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We present single-step in situ syntheses of polystyrene-grafted multi-walled carbon nanotubes (MWNTS)
underf°Co y-ray irradiation. Pristine MWNTs were first dispersed in pure styrene under sonication, and
polystyrene (PS) was then covalently attached to the surface of MWNTSs when the mixture was subjected
to y-ray irradiation. The polymer content in PS functionalized MWNTSs can be uplb wt %, as
determined by thermal gravimetric analysis (TGA). The functionalized MWNTSs can be dispersed well
in common organic solvents such as THF, toluene, and glé€l The presence of PS in the functionalized
carbon nanotube composites was further evidenced by Fourier transform infrared spectroscopy (FT-IR),
X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM/HRTEM). The
mechanism of the irradiation grafting process was also proposed. The repeaggdrradiation grafting
technique is expected to be suitable for industrial scale-up preparation of functionalized carbon nanotubes
(CNTs).

Introduction processability in a wide range of solvents and the perfor-

Carbon nanotubes (CNTs) exhibit potential applications Mance of the nanocomposite materials.
in the production of molecular wires, the next generation of Until now, several strategies have b(_aen proposeq based
electronic devices, fibers with exceptionally high tensile on the noncovalent and covalent pondlng of organic mol-
length, and high-performance composites, ‘eté. Their ~ €cules to the surface of CIEIT§.1*."W|th”resp?ct to polymer
unique structural and electronic properties have been extenfunctionalization of CNTSs, “grafting to” and “grafting from
sively investigated, which further expanded their scope of t€chniques have recently been developed with the purpose
applicability. Now, they are very close to real-world ap- ©f rendering CNTs dispersible in organic or aqueous
plications!* Nevertheless, the problem of processability solvents:®” The “grafting from” approach relies on the
remains a severe hindrance to the extensive applications of MMobilization of initiators at the surface of CNTSs, followed
CNTs, which explains the recent interests in the function- Y in Situ surface-initiated polymerization to generate tethered
alization or surface modification of CNTs to improve their polymer chains. Besides the anionic polymerization of
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styrene from the surface of CNT% initiators for the Herein, we report single-step in situ preparation of CNT
controlled free radical polymerization of butyl methacrylate, composites by covalently grafting polystyrene (PS) at the
methyl methacrylate, styrene, aNeisopropylacrylamide by surface of MWNTs undet®Co y-ray irradiation. The reported
atom transfer radical polymerization (ATRP) and reversible y-ray irradiation grafting technique is expected to be suitable
addition—fragmentation chain transfer (RAFT) have also for industrial scale-up preparation of functionalized CNTSs.
been covalently attached to the nanotube surfacather
examples are ring-opening polymerizatiéals' electro- Experimental Procedures
polymerization®9 and traditional free radical polymerizati#fi.
The “grafting to” technique involves the bonding of pre-
formed end functionalized polymer chains to the surface of
CNTs: Th'sf met_hod IS s_elf-l|m|t|ng _because the grafted nm overall diameter) and used without further purification. Styrene
polymer chains will prohibit a further high extent of polymer | -« jistilled under vacuum and stored-0 °C prior to useN,N-
grafting. Functionalization of CNTs via noncovalent ap- pimethylformamide (DMF), anhydrous THF, and all other reagents
proaches or “polymer wrapping” has also been repotted. were used as received from Shanghai Experiment Reagent Co., Ltd.
However, the aforementioned schemes for the function-  Functionalization of MWNTSs. Dried pristine MWNTs (50 mg)
alization of CNTs usually involve multistep organic synthe- were dispersed in styrene (10 mL) after sonication for 30 min. The
ses. Sometimes, the preparation protocols are rigorous andnixture was then deoxygenated by bubbling with high-purity
time-consuming. The most obvious drawback is that the nitrogen. The black dispersion was irradiated in the field of az26
prepared carbon nanotube composites are only on a milligram> 10*° Bd ®*Co y-ray source, and the dose rate was0 Gy/min.
scale. This precludes their widespread applications such ad °" comparison, pristine MWNTs were also irradiated in the
molecular electronics, blending with conventional polymers, abse_nce of styrene monomer at t_he same dose rate. A_fter irradiation
. . _' for different time periods, a gel-like mixture was obtained. It was
and the prgparatlon of h(_)mogeneous!y dispersed COndUCtIngdiluted with 200 mL of anhydrous THF and then sonicated for 15
layers within electroluminescent devices, etc. Therefore, it min The mixture was subjected to centrifugation~a500y for
is still a big challenge for relevant scientists and engineers 15 min. After removal of the homogeneous black supernatant, the
to functionalize CNTs in a much simpler and more economi- black sediment was redispersed in THF by sonication and centri-
cal manner. fuged for 15 min again, and the black supernatant was collected.

y-Ray irradiation has been extensively applied in initiating This dispersior-centrifugation-collection cycle was repeated 3
polymerizations, grafting polymer chains onto polymeric UMes: ' . .
backbones, modifying polymer blends, and preparing inter- The combined black supernatant was first vacuum-filtered
peneirating polymer networkdty-Ray radiaton generates ouS" 30:m PITE meplrane and he colected bck slce
free radicals via radiolysis of monomers and can also produce gnty .

. black solids were then redispersed in 200 mL of THF by sonication
radicals on polymer surfaces (€.g., polypropylene). Generally,for 15 min, filtered, and washed with excess THF again. This

y-ray irradiation-induced polymerizations exhibit the fol-  gishersion-filtration—washing cycle was repeated at least 3 times
IOW'ng adval’]tages the prOdUCtS are free Of I’eSIdua| InltlatOI’S to remove any residual monomers or PS h0m0p0|ymers_ Dunng
or catalysts and polymerizations can be conducted at low each cycle of vacuum-filtration, several drops of filtrate were added
temperatures and in gaseous, liquid, or even solid-stateinto 10 mL of fresh methanol from time to time, and the absence
phases. Moreover, it is also well-known thatay irradiation of cloudiness can be used to indicate the complete removal of PS
is an effective and facile technique for surface modification homopolymers’2The collected black solids were dried overnight
of either organic or inorganic materials. During revision of in @ vacuum oven at room temperature. Typical0 mg of
this paper, we noticed a recently published paper by Wu et f“”Ct'O”a"Zed_ MWNTSs was obtained. _
al.20who reported a two-step irradiation approach for poly- Qn the basis of a previous report by Ford etléﬁultracentrlfu-.
(acrylic acid) (PAA) functionalized multi-walled carbon gation is a powerful technlqu_e to _completely remove any residual
nanotubes (MWNTS). MWNTSs were successively irradiated homopolymer from the functionalized CNTs. We then employed

. . . . ultracentrifugation to check whether the purified functionalized
in ethanol and acrylic acid, respectively. The prepared PAA MWNTs are free of PS homopolymer or not. A total of 10.0 mg

functionalized MWNTs showed good solubility in water. of the functionalized MWNTs was dispersed in 20 mL of THF,

and the black dispersion was then subjected to ultracentrifugation
(17) (a) Qin, S. H.; Qin, D. H.; Ford, W. T.; Resasco, D. E.; Herrera, J. E. at 250 00@ for 3 h. After the supernatant was discarded, the
Macromolecules2004 37, 752. (b) Lou, X. D.; Detrembleur, C.;  combined black sediment was dried overnight under vacuum,

m?gf uggbg.;lJGer%TZeé.R.(;C)Boljrl]ar(\)(\./ab\./_.;\lgcl)y, ?:f Sﬁtgrrrgrpﬁd ”A_ yielding 9.9 mg of functionalized MWNTSs. This indicated that

Macromolecule®005 38, 1172. functionalized MWNTSs purified by vacuum-filtration still contained
(18) (a) Chen, J,; Liu, H. Y.; Weimer, W. A; Halls, M. D.; Waldeck, D.  ~1 wt % PS homopolymer. However, this will not alter the basic

H.; Walker, G. C.J. Am. Chem. SoQ002 124, 9034. (b) Numata, ; ; ; i ati

M.: Asai, M.; Kaneko, K. Bae. A-H.: Hasegawa, T.. Sakurai, K.: conclqsmns drawn in thIS stl_de. In subsequer_n_ characterizations,
Shinkai, SJ. Am. Chem. So2005 127, 5875. (c) Baskaran, D.; Mays, ~ We still used the functionalized MWNTs purified by vacuum-
J. W.; Bratcher, M. SChem. Mater2005 17, 3389. (d) Didenko, V. filtration.

V.; Moore, V. C.; Baskin, D. S.; Smalley, R. Blano Lett.2005 5, A ot g
1563. (e) Satake, A Miyajima, Y ; Kobuke, Chem. Mater2005 Instruments and Characterization. The sonication was per

17, 716. formed on a JL-180DTH (180 w, 40 kHz, bath temperature at 30

(19) (a) Chapiro, ARadiation Chemistry of Polymeric Systeingerscience °C) sonicator. The separation of the functionalized MWNTSs from
Publishers: New York, 1962. (b) Nasef, M. NI. Appl. Polym. Sci.
200Q 77, 1003. (c) Pande, C. S.; Gupta, N.Appl. Polym. Scil999
71, 2163. (d) Salmawi, K.; Abu Zeid, M. M.; Naggar, A. M, (20) Chen, S. M.; Wu, G. Z,; Liu, Y. D.; Long, D. WMacromolecules
Mamdouh, M.J. Appl. Polym. Sci1999 72, 509. 20086 39, 330.

Materials. Multi-walled carbon nanotubes were obtained from
Chengdu Organic Chemicals Co., Ltd. They were manufactured
by the chemical vapor deposition method (purit®5%, 20-30
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Figure 1. Photographs of MWNT samples in THF: (A) pristine MWNTSs; (B) MWNTSs irradiated in the absence of styrene for 48 h; (C) functionalized
MWNTSs prepared after irradiation in styrene for 48 h; (D) functionalized MWNTSs prepared after irradiation in styrene for 24 h; (E) functionaliz&éd MWN
prepared after irradiation for 16 h; (F) mixture of pristine MWNTs (80 wt %) and PS homopolymer (20 wt %); the total concentration is 5.0 g/L. All photos
were taken after 15 days of storage at room temperature. The concentrations of functionalized MWNTSs in saiipdes @.5 g/L, respectively.

impurities was first conducted by centrifugation-a250Qy using tion. Addition of DMF or THF into the MWNTSs/styrene

a General Purpose centrifuge (TGL-16C). Ultracentrifugation was mixture decreased the yield of functionalized MWNTs. Only
performed on a Beckman Optima L-100K-aR50 00@. Fourier ~20 and 15 mg of functionalized MWNTs was obtained
transform infrared (FT-IR) spectra were recorded on a Bruker when 1:1 v/v styrene/DMF and styrene/THF (10 mL in total)

VECTOR-22 IR spectrometer. Raman spectra were obtained on ayere used, respectively. Thus, all subseqeray irradiation

LABRAM-HR confocal laser MicroRaman spectrometer with an . . - .
. - experiments were carried out in the absence of any organic
argon-ion laser at an excitation wavelength of 514.5 nm. The &olvents

samples for Raman measurements were prepared by evaporatin
the functionalized MWNT dispersion in THF on a microscope cover ~ Figure 1 compares the solubility in THF of pristine
glass. Thermal gravimetric analyses (TGA) were conducted on MWNTs and MWNTSs irradiated in the absence and presence
Perkin-Elmer Diamond TG/DTA, with a heating rate of %&/min of styrene. In contrast to pristine MWNTs and MWNTs
in a nitrogen atmosphere. X-ray photoelectron spectroscopy (XPS)jrradiated in the absence of styrene, which is insoluble in
[)"heoizle‘:zgr‘zn;ss‘g:;g;g:’errmi‘;r‘:g 2&%%5?;&%?@3)1- ;ay THF, functionalized MWNTs prepared after irradiation in
the excitation source under high vacuumx5L0~° Pa). The C 1s §tyrene can be easily dls_persed in THF. They are also soluble
))n other common organic solvents such as toluene, GHCI
values. Transmission electron microscopy (TEM) and high-resolu- etc. Upop addition of the THF dlspers'lon'of functionalized
tion transmission electron microscopy (HRTEM) measurements MWNTSs into an excess of-hexane, Wh'Ch IS a poor solvent
were conducted on a Hitachi model H-800 and a JEOL 2010 for polystyrene, insoluble black solids quickly phase sepa-
electron microscope, respectively. The samples for TEM/HRTEM rated out. Thus, by visual inspection, polystyrene chains have
measurements were prepared by placing one drop of samplebeen successfully grafted at the surface of MWNTs. The

dispersion in THF on carbon-coated copper grids. dispersion of functionalized MWNTSs in THF is indefinitely
_ _ stable, and no sedimentation is observed up to the present
Results and Discussion (more than 8 months). In the control experiment, we mixed

To disentangle the MWNTSs that typically tend to clump Pristine MWNTs and PS homopolymers (prepared via free
together to form bundles, the first step pfay irradiation  radical polymerizationM, = 24000 andvl,/M, = 1.8) at a
grafting of PS was the dissolution/dispersion of MWNTs in Weight ratio of 8:2 in THF, and the mixture was subjected
a proper solvent/styrene mixture. Several organic solvents!® Sonication for~30 min. After storage for-0.5 h, the
such ad\,N-dimethylformamide (DMF) and THF were tried MWNTS precipitated out (Figure 1F). This suggests that the
initially, and eventually we found out that the styrene 900d solubility of functionalized MWNTs is due to the
monomer itself was the best solvent. After sonication of covalentgrafting of PS instead of physisorption of PS chains
MWNTSs in styrene to disentangle the bundles, a black Onto the surface of MWNTs.
dispersion was obtained. After the reaction mixture was The presence of PS in the CNT composites was further
subjected to irradiation for 16, 24, or 48 h, a more confirmed by FT-IR, which can provide rich information
homogeneous dispersion was obtained with a small amountabout the functional groups grafted onto the sidewall of
of black sediment. The black sediment should be ascribedMWNTs. The FT-IR spectrum (Figure 2) of functionalized
to impurities such as amorphous carbon, nonfunctionalized MWNTs exhibits characteristic vibration bands for PS (in
MWNTSs, and functionalized MWNTSs with low PS grafting KBr: absorbance peaks at 3025, 1602, 1492, 756, and 698
density. The black sediment was removed by centrifugation cm™* correspond to the phenyl group, the peaks at 2922 and
at ~250Q. A total of 50 mg of pristine MWNTSs typically 2850 cn! correspond to the methylene and methenyl groups,
produced~40 mg of functionalized MWNTSs after purifica- and the peaks at 1028 cicorrespond to the €Ph groups).
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Figure 2. FT-IR spectrum of functionalized MWNTs prepared after
irradiation in styrene for 48 h.
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Figure 3. Raman spectra of MWNTSs irradiated in the absence of styrene

for 48 h (a) and functionalized MWNTSs prepared after irradiation for 16 h
(b) and 24 h (c).
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Figure 4. TGA curves of pristine MWNTSs (1); MWNTSs irradiated in the
absence of styrene for 48 h (2); functionalized MWNTSs prepared after
irradiation in styrene for 16 h (3), 24 h (4), and 48 h (5); and PS
homopolymer (6).

a PS content of 33 wt % also did not exhibit characteristic
Raman signals of PS. The absence of PS signals in our case
is possibly due to the low PS grafting densitieslf wt %,
see TGA results described neXiy2?After functionalization
with PS, the D-band shows no noticeable peak shift, while
the G-band slightly shifts upfield for~4—8 cn1?, as
compared to that of the control. This shift should be
associated with PS chains covalently attached to the nanotube
surface?1e:23.24

To determine the PS content in the CNT composites, TGA
measurements were performed on the functionalized MWNTSs

This suggests the presence of PS in the functionalizedafter purification (Figure 4). Pristine MWNTSs will decom-

MWNTs.t6¢

pose at around 50T in air, whereas they start to decompose

Raman spectroscopy is a powerful tool to characterize theat around 800C under nitrogen atmosphere. TGA results

extent of disorder or the degree of crystallinity in the
functionalized MWNTS122 As shown in Figure 3, the D-
and G-bands at~1350 and~1580 cn1?, respectively,

(up to 800°C) of PS functionalized MWNTSs reveal that the
majority of weight loss occurs in the temperature range of
300—-450°C, corresponding to the decomposition of PS. A

attributed to the defects/disorder-induced modes and in-planeweight loss of ~15% was observed for functionalized

vibrations of the graphitic wafid can be clearly observed

MWNTs prepared after irradiation in styrene for 48 h.

for MWNTSs irradiated in the absence and presence of Considering that functionalized MWNTSs purified by vacuum-

styrene. The D- to G-band intensity ratlg/(c) for MWNTSs

filtration still contain~1 wt % residual PS homopolymer,

irradiated in the absence of styrene (Figure 3a) is ca. 0.85,the actual content of PS covalently grafted to the MWNT

which is generally comparable to that reported for pristine
MWNTs.2?2 For the functionalized MWNTSs prepared after
irradiation in styrene for 16 and 24 h, thélg intensity ratios
are ~1.17 and 1.03, respectively. The-Band at~1615
cm! is barely discernible in nonfuntionalized MWNTs

surface is thus estimated to bel4 wt %. With decreasing
duration of irradiation, the TGA weight loss decreases
(Figure 4). The PS contents in the functionalized MWNTs
decrease from 15 to 9% when the duration of irradiation
decreases from 48 to 16 h. This indicates that the degree of

(Figure 3a), while the peaks are more clearly evident in the functionalization can be easily tuned by the duration of

functionalized MWNTSs (Figure 3b,c). It is well-known that

irradiation. Previous reports revealed that even low loading

the D-band is also associated with the defects and disorderlevels (ca. +5%) of the CNTs can dramatically enhance

in nanotubed!® Thus, both the increase i/lg intensity
ratios and the enhancement of thetdiand for MWNTSs after
functionalization indicate the relative increase of defects in

the conductivity and mechanical properties of CNT com-
posites?®> 27 So, ®Co y-ray irradiation is an effective and
facile technique for scale-up preparation of CNT composites.

nanotubes due to covalent attachment of PS chains under The nanostructures of the functionalized MWNTs were

irradiation21:22

It is worthy to be noted that the Raman signals of PS were

not detected for the functionalized MWNTSs. Baskaran é&tal.
reported that functionalized MWNTSs prepared by ATRP with

(21) (a) Rao, A. M.; Jorio, A.; Pimenta, M. A.; Dantas, M. S. S;
Dresselhaus, G.; Dresselhaus, MPBys. Re. Lett. 2002 84, 1820.
(b) Lin, Y.; Zhou, B.; Fernando, K. A. S.; Liu, P.; Allard, L. F.; Sun,
Y. P. Macromolecule®003 35, 7199. (c) Fischer, D.; Potschke, P.;
Brunig, H.; Janke, AMacromol. Symp2005 230, 167. (d) Jorio, A.;
Pimenta, M. A.; Filho, A. G. S.; Saito, R.; Dresselhaus, G.; Dressel-
haus, M. SNew J. Phys2003 5, 139.1. (e) Dohonor, M.; Masenelli-
Varlot, K.; Gonzalez-Montiel, A.; Gauthier, C.; Cavaille, J. Y.;
Terrones, H.; Terrones, MChem. Commur2005 5349.

then investigated by TEM. The TEM image shown in Figure

(22) Gao, C.; Jin, Y. Z,; Kong, H.; Whitby, R. L. D.; Acquah, S. F. A;;
Chen, G. Y.; Qian, H.; Hartschuh, A.; Silva, S. R. P.; Henley, S;
Fearon, P.; Kroto, H. W.; Walton, D. R. M. Phys. Chem. BR005
109 11925.

(23) Skakalova, V.; Dettlaff-Weglikowska, U.; Roth, Biamond Relat.
Mater. 2004 13, 296.

(24) Peng, J.; Qu, X. X.; Wei, G. S.; Li, J. Q.; Qiao, J.Carbon 2004
42, 2741.

(25) The Web site of Hyperion Catalysis International Inc. is available at
www.fibrils.com.

(26) Biercuk, M. J.Appl. Phys. Lett2002 80, 2767.

(27) Qian, D.; Dicky, E. C.; Andrews, R.; Rantell, Rppl. Phys. Lett
2000Q 70, 1480.
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e MWNTSs decreases te-1.2%. This strongly supports that
“‘% y = H the nanotube is coated with a PS layer. Because of XPS peak
o =~ - - —_— overlapping of PS and MWNT%,we do not further analyze

Figure 5. TEM images of pristine MWNTSs (A) and functionalized MWNTs  the C 1s core level spectra by peak fitting. However, a

prepared after irradiation in styrene for 48 h (B). comparison between Figure 7, spectra a and b tells us that a

new peak at~291.0 eV can be clearly observed for

functionalized MWNTSs. This peak should be ascribed to the
m — m* shake-up of aromatic groups, which is barely

discernible in pristine MWNTS.

Thus, we have successfully established that MWNTSs can
be conveniently functionalized with PS via irradiation-
induced covalent grafting and that the polymer content in
the CNT composites can be up to 15 wt %. In the irradiation
grafting process, both “grafting to” and “grafting from”
mechanisms should be effective. The propagating PS chains,
generated by the radiolysis of styrene monomers and
subsequent polymerization undgiray irradiation, have a
high tendency to react with unsaturated double bonds on
5A reveals densely entangled networks for pristine MWNTs, MWNTSs and readily functionalize them via the “grafting to”
indicating that pristine MWNTSs are piled up to form large method. The radical addition to the CNT surface has been
bundles. In contrast, functionalized MWNTSs can be dispersed extensively studied, as both small molecular radicals and
well in THF, and only individual tubes can be observed polymer chain radicals have been reported to be able to
(Figure 5B). HRTEM images of functionalized MWNTs effectively functionalize CNT&7217¢3935 For the “grafting
prepared after irradiation in styrene for different durations from” mechanism, the tips and defects of MWNTs might
are shown in Figure 6. We can clearly observe the €ore be easily destroyed by the high-enesgyay 2324which will
shell nanostructure consisting of a nanotube core and aproduce radicals in situ at the CNT surface. The radicals
polymer outer shell. The wrapped PS layer around the can then readily initiate the polymerization of styrene.
nanotube is generally uniform in distributié®?? The thick- Therefore, the functionalization of MWNTs undegrray
nesses of the polymer shell of the functionalized MWNTSs irradiation should involve both “grafting to” and “grafting
prepared after irradiation in styrene for 16 and 48 har@1  from” mechanisms.
and 5-6 nm, respectively. This suggests that a longer

Figure 6. HRTEM images of functionalized MWNTs prepared after
irradiation in styrene for 16 h (A) and 48 h (B).

duration of irradiation leads to a thicker polymer shell. This Conclusion
is also in agreement with the TGA results as shown in Figure  In conclusion, we have developed a straightforward and
4 facile technique for the functionalization of MWNTSs. The

XPS was further employed to determine the surface

composition of functionalized MWNTSs. The typical informa- (29) (@) Pirlot, C.. Willems, 1., Fonseca, A.; Nagy, J. B.; Delhallead..

Funct. Mater.2002 4, 109. (b) Ago, H.; Kugler, T.; Cacialli, F,;
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polymer grafting occurs in a single-step manner undeay technique is expected to be suitable for industrial scale-up
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