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ABSTRACT: Single-walled carbon nanotubes (SWNTs) with high covalent bonding density of polymer layers
have been prepared by a “grafting to” approach, where the benzyl chloride groups of styrene copdyrers (

47 600) reacted with the alkyne groups on SWNTs under relatively mild conditions, resulting in a higher grafting
efficiency, as high as 81 wt % of (TGA). Microscopic observations clearly displayed the uniform, thick polymer
layers formed on the SWNT surface. The high density of covalent bonding between polymer and nanotubes was
confirmed by Raman!H NMR, and FTIR, which makes them well dissolved in organic solvents and
homogeneously dispersed in polymer matrices. The in sita-U¥ observations during the dissolution indicated

that for such a multifunctional system almost no cross-links occurred between SWNTs due to the physical absorption
and steric hindrance of polymer chains during the functionalization of SWNTSs. The functionalized SWNTSs exhibited
a pronounced effect on the mechanical properties of polystyrene composites. Only 0.06 wt % of SWNTSs resulted
in 82% and 78% of increases in tensile strength and elastic modulus of the composites, respectively, indicating
an efficient interfacial stress transfer between SWNTs and polymer.

Introduction crystalline polymers increased with increasing interfacial chemi-

Single-walled carbon nanotubes (SWNTS) are deemed to beCal cross-link$:” In addition, enhanced interfacial bonding
an ideal candidate as advanced filler materials in high- contributes to the improvement of the fracture behavior of
performance nanocompositefter nearly a decade of effort, nanocomposites. As the crack reaches the nanotube surface,
however, the potential of SWNTs has not been fully realized; more covalent bondings can effectively inhibit the propagation
typically the mechanical properties of polymer nanocomposites of the cracks along the nanotulfess a consequence, a rational
still fall short of their theoretically predicted values. To optimize interface design is becoming more and more important for taking
the final properties of nanocomposites, considerable work is full advantages of nanotubes in polymer materials.

focused on the interfacial molecular engineering of SWNTS,  |ncreasing the covalent bonding density and molecular weight
aiming at improving their dispersion in various host materials of polymers grafted on the SWNT surface is desirable to

and state of interaction with organic macromolecél&s.date, optimize the mechanical properties of SWNfolymer com-
two classes of main routes have been well established |nclud|ngposites;,2 The chemical bonding will introduce defects and

.cc;vale?.t S|S4e\|/\t/alrl]grafl';|ng reactlllo?rsnd nqncgv?Ler;t (t-:a(ohetdral decrease the strength of SWNTSs, e.g., theoretical calculations
Icnh:r?i% zlaclmb(.)n din asat gs\?Nwe olr?r?grg?rﬁsrfacez maiez rf%rrlg predicted~15% of decrease in the maximum buckling force
s 9 TFepoly . of nanotubes due to covalent functionalizati8mwever, the
efficient load transfer from polymer matrix to SWN73. : _
. . bulk mechanical performance of composites largely depends
The chemical bondings govern the load transfer between on the interfacial stress transfer efficiency rather than exclusivel
SWNTs and matrix and thus determine the mechanical proper- the st th of SWNTs. R i Cyl t al " ty
ties of nanocomposites to a large extent. For a given diameteron” € Sé?r:jg h 0 ﬁ fs'h %C?n Y, -0 e(;nan(;aba. iys ?m";} -
of SWNTs, its interfacial stress, can be written & cally studied the effect of the defects introduced by chemically
bonding on the mechanical properties of carbon nanetube
T =1+ aV/ar 1 polymer nanocomposité8. Significant increases in Young’s
it = To el ) (1) modulus were observed in all the cases, whether or not the
nanocomposites contain a large amount of defects. It has been
attributed to the fact that the polymenanotube interfacial stress
transfer is so low, typically less than 50 MPathat the full
potential of nanotubes might never be achieved. In addition,
viscosity for interfacial sliding, which is closely related to the a0 and Haddon etal. demonstrated that the Young’s modulus

strength of interfacial bonding and to some extent reflects the 2nd tensile strength of nylon-6 composites increased 80% and
efficiency of load transfer. Recent molecular simulations and 43%; respectively, as the concentration of carboxylic acid groups
experimental observations have showed some support to the®? SWNT surface increased to 6.8% from 0.8%pparently,
above interfacial viscositystress relationship, where the in- it is still a critical issue for the current case how to achieve
terfacial shear strength between SWNTs and amorphous/efficient interfacial stress transfer in developing high-perfor-
mance polymer materials, which may play a key role in

* Corresponding authors: Fax86-21-6564-0293; Tel 86-21-55664589; ma>§imizing the mechanical properties of SWNT-based com-
e-mail hongbinl@fudan.edu.cn, yuliangyang@fudan.edu.cn. posites.

wherety is the initial threshold or critical stress upon pulling
out a single nanotube from a polymer matrix ahdor is the
strain rate Y is the velocity of a nanotube amds the pull-out
displacement along the nanotube directigny.is the effective

10.1021/ma062103t CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/04/2007



Macromolecules, Vol. 40, No. 9, 2007

For the covalent functionalization of SWNTSs, two strategies
have been well established, i.e., “grafting from” and “grafting
to” approaches:? The former allows high bonding density, the
amount of grafting polymers even as high as 70 wt %, but
control over the molecular weight and architecture of grafting
polymers might be difficult. In contrast, the latter is a modular
approach in which polymers can be prepared prior to the grafting
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by continuous stirring for 24 h in concentrated hydrochloric acid
at room temperature. After thorough washing with a large amount
of deionized water, the obtained SWNTs were dried at’IDQnder
vacuum overnight and then used for further functionalizations.
Preparation of APA-SWNT.2° 8 mg of SWNTs was sonicated
for 10 min in 10 mL of 1,2-dichlorobenzene (ODCB) in an ice/
water bath. To this suspension was added a solution of the
p-aminophenylalkyne (APA) (2.6 mmol, 4 equiv/mol of carbon)

step, and thus their molecular size and architecture can be welliy 5 mi of acetonitrile. After transferring to a septum-capped

controlled. Various polymers have been successfully grafted
onto the nanotube surface via the “grafting to” strategy involving
radical couplingt? nitrene additior#? click coupling32 nucleo-
philic reaction of polymeric carbanioi®,and reactions with
carboxyl groups on oxidized SWNT&Typically, however, the
grafting density of SWNTSs via the “grafting to” approach is
low due to the steric hindrance of polymer chains, and
furthermore, the grafting reactions require harsh conditions, e.g.,
high temperature and long reaction times. In addition, the
molecular weight of grafting polymers in the literature is often
not high enough, e.gM, < 20 000, which is favorable for the
dispersion of SWNTs in polymers, but they are probably too
short to form sufficient entanglements with the bulk polymer.
In a recent work, polystyrene witti, ~ 30 000 has been grafted

to multiwalled carbon nanotubes (MWNTs) by a TEMPO
radical approach, but again, a low grafting density (only
24 wt %) was obtaine#f. Obviously, in the existing “grafting

to” approach one has to balance the molecular weight and
grafting density of polymers as considering the steric hindrance
of polymer chains. It is highly desirable to develop a convenient

reaction tube (Ace Glass, #8648-03) and bubbling with nitrogen
for 10 min, 4.0 mmol of isoamyl nitrite was quickly added. The
septum was removed and replaced with a Teflon screw cap, and
the suspension was stirred for 15 h at 60. (CAUTION!
Considerable pressure will be obtained in the vessel due to the
emission of nitrogen. This can be alleviated by partially unscrewing
the cap (for venting) every 30 min in the first 3 h.) After cooling
to 45 °C, the suspension was diluted with 30 mL of DMF and
filtered over a 0.4%xm PTFE microporous membrane. The obtained
APA-SWNTs were washed thoroughly using DMF with the
assistance of sonication and then dried under vacuum overnight.
Preparation of Copolymers of Styrene andp-Chlorometh-
ylstyrene (PS€0-PCMS).20 In a typical St and CMS copolymer-
ization, 110 mL (0.965 mol) of St and 15 mL (0.106 mmol) of
CMS were placed in a glass flask containing 0.49 g (3.1 mmol) of
TEMPO (unimolecular initiator). After three freezéhaw cycles,
the glass flask was sealed off from the vacuum line and placed in
an oil bath at 125°C for 12 h. The resulting copolymer was
dissolved in toluene and precipitated in methanol twice. The
polymer was thoroughly dried under vacuum, until constant weight.
Preparation of (PS-co-PCMS)-b-PS.20 g (1 mmol) of PSo-
PCMS (end-capped by TEMPO) was dissolved in 95 mL of St.

route that can simultaneously increase the molecular size andagter three freezethaw cycles, the mixture was sealed off from

bonding density of grafted polymers.

In this work, we report an efficient “grafting to” method to
increase the covalent bonding density at SWHbBlymer
interface in which the multifunctional block polymers with
molecular weight close to 50 000 are grafted to the SWNT
surface. By exploiting the reaction between benzyl chloride and
alkyne!® the polymer grafting was completed under the mild
condition, and the thick polymer layers attached on the SWNTs
surfaces were obtained in a relatively short time. Such a grafting

efficiency has never been achieved before, upon using other

“grafting to” approaches. The high bonding density and mo-
lecular size of grafting polymers improved the stress transfer

the vacuum line and was immersed in an oil bath at 425or 5
h. The product was diluted in toluene, filtered, and fractionated
with a toluene/methanol mixture to isolate the (B&8PCMS)b-
PS from the residual P83-PCMS. The obtained polymer was
precipitated in methanol and dried under vacuum until constant
weight.

Preparation of (PSco-PCMS)-b-PS Functionalized SWNTs!8
3 mg of APA-SWNTs was dispersed in 15 mL of DMF by
sonicating for 5 min at room temperature; (B&PCMS)b-PS
(2 g, ~2 mmol of benzyl chlorine groups), PP mg, ~0.007
mmol), PAC}(PPh), (5 mg,~0.007 mmol), and NaHC£X0.84 g,
10 mmol) were then added to the above dispersion and kept at
80 °C for 5.5 h with vigorous stirring. At the end of the reaction,

and chain entanglements and therefore pronouncedly reinforcedhe mixture was cooled to room temperature, diluted with 30 mL
the mechanical properties of the resulting composites even atof DMF, and filtered with a 0.450um PTFE microporous

relatively low SWNT concentrations.

Experimental Section

Materials. SWNTs were purchased from Shenzhen Nanotech
Port Co. (China). Styrene (St, Yonghua Special Chemicals, 99%)
and p-chloromethylstyrene (CMS, Aldrich, 97%) were freshly
distilled over calcium hydride under reduced pressure and stored
under nitrogen in a refrigerator prior to use. Tetrahydrofuran (THF,
Shanghai Feida, 99.5%) was refluxed over sodium and distilled.
2,2-Azobis(isobutyronitrile) (AIBN, Shanghai 4th Factory of
Chemicals, 99%) was recrystallized from methanol. 2,2,6,6-
Tetramethyl-1-piperidineoxy (TEMPO, Acros, 98%), sodium hy-
drogen carbonate (NaHGQShanghai Qingxihua, 99.5%), 1,2-
dichlorobenzene (ODCB, Fluka, 99%), isoamyl nitrite (Fluka, 97%),
triphenylphosphine (PRhFluka, 98.5%), bis(triphenylphosphine)-
palladium(ll) dichloride (PdG(PPh),, Fluka, 98%)p-aminophe-
nylalkyne (Aldrich, 97%), acetonitrile (Shanghai Lingfeng, 99.8%),
toluene (Shanghai 1st Factory of Chemicals, 99%) &hi-
dimethylformamide (DMF, Shanghai 1st Factory of Chemicals,
99%) were used as received. Polystyrene with molecular weight
M, = 66 961 andV,/M, = 3.4 (Chimei Co., China) was used as
the polymeric matrix for SWNT composites in this study.

Purification of SWNTs. 100 mg of SWNTs placed in a
250 mL flask was oxidized in wet air at 25C for 3.5 h, followed

membrane. After thoroughly washing with DMF, the product was
dried at 50°C under vacuum overnight. The samples for HR-TEM
observations were prepared by dispersing the functionalized SWNTs
in DMF and depositing them onto copper grids. The samples for
SEM observations were prepared from the THF solution by spin-
casting on mica and drying at S€ under vacuum overnight.

Preparation of PS Films Containing SWNTs.All film samples
were prepared by a solution spin-casting method. Different mass
fractions of functionalized SWNTs were mixed with the PS/THF
solution, and subsequently, sonication was imposed for 20 min to
remove trapped air bubbles in solution and achieve the homoge-
neous nanotube dispersion. The SWNT composite films obtained
by spin-casting on a Teflon-coated aluminum flake (100 mm
diameter) were dried in vacuum for 72 h at 8D and overnight at
100 °C, before the mechanical tests and their thickness was
controlled to be around 7& 5 um.

Characterizations. Gel permeation chromatography (GPC) was
performed on a Agilent-1100 series GPC system equipped with a
PL GEL linear column (Sum, pore size: 500 A), two PL GEL
mixed columns (molecular weight limits ranging from 200 tx 3
10f g mol?), and a HP1100 RI detector HP1100 VWD detector,
using THF as eluent at a flow rate of 1 mL/min at 35. The
system was calibrated by polystyrene standaktisrange: 206-3
x 10° Da). The number-average molecular weigM,, and
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Scheme 1. lllustrative Schemes for the Functionalization of
SWNTSs: (A) Functionalize SWNTs with APA; (B) Synthesis of
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Table 1. Molecular Characteristic of PSeo-PCMS and
(PS<0o-PCMS)-b-PS

(PS<0-PCMS)-b-PS; (C) Functionalize SWNTs with

(PS<o-PCMS)-b-PS PScoPCMS (PSeo-PCMS)b-PS

10-3Mj Mu/Mp N2 10-3Mj Mu/Mp
Nb o O~ 20 1.20 21 47.6 1.25
, >“—omo 4_%‘ ‘

———
ODCB/CH3CN, 2.1 __ {;\K
60°C,15h

aCalculated benzyl chlorine number in each chain of BRCMS
according to NMR data.

bonded to the SWNTSs surface via in situ generated diazonium
species (Scheme 1A), which can further reacting with the benzyl

= e J chlorine groups appended on the polymer ch&ifidhe diblock
/( A R . {/.\ ,\D_>_\ polymers containing benzyl chlorine, polystyrec@poly(p-
Hj + K : - H >7/ chloromethylstyreneh-polystyrene (P$0-PCMS)b-PS), were

P P < S N synthesized by the living free radical copolymerization of styrene

kj and p-chloromethylstyrene and further polymerization with

B styrene as a second blo#kLiving free radical polymerization,
which is a relatively active research field in recent years, allows
one to conveniently construct a variety of macromolecules with
complex architectures such as star, superbranched, and dendritic
structureg! With TEMPO-based unimolecular initiators, we
successfully introduced some benzyl chloride groups onto
polystyrene chains to form the desired diblocks (Scheme 1B).
The molecular parameters of the resulting block copolymers
are given in Table 1. Their molecular weight distribution is
narrow My/M, = 1.20 and 1.25, respectively), and the
calculated benzyl chlorine number is 21 in each diblock
copolymer chain.

As aforementioned, to optimize the mechanical properties of
SWNT—polymer composites, it is desired to increase the
covalent bonding density between SWNTs and polymer as well

PS-co-PCMS

“\/“hl/\f‘h "‘Hx/“z/“xl,/‘“\.f\,’“»/‘“v“\/‘\
me T §9 v9% 3%

(PS-co-PCMS)b-PS

as the number of entanglement points at interface so that the

. - . . . interfacial stress transfer efficiency can be enhanced. For most
polydispersity indexM,,/M,, were obtained using HP ChemStation p . N . .
for LC-3D (Rev. A. 06. 04) software. Thermogravimetric analysis of the reported “grafting to” approaches, however, their bonding

(TGA) was performed on a NETZSCH TG209 instrument under a density might be low due to the low reactive group number on
nitrogen atmosphere (20 mL/min), with a heating rate of 10 K/min polymer chains and the intrinsic steric hindrance effect. The
from 100 to 700°C. NMR was carried out on a Bruker (500 MHz) ~ entanglement between grafted polymer chains and bulk mac-
NMR instrument using CDGlas solvent and tetramethylsilane as romolecules is also not well established due to their molecular
reference. Fourier transform infrared spectroscopy (FTIR) was size of grafted polymers lower than the critical molecular weight
performed on a Magna-550 instrument (potassium bromide pellet). to form physical entanglement. Typically, for example, the
Raman measurements were carried out on a Jobin Yvon LabRam-gntanglement molecular weights for PS is 18 8®hich means

1B instrument using excitation laser with wavelength 632.8 nm. ot PS chains wittM, > 20 000 should be used in order to
High-resolution transmission electron microscopy (HR-TEM) im- better transfer stress to SWNTs. However, it has been demon-

ages for the fine nanostructures of purified and functionalized - . . o
SWNTSs were recorded on a JEOL JEM2010 electron microscope strated that increasing molecular weight would inevitably cause

operating at 200 kV. Scanning electron microscopy (SEM, Philips the decrease of grafting effICIency for end-functionalized
XL30 FEG) was used to observe the microstructures of the SWNT/ Polymers due to the entropy constraint of the polymer and the
PS films and the nanostructures of purified and functionalized heterogeneous nature of the grafting reactins.this regard,
SWNTSs. Filtration was completed using Teflon membranes (Mil- increasing the reactive group number along highpolymer
lipore) of pore size around 450 nm. Mechanical testing was chains is expected to be a possible approach in balancing the

performed using an Instron mechanical testing system (model 5565grafting density and physical entanglement at the interface of
with Bluehill 2 software) with a 500 N load cell and pneumatic  SwWNT-based composites.

side-action grips. The tensile tests were carried out at 1 mm/min. The coupling reaction between PS copolymer containing

benzyl chloride and the alkyne groups on the SWNT surface is
illustrated in Scheme 1C. It is for the first time, to the best of
Synthesis and Characterizations of Functionalized SWNTSs. our knowledge, exploited to functionalize carbon nanotubes. The
SWNTSs used in this work were produced by Shenzhen Nanotechpalladium (PdGi(PPh),)-catalyzed coupling reaction between
Port Co. via the chemical vapor deposition method. The benzyl chloride and alkyne was first used to synthesize
purification procedure removed most of the amorphous carbon propargylic compound¥ Its most attracting feature lies in the
and catalyst residuals on SWNTs, which can be confirmed by mild reaction condition and high reaction efficiency. The
microscopic observations. To realize the covalently multibond- coupling reaction occurred in the present SWNT functionaliza-
ing functionalization of nanotubes, alkynyl groups were first tion can be completed in less than 6 h, accompanying mechani-
introduced onto the SWNT surface following a method devel- cally stirring at 80°C. This is in contrast to the grafting reaction
oped by Jeffrey and co-workéfsprior to the reaction with  time even as high as several days reported in the liter&tut@.
diblock polymers. Withp-aminophenylalkyne as a generating Figure 1 presents the Raman spectra of the purified SWNTs
reagent of the diazonium salt, a number of alkyne groups were (Figure 1A), APA-SWNTs (Figure 1B), and (R®-PCMS)b-

Results and Discussion
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Figure 1. Raman spectra of three types of single-walled carbon
nanotubes (SWNTSs): (A) purified SWNTSs, (B) APA-SWNTSs, and (C)
(PS€0-PCMS)b-PS-SWNTs.
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Figure 2. 'H NMR (500 MHz, CDC}) spectra: (A) (P0-PCMS)- . v y
b-PS; (B) (PSeo-PCMS)b-PS-SWNTs formed after the coupling 4000 3000 2000 1000
reaction proceeds for 5.5 h; (C) (RB-PCMS)b-PS-SWNT obtained Wavenumber (cm'1)
after the coupling reaction proceeds for 48 . Figure 3. Fourier transform infrared (FTIR) spectra were performed

on a Magna-550 instrument (KBr pellet): (A) purified SWNTSs, (B)

PS-SWNTs (Figure 1C) using the excitation laser of wavelength APA-SWNTSs, and (C) (P$0-PCMS)b-PS-SWNTs.
632.8 nm. Figure 1A exhibits the characteristic radial breathing
(50-170 cml) and tangential £1570 cm?) modes. A in Figure 2B,C). The extremely weak peay &nd the relatively
relatively weak disorder band~(1320 cnt?) indicates the strong peakf] presented in Figure 2C imply the formation of
presence of a small number of3dpybridized carbons within more covalent bonding between diblock copolymer and SWNTS,
the nanotube framework, as reported previodslwhen the and furthermore, diamagnetic ring currents in SWNTs induce
sidewall of SWNTSs is covalently modified by APA, a difference significant upfield shifts of the proton peaks in €k&) and
in the relative intensity of disorder band with respect to CH (b) groups, that is, frond 1.42 and 1.82 tod 0.88 andd
tangential modes becomes prominent, indicating that a large1.27, respectively. Similar phenomena were also observed
number of sp-hybridized carbons have been converted t6 sp  before?® This also reflects the existence of more covalent
hybridization. Upon further reacting with the benzyl chlorine bondings and essentially accords with the recent theoretical
groups from (PS0-PCMS)h-PS, the breathing mode and predictions?’
disorder bands in the spectrum become weakened with respect FTIR can provide further information about the structures
to tangential bands, probably because the polymer moleculesappended to the surface of the SWNTs. The mid-IR spectra of
attached to the sidewall hinder the radial breathing and disorderthree kinds of nanotubes are presented in Figure 3. Different
oscillation motion. from the purified SWNTs (Figure 3A), a small, but clearly

The ™H NMR spectra of (P$0-PCMS)b-PS and (PS0- discernible, signal at 2109 crhappears in Figure 3B of APA-
PCMS)b-PS-grafted SWNTs can confirm high density of SWNTs and is attributed to the-€C stretching frequency of
covalent bonding between polymers and SWNTs. Figure 2A the appended terminal alkyne groups. After the alkyne groups
reveals several typical NMR peaks of the copolymer, which is reacting with the benzyl chlorine groups from (B&PCMS)-
consistent with those reported in the literatef©f them, the b-PS, the FTIR spectrum of the product (Figure 3C) reveals
intensity of benzylic proton peale) gradually decreases with  the characteristic signals for the polymer, indicating that the
decreasing number of benzyl chlorine groups during the reaction,polymer had been grafted to the SWNT surfé&Eor (PSeo-
accompanying a downfield shift from 4.5 in Figure 2A tod PCMS)b-PS-SWNTs, the signal at 2109 cibecomes indis-
4.69 in Figure 2B. The appearance of a new proton pgak (  cernible in Figure 3C and may be attributed to the increasing
3.3) indicates the formation of benzylalkyne groups (as shown symmetry of substitute groups in alkyens; that is, the hydrogen
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Figure 4. Electron microscopic images of two types of SWNTs. HR-TEM: (A) purified SWNTS, (B)d®BEMS)bh-PS-SWNTSs, (C) an individual

(PS€0-PCMS)b-PS-SWNT, and (D) locally magnification of an individual (B8PCMS)b-PS-SWNT. SEM: (E) purified SWNTs and (F) (PS-
co-PCMS)b-PS-SWNTSs.

in alkyne has been substituted by benzyl group from the diblock functionalized SWNTSs is shown in Figure 4F. Similar to the
polymers?® case observed in the TEM images, a large amount of polymer
The fine nanostructures of purified and functionalized SWNTs was grafted on the nanotube surface. The aggregated morphol-
were observed by high-resolution transmission electron micros- ogy observed primarily originates from the poor affinity of mica
copy (HR-TEM) and scanning electron microscopy (SEM). As to PS copolymer rather than the cross-linking between nanotubes
shown in Figure 4A, the purification procedure used in our (see below), which resulted in the agglomeration of polymer
experiments removed most of the impurities residued in the molecules during the evaporation of THF. These polymer-coated
pristine SWNTSs, in spite of the presence of partial SWNTs in nanotube aggregates are readily dispersed in solvents under
some aggregate form. After polymer functionalization, SWNTs sonication. The dissolution experiments related to these func-
became individualized and well coated with polymer (Figure tionalized SWNTs can be found in the next section.
4B), which led to a remarkable increase in the diameter of The overall quantitative picture of the polymer layers grafted
SWNTs. The covalent wrapping of polymer to an individual to the SWNTs surface can be obtained from TGA. As shown
nanotube can be clearly observed in Figure 4C,D, where anin Figure 5, the mass losses for (B&PCMS)b-PS-SWNTs
average polymer thickness &6 nm is seen. In addition, SEM (M, = 47 600, M/M, = 1.25 for diblock), PS0-PCMS-
was used to observe the overall image of functionalized SWNTs, SWNTs M, = 20 000,M,/M, = 1.20 for PSeo-PCMS), and
where the nanotubes were spin-casted on a freshly cleaved micahe blank diblock polymers in nitrogen atmosphere mainly
wafer from the THF solution. Figure 4E presents the morphol- occurred at 266440 °C with a maximum decomposition rate
ogy of the original nanotubes in which some curved nanotubes at ~400 °C. As further increasing temperature to 50D, the
and aggregating particulates are visible. The morphology of functionalized nanotubes remain stable whereas the blank
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Figure 5. TGA curves of PS copolymer ((P&-PCMS)b-PS) and Wavelength(nm)

SWNTs functionalized with P8e-PCMS and diblock ((P$6-PCMS)-

b-PS); heating rate 18C/min and nitrogen atmosphere. Figure 6. In situ UV—vis spectra during the dissolution of function-

alized SWNTs in DMF. The time to record in the figure started after
dissolving for 1 h, and these experiments were conducted on a Lambda

dlblogl.( polymer almost completely decomposes “nder the SaMeEsg spectrophotometer using a quartz cuvette with 1 cm optical path
conditions, except for a very small amount of residual carbon. jengih.

The contents of the polymer layers calculated from the TGA
data are 53% and 81% for R®-PCMS-SWNTs and (PSe-
PCMS)b-PS-SWNTSs, respectively. The slightly low starting
decomposition temperature for grafting samples is similar to
the reported phenomena and can be attributed to its increase
thermal conductivity due to the addition of SWN3%s,

Such high grafting amounts is a striking result for the
polymer-functionalized SWNTs by a “grafting to” approach.
This primarily stems from the higher grafting density and the
larger molecular size of polymers on SWNTs and is consistent
qualitatively with the TEM observations. For the “grafting to”
functionalization of nanotubes, it has been demonstrated that
the increase in molecular weight of grafting polymers would
decrease the grafting density of nanotubes. For example, the
results reported by Chen and Yoon et al. showed that the amount
of grafted poly(-lactic acid) on MWNTSs reduced to 25 wt % 18 12:148M
from 53 wt % as the molecular weight increased to 15 000 g/mol
from 3000 g/moEOThe decrea.sed.graftlng density Wa? believed Figure 7. Photos for the dispersion status of SWNTs in different
to be due to the increased steric hindrance for larger size polymersplvents: (A) purified SWNTSs dispersed in THF; (B) (BSPCMS)-
molecules. However, different from those end-functionalized b-PS-SWNTs in THF; (C) (P$0-PCMS)b-PS-SWNTs in toluene.
polymers, such a steric hindrance effect can be partially
compensated in the present multifunctional systems by increas-proaches the equilibrium. Figure 7 shows the dispersion status
ing the number of functional groups on each polymer chain, of pristine and grafted SWNTs in THF and toluene after
and thus, the amount of grafted polymers depends on theirremoving the precipitates. The grafted SWNTSs dissolved in THF
molecular size to a large extent. In addition, the higher polymer and toluene result in clear, light-dark solutions while the purified
grafting density relative to other “grafting to” approaches can SWNTs are almost insoluble in THF. The phenomena for
reflect from the TEM images. For the end-functionalized poly- diblock-grafted SWNTs are similar to those of (PCM$RS)-
(L-lactic acid), the polymer only stained some parts of the grafted SWNTs. The molecular weight of the grafting polymers
MWNT surface with a squid-leg-like morphology as its mo- (diblock: M, = 47 600; PCM33-PS: M,, = 20 000) seems not
lecular weight increases te3000 g/mok° In contrast, the to exhibit a significant influence on the dissolution of grafted
present multifunctional system can create a more homogeneousSWNTSs in organic solvents. This is different from the experi-
grafting layer, as shown in Figure 4. Furthermore, the resulting mental observations recently reported by Li and Adronov, where
morphology of functionalized nanotubes is more dependent on the molecular weight of grafting polymers displayed a significant
the site of alkyne groups or defects rather than on the molecularimpact on the solubility of SWNT% The solubility dependence
size of grafting polymers. of SWNTs on molecular weight of the grafting polymers has

Solubility and Cross-Links of Polymer-Grafted SWNTs. been attributed to the decreased polymer grafting density and
The polymer-grafted SWNTSs can be readily dissolved in organic group reactivity at the chain ends as considering that a longer
solvents such as DMF, THF, and toluene using sonication polymer chain tends to adopt a more random coil structure.
(typically 5 min). When the sonication is stopped, a small However, for the present case higher grafting density exists at
amount of precipitate was formed slowly at the early stage of the polymer-SWNT interface due to more reactive groups on
dissolution. After ~1 h, the supernatants become to be each polymer chain, despite its molecular weight much higher
homogeneous solutions. As shown in Figure 6, the in sittUV  than those of grafting polymers reported in the reference. The
vis spectra show only slight irregular fluctuation in absorbance insensitivity of solubility of grafted SWNTs on molecular weight
intensity from 300 to 1100 nm, indicating the process of of the grafting polymers is thus attributed to the improved
dissolving and precipitating of functionalized SWNTs ap- grafting efficiency and thick interfacial polymer layers.
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Scheme 2. Several Possible Grafting Regimes: i, Single ChaiSingle Tube Bonding; ii, Single Chain-Multitube Bonding; iii, Physical
Cross-Linking

More reactive groups are able to enhance the grafting densityof polymer chains and SWNTs need to approach each other.
of polymers but probably result in cross-linking between Once one covalent bond is created, the motion of the whole
polymer chains and SWNTs and thus reduce the solubility of chain is subject to confinement of the tube and makes it
grafted SWNTs. This prompts us to analyze the origin of preferentially absorbed on the tube surface in some profitable
precipitate observed at the early stage of dissolution. For a conformation. This immediately presents a steric hindrance for
system containing multifunctional polymer chains and SWNTSs, other chains and tubes and meanwhile imparts the other reactive
there exist several possible grafting regimes, as illustrated in groups on the same chain and the same tube more possibilities
Scheme 2. For the regime i, single chasingle tube bonding, = to complete covalent bonding. Recently, the physical absorption
the reactive groups on a single chain prefer to react with the of common polymers on carbon nanotubes as a general
functional groups on the same nanotube, which results in phenomenon has been proposeBor PS, the polymer adsorp-
polymer-coated exfoliated tubes (a) and tube bundles (b).tion which occurred concomitantly during the covalent func-
However, after a benzyl chloride of a polymer chain reacts with tionalization of multiwalled carbon nanotubes has been reported,
an alkyne on a nanotube, the other benzyl chloride groups of where about 5 wt % PS is still able to be absorbed on the tube
the same polymer chain are still possible to react with the alkyne surface, even after experiencing a thorough washing procédure.
groups on other tubes: single chamultitube bonding (regime  In addition, molecular dynamics simulation studies can provide
ii). This results in the formation of cross-links between different a further support to the physical absorption of PS. Unlike the
tubes (chemical cross-linking). In addition, the polymer chains conjugated polymers containing aromatic rings on the backbone
bonded onto the tubes probably form physical cross-links whose aromatic rings tend to align parallel to the tube surface,
(regime iii) by chain entanglements (d and e) on account of the the plane of PS aromatic rings tends to be vertical to the surface
molecular weight of the grafting polymers (20 000 and 47 600) of SWNTs22 This is also probably favorable to the reaction
higher than the theoretical entanglement molecular weidhat (  between the benzyl chloride of PS copolymers and the alkyne
~ 18 000 for PS). Among the above grafting modes, mode (a) of SWNTSs.

is able to well dissolve in organic solvants and mode (e) is also  To further investigate the possible cross-linking occurred
able to diSSOIVe but dependent on the COﬂditionS Of SOlVent during the graft|ng reaction’ the prec|p|tate formed at the early
washing and sonication. Mode (b) can partially dissolve if the stage of dissolution was collected and placed on the copper grids
entanglement of carbon nanotube itself is not very serious, andfgr TEM observations. The results show that the precipitate
in this case the use of sonication will be beneficial to the primar”yinvoh/es the po|ymef-SWNT Composite particu|ates
dissolution of less-entangled SWNTSs. For mode (c), if the cross- ith a size range of 25 um (Figure 8). In these particulates
linking density of tubes is salient, the precipitate will occur;  slight intertube entanglement is discernible, but most of the
otherwise, less cross-linked tubes are still or partially dissoluble, sS\WNT bundles exhibited in purified SWNTSs (Figure 4A) were
similar to the case that occurred in mode (b). The formation exfoliated. Despite several times of solvent washing, there are
probability of grafting mode (d) should be relatively low in view  some polymers molecules that remained within the interspace
of the distance between possible grafting points in the presentof tubes, which indicates the existence of the entanglement
cases. In reality, the origin of precipitate formation should petween polymer chains (regime iii). However, these chain
primarily be from the regimes (b) and (c). Of them, the mode entanglements are able to be untied as the particulates collected
(b) should be the primary source instead of mode (c), in spite gre redispersed in solvent with further sonication and a
of inVOIVing less contribution from mode (C) In the fOIlOWing homogeneous solution is still achieved. Apparenﬂy’ in the
we present the possible explanations for this conjecture. several possible grafting regimes aforementioned, the regime i
We first consider the possibility to form the intertube cross- is responsible for the functionalization in the present high
links. To establish the covalent connection, the functional groups bonding density approach and the well-exfoliated morphology
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Figure 10. Stress-strain curves for PS composite films with the
thickness of 7Gt 5 um. The inset is the SEM image of the fractured
surface of composite films containing 0.06 wt %, and the scale is
5um.

significant mechanical reinforcement. Even though there is no
: covalent bonding between nanoparticles and matrix, good
- - - — particle dispersion in polymer can exhibit reinforcement effect
Flgrret& Re?r(jgsenltatt]ve TEII:\)/I'JIrgage of the precipitate formed atthe 4, 5 certain extent. This has been reported for a variety of
early stage ot dissolution in ' surfactant-assisted nanoparticle-filled polym@&rslowever, to
further optimize the mechanical properties of materials, intro-
ducing more covalent linking points at interface is indispensable.
Representative tensile stresgrain curves for PS composites
with different SWNT contents are shown in Figure 10. The
blank PS film is brittle and usually displays relatively little
plastic deformation. It exhibits~11 MPa in tensile strength,
1.5 GPa in tensile modulus, 1.5% in strain to failure, and no
yield before failure, which is consistent with the results reported
in the literature. The addition of SWNTs makes the composite
films reveal obvious yield behavior prior to failure, and the
stress-to-break for composite films steadily increases with
increasing SWNT contents, from 10.8 MPa for neat PS to 19.7
MPa for the composite film containing 0.06 wt % SWNTSs. The
improvements in tensile strength and elastic modulugy of
these films are also clearly visible; the former is defined as the
stress required to break the film, and the latter is defined as the
. — —— slope of the stressstrain curve in the low strain linear region.
Figure 9. Photos of PS composite films containing different SWNT {AS the SWNT content in PS increases to 0.06 wt %, the

contents, prepared by a solution spin-casting method. The tube conten . -
in composite films in the first row decreases from left to right (0.12, COMPosite shows that andEy increase by 19.8 MPa and 2.6

0.06, 0.045 wt %), and the first one is the unfunctionalized SWNT  GPa, respectively. This implies the increases of 82%siand
PS composite film (0.10 wt %); the tube content in the second row 78% in Ey relative to the blank PS. In addition, the effect of
decrgases from right.to left (0.022, 0.015, 0.011 wt %), and the last S\WNTs on the toughness of PS is evident, and the latter is
one is the blank PS film. defined as the energy required to break the sample and can be
can be achieved under sonication. The intertube cross-linking obtained from the area under the stresgain curve. Despite
is negligible in view of the steric hindrance effect of grafted some irregularity in toughness of the films in our experiments,
polymers. a remarkably increasing trend with SWNT content can be
Mechanical Properties of SWNT-PS Films. To examine observed.
the effect of the covalent bonding density between SWNTs and It is quite attractive that such low nanotube contents, 6.01
polymer on the mechanical properties of polymers, several 0.06 wt %, are able to significantly improve the modulus,
polystyrene composite films containing different functionalized strength, and toughness of PS. The pronounced reinforcement
SWNT contents were prepared by a solution spin-casting of extremely low amount of nanotubes in some polymer systems
method. The color of the resulting composite films gradually has been reported. In a recent investigation, Blond and Coleman
becomes light grayish from black with decreasing SWNT et al. observed the simultaneous increases in strength and
contents, as shown in Figure 9. The homogeneous dispersionoughness of PMMA upon adding less than 0.15 wt % nanotubes
of nanotubes in PS for different concentrations of composites functionalized via in situ PMMA polymerizatioH.The resulting
indicates that the intertube cross-links are extremely few (if materials exhibited the increases of 94, 360, and 1282% in
exists) and does not affect remarkably their exfoliation and Young's modulus, ultimate tensile strength, and toughness,
distribution in polymer. This further supports the conjecture we respectively, relative to pure PMMA. Nevertheless, it should
proposed previously. For polymer nanocomposites the goodbe noted that the reinforcement effect of nanotubes is actually
dispersion of nanoparticles in matrix is a prerequisite to achieve polymer dependent. The reinforcement of nanotubes to PS is
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