previously discussed, the
infrared analysis on the pristine MWCNTSs shows that defects
are present along the structure. These potentially reactive
locations enable the distribution of initiator groups along the
MWCNTs.

The quantity of polymer grafted on the MWCNTs from both
sources could be controlled by adjusting the weight ratio
between the monomer and the nanofiller as a function of the
initiator concentration. The results are summarized in Table
3. The weight ratios used in this work are comparable to the
experimental conditions presented in other studies,***?
although there is lack of agreement throughout the
literature.?%3%31

The results presented in Table 3 show that, in general,
higher polymer content is obtained for the initiator anchored
MWCNTgys”® than for MWCNTgc??, when the grafting takes
place under similar reaction conditions. The observed dis-
crepancies are believed to depend on the intrinsic character-

© Average molecular weight of the grafted polystyrene, calculated from TGA.28
9 Decomposition onset temperature calculated from TGA data.

istics of the carbon nanotubes used here. For example, in the
case of the samples PS;o>MWCNTg*° and PS3,’MWCNTgys >
(entries 1 and 13), the polymer content for MWCNTgys”® is
almost twice of the one obtained for MWCNTgc"® under com-
parable reaction conditions. The interplay of two factors
explains this difference. First, the distribution of anchored
initiator along the MWCNTs varies with the location of the
structural defects, which is predetermined from the carbon
nanotubes synthesis. If the initiator moieties are close to
each other, coupling or deactivation reactions will compete
with the propagation of the living chain. This could be
related with the critical conversion of coupling (CCC),® where
not just the electronic properties of the carbon nanotube
may affect the polymerization, but also the location of the
growing chain could induce coupling reactions. Second, as
discussed before, the viscosity of the dispersions containing
MWCNTgys® is lower than the dispersion prepared with the
MWCNTgc?® due to the presence of relative compact aggre-
gates and shorter carbon nanotubes. For this reason, the
overall polymerization rate could be higher or a major reac-
tion yield could be reached with the MWCNTgus °-Br.

If the monomer to MWCNT weight ratio is kept constant, the
amount of grafted polymer increases with the concentration
of initiator anchored on MWCNTgys”® and decreases for the
initiator anchored on MWCNTgc”°. The competition between
polymer conversion, initiator concentration, and dispersion
of the MWCNTs might explain these results. Short polymer
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FIGURE 8 Scanning and transmission (inserts) electron micrographs of MWCNT grafted with PS, synthesized under the conditions
indicated in Table 3. (a) PSg'MWCNTEc®, (b) PS4°MWCNTE®, (c) PS70*MWCNTgus™, and (d) PSg;2?MWCNTgys®®. TEM scale bar

=20 nm.

chains grafted from apparent shorter and more aggregated
carbon nanotubes increase less dramatically the viscosity
during the grafting from polymerization than apparent lon-
ger and less aggregated carbon nanotubes, as is the case of
MWCNTr?>-Br. As a result, the grafting reactions on
MWCNTgys >-Br take place probably for prolonged times
before the increase in viscosity decreases the propagation
rate of the reaction, and this results in higher polymer con-
tents. This behavior has been previously observed in the lit-
erature, although a clear correlation with the results pre-
sented here is not possible since no data is given regarding
the length of the carbon nanotubes.*?

The dispersion plays an important role on all the carbon
nanotubes functionalization reactions. Before grafting, both
MWCNTBMsgs-Br and MWCNTchg-Br are dispersed in the
monomer. To obtain optically homogeneous carbon nanotube
dispersions before the start of the polymerization, the mini-
mum feasible monomer-to-nanofiller weight ratio found was
30 to 1; lower ratios lead to highly viscous dispersions
before the start of the reaction. In the case of the
MWCNTg:?®, the variation of the monomer-to-nanofiller
weight ratio influences the content of grafted polymer. For
example, increasing four times the monomer concentration
with respect to MWCNTgc?°-Br’ (Table 3, Entries 8-11) the
polystyrene weight fraction increases ~2.4 times. The low
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solution viscosity due to the high concentration of monomer
at the beginning of the reaction enhances the access of the
monomer to the propagating radical and extends the reac-
tion time. The carbon nanotubes dispersion improves during
the polymerization reaction due to the growing chains, but
the viscosity rises due to the monomer consumption.
Then, the reaction will be controlled until the dispersion is
hindered by the monomer consumption, the surface confine-
ment between nanotubes will limit the propagation and
coupling or disproportions might end the reaction. As the
conversion of monomer advances, the viscosity rises and
promotes the filler reaggregation, so that the deactivation of
the growing radical is favored (as described above).

A common trend on the MWCNTs from both sources after
ATRP reactions is the increase in grafted polymer content
with the monomer concentration. The increase in polymer
content with the monomer concentration has been also
reported on MWCNTs®! and other confined systems.”! These
observations can be correlated to the transmission electron
micrographs (inserts in Fig. 8). If one assumes that the dis-
tribution of initiator moieties is homogeneous along the sur-
face on both MWCNT sources, the polymer layer is relatively
thinner for the PS4;°MWCNTg?® than for the sample
PS912°MWCNTgys . This is in agreement with other sys-
tems, where the polymer grafting depends on the
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nanoparticle surface area and its influence on the polymer-
ization kinetics.*?

Another possibility to control the polystyrene content in
the MWCNTgc?® is by varying the length of the glycol
spacer. As can be observed in Table 3, for comparable mono-
mer to MWCNTgc”° weight fractions and initiator concentra-
tion, the polystyrene grafting content doubles when ethylene
glycol and PEG49o are compared (PSglMWCNTpcgg and
PSZZZMWCNTFC%) and increases four times when PEG;qq
is compared against PEGggo (PSlllMWCNTFC(’g and
PS443MWCNTFC99). A polymer content over 80 wt % can be
obtained with the MWCNTg?® by choosing the right combi-
nation between glycol spacer, initiator concentration, and
monomer to carbon nanotube ratio (e.g, PSgs2*MWCNTR:,
entry 5 in Table 3). From the obtained results one can
deduce that the PEG4oo chain length promotes a more stable
dispersion and lower the viscosity of the reactions compared
to the other glycol spacers used, which increase the polymer
grafting weight content through the increase in the polymer-
ization rate or the increase of the yield during the time of
the polymerizations.

CONCLUSIONS

Two commercially available MWCNTs were grafted with
polystyrene after successive functionalization reactions. The
grafting from polymerization of styrene was performed
under atom transfer radical polymerization conditions. The
purity and the dimension of the MWCNTs influence the
grafted polystyrene content. The MWCNT with relative
tighter aggregates and with apparent shorter length
(MWCNTgys”®) showed a higher polystyrene weight content
than the relative longer, less aggregated carbon nanotubes
(MWCNTg:?®), with comparable initiator concentrations. The
presence of tight aggregates and shorter nanotubes
decreases the viscosity of the dispersion during the function-
alization reactions, which may enhance the propagation of
the growing polymer chain before the polymerization slows
down due to high monomer conversion. However, higher
polymer contents can be achieved with the MWCNT*° with
the right combination of poly(ethylene glycol) spacer, con-
centration of the anchored initiator, and monomer to carbon
nanotube weight ratio.
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