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A series of multiwalled carbon nanotube (MWNT) esters with various alkyl chainsboityl, n-hexyl,
n-octyl, n-dodecyl, anch-hexadecyl has been synthesized via a concise method, and their solubilities in
chloroform were determined by UWis absorption spectroscopy. The MWNT ester/polysulfone (PSF)
composite films were made by drop casting, and their morphologies was checked by scanning electron
microscopic method. The surface and volume conductivities of these films were measured. It was found
that while longer alkyl chains can result in better properties such as better solubility in chloroform, better
dispersibility in polymer matrix, and better electrical conductivity performancentbetyl modified
MWNT ester always plays the inflection role, exhibiting the percolative character. While the surface
electrical conductivity of the composite films is ohmic, the electrical conductivity along the thickness
direction is nonohmic, which may provide the possibility to realize the unique electrical properties of
carbon nanotubes on a macroscopic scale.

Introduction aggregate and disperse poorly in polymer matrix, resulting

Since their discovery, carbon nanotubes (CNTs) have in deleterious effects. To overcome the_se difficulties, ;everal

attracted tremendous attention due to their unique properties"€thods have been developed to disperse CNTSs in host

such as extremely high mechanical strength and high polymers. For. example, CNTS, COP'd be dllspersed In certain
electrical and thermal conductivity> These properties polymer solutions via ultrasonicati&n?’ or in the presence
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which could capitalize on their extraordinary properties on Blau, W.; Barklie, R. CSynth. Met1999 102, 1174. (b) Cadek, M.;

a macroscopic scafé° As for the electrical properties of Coleman, J. N.; Barron, V.; Hedicke, K.; Blau, WAppl. Phys. Lett.

. . 2002 81, 5123. (c) Cadek, M.; Coleman, J. N.; Ryan, K. P.; Nicolosi,
CNT/ponmer composites, it was reportEd that use of CNTs V.; Es%ister, G,; F(gn)seca, A.; Nagy, J. B;; Szostak,);('.gBm, F.; Blau,

as conductive fillers in a polymer matrix implies a very low w4 \(N) J.Nano Lett.2004 4, 353. )
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of surfactant$:?®-32 The polymer wrapping on the wall of
CNTs through noncovalent functionalization, e.g;x
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carboxylate salt of carbon nanotubes and alkyl halides in
the presence of a phase-transfer reagent in W&ldre whole

interactions was also reported by several groups, which couldreaction is carried out in water and only needs several hours,
make CNTs disperse in polyméfs’3-36 Along with the rapid which is simpler and more efficient than other methods
development of carbon nanotube chemistry, the direct described before. The above methods developed in our
polymerization of CNTs with specific molecules was also laboratory can make both single-walled carbon nanotubes
achieved’ 42 (SWNTs) and multiwalled carbon nanotubes (MWNTS)
The other key approach of carbon nanotube chemistry is soluble; however, compared with the scarcity and high cost
making CNTs soluble in aqueous and/or nonaqueousof SWNTs, MWNTSs can be obtained in large quantity and
solventst*~5 which could provide a general way to allow at low cost from chemical vapor deposition (CVD) methods.
homogeneous dispersion of CNTs in the host polymer matrix. Therefore, at present, the solubilized MWNTSs are practically
The solubilized CNTs could also be made with customizing significant which may meet the requirement of many
functional groups in order to make CNTs/polymer compos- applications. In this paper, a series of linear alkyl-modified
ites with special properties. However, so far most of the MWNT esters has been synthesized. The solubility of these
solubilized CNTs were obtained only on a milligram scale, MWNT esters in chloroform was determined by BVis
which is far from the need of these kinds of practical absorption spectroscopic method. The MWNT ester/polysul-
applications. fone (PSF) composite films were made by the drop-casting
We have been involved in developing methods that can method. The influence of the length of the alkyl groups on
obtain solubilized CNTs conveniently and in large scale. the morphology and the electrical conductivity of the
Recently, we have improved Haddon’s metffadf making composite films were also investigated.
solubilized CNTs by modifying the separation process via
using two Soxhlet extractors in the procedtirén this way,
we can prepare bulk quantities of solubilized CNTs in the
laboratory. We also developed a concise way to functionalize
carbon nanotubes via the esterification reaction of the

Experimental Section

Materials. MWNTs were purchased from Shenzhen Nanotech
Port Co. (China). These MWNTs were produced via the chemical
vapor deposition method. The pristine MWNTs were purified
according to literature methdd.Briefly, 600 mg of the pristine
MWNTSs were suspended in 80 mL of concentrated sulfuric acid/
nitric acid mixture (3:1 (v/v)) and sonicated for 10 h with a
ultrasonicator (55 kHz, Cole-Parmer). The excess acid was removed
50 G o e e Ve B Doy Jc8 by centrifuging. The resulting black solid was washed thoroughly
(29) Mgtne%j 2060?12 i’04g_s aran, ., VOIse, K. L., Young, JLBem. with deionized water until the pH value of the water~i$. The
(30) Barrau, S.; Demont, P.; Perez, E.; Peigney, A.; Laurent, C.; Lacabanne,puriﬁed MWNTs were dried at 56C in vacuo overnight. The purity
C. Macromo_lecul_eSZOO?a 36, 9678. _ _ _ of the MWNTs was checked by transmission electron microscopy

(31) Zhang, X.; Liu, T.; Sreekumar, T. V.; Kumar, S.; Moore, V. C.; Hauge, (TEM). Polysulfone with an IV of 0.54 was produced by Shanghai
R. H.; Smalley, R. ENano Lett.2003 3, 1285. . ;i

(32) Jin, Z.; Huang, L.; Goh, S. H.; Xu, G.; Ji, \@hem. Phys. Let200Q Shuguang Chemical Factory (China).
332 461. ] A series of alkyl bromide (RBr, R= n-CHzn+1, N =4, 6, 8, 12,

(33) Chen, J.; Liu, H.; Weimer, W. A.; Halls, M. D.; Waldeck, D. H.. 54 16, respectively) was purchased from Beijing Chemical Plant.
Walker, G. C.J. Am. Chem. So@002 124, 9034. : -

(34) (a) Star, A.; Stoddart, J. F.; Steuerman, D.; Diehl, M.; Boukai, A.; T€tran-octylammonium bromide (TOAB) was purchased from
Wong, E. W.; Yang, X.; Chung, S.-W.; Choi, H.; Heath, JARgew. Alfa. All chemical reagents were commercially available and were
Chem., Int. EJ.2001 40, 1721. (b) Steuerman, D. W.; Star, A, used as received.

'j'.ag.zf“,;?;yi'gﬁgﬁﬁﬁé&;gsigé%ﬁ'fo“”" C; Stoddart, J. F.; Heath, To make the MWNT esters, 60 mg of the purified MWNTSs were
(35) Woo, H. S.; Czerw, R.; Webster, S.; Carroll, D. L.; Ballato, J.; Strevens, sonicated in NaOH aqueous solution (10 mM, 90 mL) for 2 min
A. E.; O'Brien, D.; Blau, W. JAppl. Phys. Lett200Q 77, 1393. =~ and converted into the sodium salt form. To this black homogeneous
(36) Sa?gzrjnél;l'KMubg}: E?;U'll"ozlr', E_t'fﬁsnrh;hf\ﬂk’_ gﬂﬁsmrﬁ;ieiz’gvélg&ﬁ” suspension, 100 mg of TOAB and 1.5 mL of alkyl bromide (RBr)
Phys. Lett2001, 342, 265. were added in and the mixture was heated at@dor 4 h under
(37) Riggs, J. E.; Guo Z.-X.; Carroll D. L.; Sun Y.-B. Am. Chem. Soc.  vigorous stirring. The suspension became clear and colorless, and
38) %%%%elfﬁggp,; Koziol, KChem. Commur2002 2074. black precipitation was observed. The precipitation was collected
(39) (a) Yao, Z.; Braidy, N.; Botton, G. A.; Adronov, Al. Am. Chem. and dissolved in an excess amount of Ckl@fter filtration to get
S0c.2003 125 16015. (b) Qin, S.; Qin, D.; Ford, W. T.; Resasco, D.  rid of unreacted MWNTs if there was any, the solution was washed
Ea o"'%r?:?énlgj- ﬁn“:- g;‘:nT gggggf 1122(?411720- (c) Kong, H.. with 15% NaCl aqueous solution three times and dried with
(40) Velasco-Santos, C.: Maez-Heriadez, A. L. Fisher, F. T.: Ruoff, anhydrous CaS© The resulting chloroform solution was concen-
R.; Castdn, V. M. Chem. Mater2003 15, 4470. trated to about 2 mL via a rot-vap and then precipitated into 100
(41) Wu, W.; Zhang, S.; Li, Y.; Li, J.; Liu, L.; Qin, Y.; Guo, Z.-X., Dai,  mL of ethanol. After centrifuging, the resulting solid was dried in
vacuo at 50C overnight. The esters were obtained as black solids.
Through this general method, five esterified MWNTs with
different linear alkyl chains were obtained (Chart 1). E4teéR =

(26) Rege, K.; Raravikar, N. R.; Kim, D.-Y.; Schadler, L. S.; Ajayan, P.
M.; Dordick, J. S.Nano Lett.2003 3, 829.

(27) Valentini, L.; Puglia, D.; Frulloni, E.; Armentano, |.; Kenny, J. M.;
Santucci, SCompos. Sci. Technd004 64, 23.

(28) Tang, B. Z.; Xu, HMacromolecules 999 32, 2569.

L, Ye, C.; Zhu, D.Macromolecule003 36, 6286.

(42) Liu, 1.-C.; Huang, H.-M.; Chang, C.-Y.; Tsai, H.-C.; Hsu, C.-H.;
Tsiang, R. C.-CMacromolecule®004 37, 283.

(43) Sun, Y.-P.; Fu, K.; Lin, Y.; Huang, WAcc. Chem. Re2002, 35,
1096.

(44) Tasis, D.; Tagmatarchis, N.; Georgakilas, V.; PratoWiem. Eur.
J. 2003 9, 4000.

(45) Dyke, C. A.; Tour, J. MChem. Eur. J2004 10, 812.

(46) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P.
C.; Haddon, R. CSciencel998 282, 95.

(47) Qin, Y.; Liu, L.; Shi, J.; Wu, W.; Zhang, J.; Guo, Z.-X.; Li, Y.; Zhu,
D. Chem. Mater2003 15, 3256.

(48) Qin, Y.; Shi, J.; Wu, W.; Li, X.; Guo, Z.-X.; Zhu, Dl. Phys. Chem.
B 2003 107, 12899.

(49) Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul,
P. J.; Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-
Macias, F.; Shon, Y.-S.; Lee, T. R.; Colbert, D. T.; Smalley, R. E.
Sciencel998 280, 1253.
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Chart 1. Structures of MWNT Esters

1 R = —(CHy):CHs
2 R = —(CHy)sCH;
3 R = —(CHy);CHs
4 R = —(CH2)11CH3
§ R = —(CHysCHs

n-butyl, yield 26.6 mg; este?, R = n-hexyl, yield 43.2 mg; ester

3, R=n-octyl, yield 47.0 mg; estet, R = n-dodecyl, yield 45.5
mg; ester5, R = n-hexadecyl, yield 53.3 mg. To make these
MWNT esters comparable, all of the experiments were performed
using the same batch of purified MWNTSs.

The MWNT ester/PSF composite films were fabricated as
follows: 200 mg of PSF was dissolved in 20 mL of chloroform
and 10 mg of the corresponding MWNT estér-6, respectively)
was added, and the mixture was dispersed in the solution via
sonication for +2 min. A 3 mL aliquot of the resulting solution
was then dripped onto clean glass substrates and dried in air at . .
room temperature to form a black thin film. The average thickness Figure 1. Typical large-scale TEM image of purified MWNTSs.
of the films is~45 um.

Measurement.UV —vis absorption spectra were recorded with
a computer-controlled Shimadzu UV-2501PC spectrophotometer. o

Transmission electron microscopy (TEM) analysis was conducted
on a JEOL JEM-2010 transmission electron microscopy system.
The operation voltage is 200 kV.

Scanning electron microscopy (SEM) was measured on Hitachi
S-4300F scanning electron microscopy system. Standard specimens
were cryogenically fractured in liquid nitrogen. The fracture surface
was sputter-coated with gold before observation.

The room-temperature surface resistance and volume resistance
of the composite films were measured using the two-probe
technique with Advantest R8340 ultrahigh resistance meter. For
the surface resistance measurement, the samples were cut into thin
rectangular slabs with typical dimensions of ¥24 mn¥. The 0 2 ! ; ; ; ;
electrical contact was made using a silver paste. The volume 2 4 6 8 10 12 14 16 18

X i ” X Carbon numbers of side chains
res!stf':lr_lce was measured acro_ss_ the thickness dlrecthn. The surfac,glgure 2. Solubilities of MWNT esters in CHGIvs carbon numbers of
resistivity and the volume resistivity were converted into surface sjge chains.
conductivity and volume conductivity, respectively.

8 T T T T T T T

Solubility (mg/mL)
~ o
u]
1 1

N
T
1

o

these MWNT esters strongly depends on the length of the
Results and Discussion attached linear alkyl chains. The attachment of longer alkyl
chains gives better solubility (Figure 2). The solubility of

Thi thod tonl th ority of h esterl and ester2 is determined as 0.1 and 0.8 mg/mL,
IS method can not only remove the majority ot amorphous respectively, which means these two esters do not solublize

carbon and metal particles (which came from the metal well in chloroform. However, the solubility of est8rshows
catalyst used to make the nanotubes) but also mtroducea dramatic increase up to 3.9 mg/mL. For esté@nd5
carboxylic acid_groups on the surfacg of nanotubes. F_igurethe solubility is 6.8 and 7.1 mg/mL, respectively. Thus’ the
1 shows a typlcal Iarge-s_cale TEM image of the purified attachment of eight carbon alkyl chains can make MWNTs
MWNTSs used in our experiments. It can be seen clearly that soluble, and longer alkyl chains can give MWNTS better
there are almost no amorphous carbon and metal partidessolubilit’y From Figure 2, it can also be deduced that

aftler the put_r|f|cat|botn.prodcgdure, WTC(;] guarantetes ftfheteléactt)rl- although 12- and 16-carbon alkyl chains can make MWNTSs
cal properties obtained In our study aré not attected by 4 pjjize better, it is not necessary to attach longer alkyl

conQuctlvr(]a |mpur|tles. hesized btained chains on the MWNTS just to increase the solubility. It was
Since the five MWNT esters synthesized were obtaine reported by Georgakilas et ®lthat the solubility of their

from the same batch of purified MWNTS using the same 1 0t side-wall functionalized SWNTs wa$0 mg/mL,
method, the only difference among these samples is themuch higher than those of the functionalized MWNTs

different alkyl chains attached to the MWNTSs, which could obtained in this study. Considering that the substitutions

result in Qiﬁerent propertie;g The influence of the d!fferent attached to SWNTSs in their work are also common organic
alkyl chains on the solubility of MWNTs was studies by
UV —vis absorption spectroscopic method under room tem- (50) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger,

perature as described befdfeDbviously, the solubility of M.; Hirsch, A.J. Am. Chem. So@002 124, 760.

The nitrosulfuric acid was used to purify pristine MWNTSs.
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Figure 3. SEM images of fracture surfaces of PSF film (a) and MWNT ester/PSF filmisR8F (b),2/PSF (c),3/PSF (d),4/PSF (e), and/PSF (f).

groups, we believe this difference is dependent upon the MWNTSs were observed pulled out from the matrix and left
intrinsic properties of CNTs, such as the type (multiwall or some holes, showing poor adhesion between the MWNTSs
single-wall), the average length and diameter, and the and the matrix. The composite of esBPSF shows clearly
reactivity of CNTs. that MWNTs are wrapped by the matrix, which indicates
It should be interesting to know how the different alkyl the good adhesion between MWNTs and matrix polymer
substitutions in the MWNT esters we obtained can influence PSF. As for ested/PSF and estés/PSF composites, a better
the electrical conductivities of MWNT/polymer composites. adhesion of the MWNTs with polymer matrix is clearly
The MWNT ester/PSF composites were made by drop observed. These results imply that a homogeneous dispersion
casting of the chloroform solution of the mixture onto clean of MWNTSs can be achieved in the PSF matrix for MWNT
glass substrates. The MWNT ester content in the mixture esters with linear alkyl chains above eight. The introduction
was kept as 5% (w/w) in each of the samples, respectively. of longer alkyl chains on the surface of MWNTs can get
After drying, black films which are uniform to the eye were MWNTs more compatible with the polymer matrix.
formed. However, the corresponding film with purified Both the volume and surface conductivity properties of
MWNTs as doping shows clear black spots occasionally, the films were measured at room temperature by using a
which implies that the MWNT esters can disperse better than two-probe technique. Since there are two surfaces for the
the purified MWNTs in PSF matrix. To further study the film, we define the top and bottom faces of the film as those
homogeneity of the films in microscale, the SEM method faces exposed to the air and in contact with the substrate,
was employed to investigate the fracture surfaces of therespectively. As for the purified MWNT-doped PSF com-
composites together with that of pure PSF film (Figure 3). posite, the measurement of the conductivity did not give
The pure PSF film indicates the typical fragile rupture. constant values, probably because of the heterogeneity of
However, SEM images of composite films show different the samplé’ Figure 4a shows the volume conductivity of
features. For the estdfPSF and este?/PSF composites, = MWNT ester/PSF composite films as a function of the carbon
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Carbon numbers of side chains Figure 5. Bottom surface conductivity (a) and volume conductivity (b) vs
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Figure 4. Volume conductivity (a) and bottom surface (square) and top  4/psF (down triangles), anlPSF (diamonds).
surface (triangle) conductivity (b) variations with the carbon numbers of

side chains. Chart 2. MWNT Distribution in Polymer Matrix 2

number of linear alkyl chains. While est&fPSF and ester / \\/ x \/\// /\\
2/PSF composites show similar conductivity between'i0 > L NN N> Y /

11 .. . \ PO 7 N/ < / v
and 10! S/cm, the conductivity of estéd/PSF composite (a) \ N, O,
films increases dramatically t8108 S/cm. For este4/PSF
and este6/PSF composite films, their volume conductivity \ \ \ \\ \
values are between 10and 108 S/cm. Thus a percolating \ S /\ ~ \/

p 7

network was formed for the est&PSF composite. Con- (b) \ pz\”\/k//é— A\
sidering that the MWNT ester content is kept as 5% (w/w)
for each of the samples investigated, the driving force for y \/
the better volume conductivity of MWNT ester/PSF com- K NS /\// P 7 7/
posites is the better dispersion of MWNTSs in the PSF matrix, (c) \ %\/X/ O /\
which is due to the introduction of longer alkyl chains to _ _ _
the surface of MWNTs a2 The dispersion of MWNTSs follows a degressive sequence from a to c.

Figure 4b shows the bottom and top surface conductivity obtained in our study are ohmic along the surface and

of the composite films, respectively. For Composite_ fi_Ims nonohmic along the thickness direction. As the MWNT esters
made from estef and esteR, the top surface conductivity  5r0 the only conductive species in the composites, these
could not be detected in our experiments, probably becauseresults imply the presence of denser aggregated carbon

there are few conductive fillers (CNTs) on the surfaces. 5,44 hes, possibly due to the settlement of MWNTS during
However, the bottom conductivities of both of these two film formation 42 The better solubility of MWNT este#

films give a value~0.5 x 107! S. The electrical conductiv-
ity of the bottom surfaces of the other three composite films
made by esteB, ester4, and estels exhibits a relatively
higher electrical conductivity than those of the top surfaces

and ester5 makes MWNTs disperse nearly uniformly

throughout the whole polymer matrix (Chart 2a). However,

the lower solubility of MWNT estell and ester reveals
o 0 . o ' an indication of segregation of the MWNTSs into a particular
giving the value of 1x 107° ~4 x 107 and 5x 107 S, phase but lacking continuity though the matrix (Chart 2c).
respectively. The moderate solubility of MWNT ested results in the

Both of the bottom surface and the volume conductivities oderate distribution of MWNTS in the polymer matrix, as

of the MWNTSs ester/PSF composite films were also mea- shown in Chart 2b. Thus, the dispersion of MWNTS in the
sured versus different applied voltage (Figure 5). As shown polymer matrix is the reason for the different conductivity
in Figure 5a, the bottom surface conductivities are almost penyeen the top and bottom faces as well as the nonohmic

invariable as the applied voltage is increased, namely, thepenhaviors of the volume conductivity along the thickness
ohmic conductivity, which also indicates of the homogeneity girection.

of the bottom surface of the composite films. However, the

volume conductivities are increasing as the applied voltage
is increased, which indicates the nonohmic behaviors (Figure
5b). It implies the uneven distribution of MWNT esters along  In summary, we have synthesized a series of MWNT esters
the thickness direction of the composite films. Thus, the films with various linear alkyl chains. The solubility of these

Conclusion
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MWNT esters is increased along with the increase of the nonohmic. This observation could provide the possibility of
length of the alkyl chains. The SEM studies of MWNT ester/ utilizing the unique microelectrical properties of carbon
PSF composite films show that the longer alkyl chains give nanotubes on a macroscopic scale, such as electronic
better dispersion of MWNTSs in PSF matrix. Both the surface modulators.

and volume conductivity study shows that better dispersion

of MWNTSs in polymer matrix results in better conductivity. Acknowledgment. This work was supported by the National
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character. It is also found that the bottom surface electrical 90306007) and the Chinese Academy of Sciences.

conductivity of the composite films is ohmic and the
electrical conductivity along the thickness direction is CM0491025



