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Abstract: Poly(aminobenzene sulfonic acid) (PABS) and polyethylene glycol (PEG) were covalently attached
to single-walled carbon nanotubes (SWNTSs) to form water-soluble graft copolymers. Quantitative near-IR
(NIR) spectroscopic studies of these SWNT graft copolymers indicate a water solubility of about 5 mg/mL,
and atomic force microscopy studies show a fairly uniform length and diameter. On the basis of
thermogravimetric analysis, the loading of SWNTSs in the graft copolymers is estimated to be 30% for SWNT —
PABS and 71% for SWNT—PEG. NIR spectroscopic studies of SWNT—PABS show that this graft copolymer
has a ground state that is a hybrid of the electronic structures of the isolated PABS and SWNT

macromolecules.

Introduction

polystyrene-poly(acrylic acid) copolyme#? starch?® natural

The synthesis of water-soluble carbon nanotubes is anPelymer: or by adjusting the pH of the solutighcan also
important topic because such materials have potential applica-MProve the solubility of carbon nanotubes in water.
tions in biology and materials science. It has been reported that  Polyaniline (PANI) is a conducting polymer that has received
water-soluble carbon nanotubes can be produced by function-special attention as a result of its high stability toward air and

alization with polymerd;1° crown etherd! glucosamines?
biological molecules such as DN& peptides}* proteins!® and
through sidewall functionalizatiol. Physical wrapping or

moisture, high electrical conductivity, and unique redox proper-
ties. Recently PANI and PANI derivatives have been employed
to make composite materials with carbon nanot#6e%.PANI

encapsulation of carbon nanotubes with poly(vinylpyrrolidone) ¢ nstituted by alkyl2? alkoxy-3-33 and alkyl-N-substitutet

(PVP) and polystyrene sulfonate (PSS)surfactant38—21

(1) Riggs, J. E.; Guo, Z.-X.; Carroll, D. L.; Sun, Y. B. Am. Chem. Soc.
200Q 122 5879-5880.
(2) Riggs, J. E.; Walker, D. B.; Carroll, D. L.; Sun, Y.-P. Phys. Chem. B
200Q 104, 7071-7076.
(3) Fu, K.; Huang, W; Lin, Y.; Riddle, L. A.; Carroll, D. L.; Sun, Y.-Rano
Lett. 2001, 1, 439-441.
(4) Sun, Y. P.; Huang, W.; Lin, Y.; Kefu, Y.; Kitaygorodskiy, A.; Riddle, L.
A.; Yu, Y.; Caroll, D. L. Chem. Mater2001, 13, 2864-2869.
(5) Czerw, R.; Guo, Z.; Ajayan, P. M.; Sun, Y. P.; Carroll, D.Nano Lett.
2001, 1, 423-427.
(6) Sano, M.; Kamino, A.; Okamura, J.; Shinkai,L3ngmuir2001, 17, 5125~
5128.
(7) Huang, W.; Lin, Y.; Taylor, S.; Gaillard, J.; Rao, A. M.; Sun, Y.Nano
Lett. 2002 2, 231-234.
(8) Hill, D. E.; Lin, Y.; Rao, A. M.; Allard, L. F.; Sun, Y. PMacromolecules
2002 35, 9466-9471.
(9) Lin, Y.; Rao, A. M.; Sadanadan, B.; Kenik, E. A.; Sun, Y. P.Phys.
Chem. B2002 106, 1294-1298.
(10) Zhao, B.; Hu, H.; Haddon, R. @dv. Func. Mater.2004 14, 71—76.
(11) Kahn, M. G. C.; Banerjee, S.; Wong, S. I$ano Lett.2002 2, 1215~
1218.
(12) Pompeo, F.; Resasco, D. Hano Lett.2002 2, 369-373.
(13) Hazani, M.; Naaman, R.; Hennrich, F.; Kappes, M.Nno Lett.2003 3,
153-155.

(14) Pantarotto, D.; Partidos, C. D.; Graff, R.; Hoebeke, J.; Briand, J. P.; Prato,

M.; Bianco, A.J. Am. Chem. So003 125 6160-6164.

(15) Huang, W.; Taylor, S.; Fu, K.; Lin, Y.; Zhang, D.; Hanks, T. W.; Rao, A.

M.; Sun, Y.-P.Nano Lett.2002 2, 311-314.

(16) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger, M.;

Hirsch, A.J. Am. Chem. So@002 124, 760-761.

(17) O’Connell, M. J.; Boul, P.; Ericson, L. M.; Huffman, C.; Wang, Y.; Haroz,

E.; Kuper, C.; Tour, J.; Ausman, K. D.; Smalley, R.Eem. Phys. Lett.
2001, 342, 265-271.

(18) Zhang, X.; Liu, T.; Sreekumar, T. V.; Kumar, S.; Moore, V. C.; Hauge, R.

H.; Smalley, R. ENano Lett.2003 3, 1285-1288.

10.1021/ja042924i CCC: $30.25 © 2005 American Chemical Society

were reported to be soluble in organic solvents. Among these
materials, sulfonated PANIs (SPAN)3? are of great interest
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because of their unique electroactive properties, self-doping, solution-phase near-IR (NIR) spectra were measured on a Varian Cary
thermal stability, characteristic optical properties, and water 500 spectrometer. Atomic force microscopy (AFM) images were taken
solubility. As a result, SPANs have generated interest in the On a Digital Instruments nanoscope IlIA (using taping mode). Scanning

areas of rechargeable batterf®4! light-emitting diode de- electron microscopy (SEM) images were taken on a Philips SEM XL-
vices?2 junction device<? and in the electrochemical control 30 microscope. TGA data were recorded on a Perkin-Elmer Instruments,

- . Pyris Di TG/DTA Th imetric/Diff tial Th I
of electrolyte acidity and enzyme activity. yris Diamond TG/ ermogravimetric/Differential ermal

. Analyzer, with a heating rate of’6&/min in air. ¢ potential data were
sir?gtle(;yv&:lcl::gtcl:);r\tl)v:nriz?lg?udbttehS syntr:ﬁlscl)f) ;rflzae:]veatseurl-fst’)c:llili:ble recorded on a Zetaplus Analyzer (Zetaplus, Brookhaven, USA).
1gie- aty@ SWNT—PABS Graft Copolymer. P3—SWNTs (500 mg) were
acid) graft copolymer (SWN¥PABS)!® The SWNTs em-  sonicated in 500 mL of dimethylformamide (DMF)rf@ h to give a
ployed in this work were produced by the HiPco method and homogeneous suspension. Oxalyl chloride (20 mL) was added dropwise
are known to possess a relatively small diameter. The SWNT to the SWNT suspension at°C under N. The mixture was stirred at
PABS graft copolymer has excellent water solubility and 0 °C for 2 hand the_n at room temperature for anothe_r 2 h. FinaI_Iy the
exhibits an order of magnitude increase in electrical conductivity temperature was raised to 70, and the mixture was stirred overnight
over neat PABS. This material formulation has found application 0 remove excess oxalyl chioride. PABE5 g) dissolved in DMF was
as the active electronic component in an ammonia séfsmg added to the SWNT suspension, and the mixture was stirred .00
. s . L for 5 days. After it was cooled to room temperature, the mixture was
its zwitterionic electronic structure and water solubility have . )

b loited in biological studi hei . f filtered through a 0.2ém pore-size membrane and washed thoroughly
(_een exploited in biological studies on the interaction of neurons with DMF, ethyl alcohol, and deionized (DI) water. The black solid
with carbon nanotube$.As we show below, SWNFPABS was collected on the membrane and dried under vacuum overnight (1.6

is the flrst_ nanotub_e-based graft co_polymer that has a_ groundg),
state that is a hybrid of the electronic structures of the isolated SWNT—PEG Graft Copolymer. P3~SWNTs (1.5 g) were soni-
macromolecular components. In this paper, we report the cated in 800 mL of DMF fo2 h togive a homogeneous suspension.
synthesis of two water-soluble SWNTGraft copolymers by The SWNT suspension was reacted with oxalyl chloride (60 mL), using
covalent functionalization of SWNTs with PABS and poly- the same procedure as was used in the preparation of SYPXRBS.
(ethylene glycol) (PEG) at gram scale; the starting SWNTs were PEG (15 g, from Aldrich, MW= 600) was added to the SWNT
produced by the electric arc (EA) method and are known to be suspension, and the mixture was stirred at 10Gor 5 days. After it
of larger diameter than HiPco materfdlThe solubility of was cooled to room temperature, the mixture was filtered through a
SWNT—PABS and SWNT-PEG graft cop.olymers is about 5 0.2um pore-size membrane and washed thoroughly with ethyl alcohol
. L . ) and DI water. The black solid was collected on the membrane and
mg/mL according to quantitative optical spectroscopy studies. yied under vacuum overnight (1.2 g).
While SWNT-PEG is a simple material in which the electronic  g|ypility. A 0.1 mg/mL agueous solution of the SWNT derivative
structure of the SWNT component is Unpe"turbeq by fupctlon- was prepared by the sonication of 5.0 mg of the material in 50.0 mL
alization, we provide evidence that SWNPABS is the first of DI water for 2 h. The resulting homogeneous brown solution was
covalently functionalized material for which an internally doped diluted with DI water to prepare 0.05, 0.02, and 0.01 mg/mL solutions
electronic structure can be demonstrated. The loading of SWNTsfor NIR characterization, and the NIR spectra of the SWNT derivative
in the graft copolymers has been investigated by thermogravi- solutions were mgasured immediately after preparation of the solution.
metric analysis (TGA). Thé& potential of SWNT-PABS has A saturated solution of the SWNT derivative was prepared by the

been measured in order to obtain information on the mechanism3°nication of 20 mg of material in 2 mL of DI water for 2 h. The
of dissolution resulting suspension was allowed to stand overnight at room temper-

ature. The upper layer was carefully removed with a syringe and diluted
Experimental Section with DI water. The diluted upper layer was used for the NIR
spectroscopic estimation of the concentration of material in the saturated
Purified (P3), EA SWNTs were obtained from Carbon Solutions, aqueous solution, and the solubilities of SWANTOOH, SWNTF
Inc. (www.carbonsolution.com); to denote the presence of the carboxylic PABS, and SWNTFPEG were determined as 0.7, 5.8, and 5.9 mg/
acid functionality, P3-SWNT material is sometimes referred to as  mL, respectively. To check this result on the bulk scale, 50 mg of
SWNT—-COOH. The P3-SWNT material is specifically tailored for ~ SWNT-PABS was sonicated in 10 mL of water. The concentration
functionalization chemistry, and it contains 6% carboxylic acid grfups  of SWNT—PABS in solution was measured immediately after soni-

and a relative carbonaceous purity of-7A0%° All other chemicals cation and again after 2 days standing to give solubility values of 5.2
were purchased from Aldrich and used as received. Mid-IR spectra and 4.8 mg/mL.

were measured on a Nicolet Magna-IR 560 ESP spectrometer. The ) )
Results and Discussion

(39) Roy, 8. C.; Gupta, M. D.; Bhoumik, L.; Ray, J. Bynth. Met2002 130 Synthesis The synthesis of SWNFPABS and SWNT-PEG

(40) fsaﬁero, C.; Miras, M. C.; Kotz, R.; Haas, Synth. Met1993 55, 1539~ graft copolymers are illustrated in Scheme 1. The starting EA

(41) Barbero, C.; Miras, M. C.; Schnyder, B.; Haas, O.; Kotz) Rdater. Chem. P3—SWNTS were obtaln.ed from Ca.rbon. Solutions Inc.; this
1994 4, 1775-1783. material is terminated with carboxylic acid groups and has a

(42) Ferreira, M.; Rubner, M. AMlacromolecules995 28, 7107-7114. . ; 0/, 49 . .

(43) Narasimhan, M.; Hagler, M.; Cammarata, V.; Thakur Appl. Phys. Lett. relative carbonaceous purity of 780%:* The carboxylic acid
1998 72, 1063-1065. functionalized material (P3, SWNICOOH), was reacted with

44) Yue, J.; Epstein, AJ. Chem. Soc., Chem. Commui892 1540-1542. . . . . R
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(47) Hamon, M. A,; ltkis, M. E.; Niyogi, S.; Alvaraez, T.; Kuper, C.; Menon, - i _ _
M Haddon. K. C3. Am. Chem. So8001 123 1120211263, SWNT-PEG in water are gray-black, whereas aqueous solu

(48) Hu, H.; Bhowmik, P.; Zhao, B.; Hamon, M. A.; ltkis, M. E.; Haddon, R.  tions of PABS are purple, and aqueous solutions of PEG are
C. Chem. Phys. Let001, 345 25-28. B

(49) ltkis, M. E.; Perea, D.; Niyogi, S.; Rickard, S.; Hamon, M.; Hu, H.; Zhao, colorles_s. The graft copolymers are ql‘"te_ stable, _Can b?
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Scheme 1. Synthesis of SWNT—PABS and SWNT—PEG Graft 70
Copolymers L
SWNT-COOH
o o o 60F |
e T 5 sl "
1)0°C, 2h S 50t
SWNT-COOH 2)w, 2h, £ 90 l5\WNT-PABS
3)70°C, 17h = | |
S
F ol 1649
o)
PABS
TABS N N C
m): ( Q H-)n "0 FSWNT-PEG
)?\ SOsH 60 1740
m Ci SWNT-PABS 50 L . . l
] 3000 2000 1000
j’\ o) Frequency (cm™)
0
LPEC . FRCTORRCEs R~ OH Figure 1. Mid-IR spectra (ATR method) of SWNTCOOH (top), SWNT-

SWNT-PEG PABS (middle), and SWNFPEG (bottom).

applications, particularly in biological applications requiring 100 200
water solubility. sol SWNT-COOH ]
Mid-IR spectra (ATR method) of SWNFCOOH, SWNT- | 100
PABS, and SWNTPEG are shown in Figure 1. The peaks due —~ 0
to the carbonyl stretches of these materials show good cor-}’\:100 200,
respondence to the expected structure of the SWNTs. Thes, sl -1oo§
spectrum of the starting material (SWNTOOH) shows a Q o
signal at 1705 cmt, which is due to the carbonyl stretch of the 0 0
carboxylic acid grou§?5! The spectra of SWNFPABS and 1001 200
SWNT—PEG show absorbances at 1649 and 1740'cmhich 50 1400
can be assigned to the carbonyl vibration of the amide and ester,
respectively:°t 00 a0 600 "800 1000

TGA Measurements and SWNT Loading.In our previous
work, energy-dispersive X-ray spectroscopy (EDS) was used
to study the loading of SWNTs in the SWNPABS graft Figure 2. TGA graphs and derivative curves of SWNT samples. The TGA

. graphs are labeled with the wt % of metal residue after ramping the sample
copolymer, and we found that the SWNT component constituted 5 19gg°c.

about 17 wt % of the graft copolymé?.In the present study,

we used TGA to analyze the loading of SWNTs in the graft attained in the HiPco SWNTPABS graft copolymet® which
copolymers, but since the decomposition temperature of PABS jndicates that more PABS was attached to the HiPco SWNTSs.
(420 °C) is close to the combustion temperature of SWNTS, The |oading of SWNTSs in the graft copolymer presumably
TGA measurements do not provide a clear separation betweenyefiects the concentration of carboxylic acid groups on the
the two components. Figure 2 shows the TGA graphs and the syNTs and the cleavage of the carbon nanotube bundles. The
derivative curves of SWN¥COOH, SWNFPABS, and HiPco SWNTs used in our previous work were shortened by

SWNT—-PEG. The weight percentage of metal residue is 8.7% HNO3/H,SO; treatment? and this may be responsible for the
for SWNT—COOH, 3.2% for SWNTPABS, and 6.2% for  pigher concentration of carboxylic acid functional groups and

SWNT-PEG, whereas neat PABS did not leave a residue. We 4, higher degree of SWNT debundling.
repeated the measurement for SWANHABS because NIR

spectroscopy cannot be used to check the TGA result (below). . . . .
Opn the basFi)g of these measurements. we estimate thr—E IoadiZI opolymers, it is possible to estimate the fraction of the carbon
of SWNTs in SWNT-PABS and SWN'i,'—PEG to be about 30 toms in the SWNTSs that become functionalized in the copoly-
and 71%, respectively. This result is roughly consistent with MErS. Fr(])r_ exa;)mpleégge molr(]acu(;ar welghft fOf P'_EG lf_seo_' 'nsg\]/e
the synthetic yield of the products together with the reactivity research Is about » S0 the degree of functionality in }

of the starting materials (320% for SWNPABS and 80% NT—PEG can be calculated as a molar functiona#ty(z_gl
for SWNT—PEG, based on the weight of the SWNTOOH 600)/(71/12)= 1%. Thus only about 1% of the carbons in the
starting material) and is also supported by NIR measurement SVWNTs are functionalized with PEG; the same calculation gives

on SWNT-PEG that give a SWNT loading of 72% (see below). & degree of functionality in SWNTPABS of 4%. The concen-
The difference in the loading is probably a result of the low Iration of carboxylic acid groups in the SWNTOOH starting
reactivity of PEG toward SWNFCOCI; the amine functionality ~ Material was determined to be 6% by achise titratiorf? and

on PABS is a superior nucleophile to the alcohol on PEG. The thus @ significant fraction of these residues are retain-
loading of SWNTSs in the arc SWNTPABS is higher than that ~ €d in the SWNFPEG and SWNTPABS graft copolymers.

Temperature (°C)

By use of the determination of the SWNT loading in the graft

(50) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. C.; (52) Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul, P. J,;
Haddon, R. CSciencel998 282 95-98. Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-Macias, F.;
(51) Hamon, M. A;; Chen, J.; Hu, H.; Chen, Y.; ltkis, M. E.; Rao, A. M.; Eklund, Shon, Y.-S,; Lee, T. R,; Colbert, D. T.; Smalley, R.&tiencel 998 280,
P. C.; Haddon, R. CAdv. Mater. 1999 11, 834-840. 1253-1255.
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value of the¢ potential of SWNFPABS is larger than 30mV

40 F —o— AP-SWNT ) . . ) L.
—a— SWNT-COOH over a wide pH range (from 2 to 10), which indicates that it is
s 207 —=— SWNT-PABS very stable in water at a concentration of 0.05 mg/mL. The
£ —2—SWNT-PEG aqueous dissolution mechanism of the PABS moiety can be
© °_ e _ attributed to the dominance of the electrostatic and steric
E 20k \ repulsion between the functionalized SWNTs over the van der
2 - A~ Waals attraction that leads to coagulation and precipitation.
£ or —a SWNT—PEG has less charge than SWNTOOH since the
N 0 | functionalization converts the carboxylic acid groups into esters,
I nevertheless the solubility of SWNIPEG is very close to that
-80 ! L ! ! . of SWNT—PABS presumably due to the oxygen-containing

2 4 6 8 10 glycol chain which can form hydrogen bonds with the water
PH molecules and capture cations present in solution. The absolute
Figure 3. { potential of aqgueous SWNTs samples at a concentration of value of thel, potential of AP SWNTs is less than 30 mV from
0.05 mg/mL. .
pH 5 to 8 as expected from the inert graphene surface of the
é‘ Potential Measurements. The @ potentia| provides an pristine SWNTSs, and this indicates that the system has insuf-
indicator of the stability of colloidal systems. Measurements of ficient electrostatic repulsion to maintain its stability at a
the ¢ potential have already been used to discuss the density ofconcentration of 0.05 mg/mL.
acidic sites on the surface of multiwalled carbon nanotubes Nevertheless, the behavior of the AP SWNT sample supports
(MWNTSs) and the stability of MWNT/water colloidal sys- the idea that electrolytes can preferentially adhere to the carbon
tems2153-58 The ¢ potential of a series of aqueous SWNT nanotube surfac®. For example, electrophoretic deposition
samples as a function of pH is shown in Figure 3; the absolute experiments showed that SWNTs migrated toward the positive
value of the¢ potential over a wide pH range {20) follows electrode in the presence of NaOH but toward the negative
the order: SWNTEPABS > SWNT—COOH > SWNT-PEG electrode when MgGlwas in solution with the carbon nano-
> as-prepared (AP) SWNTSs, which is consistent with the surface tubes2®
charge of these materials. SWNPABS contains sulfonic acid AFM and SEM. AFM images (Figure 4) of the graft
and amine groups that exist in zwitterionic form, and thus it copolymers were obtained by drying aqueous solutions on mica
has the highest charge throughout the pH range. The absolutesubstrates. SWNTCOOH has an average length of 890 nm

o 10,0 pm o 10.0 um

40
ettt - itttk (1 SWNT-PABS i SWNT-PEG
- 20 - _'s @
= 5 g20 -
5 20 =
sl £ 1l
E E] a |
] =z £
= L H g L
o L ! 1A I 0 0 PallFibir i I
0 5 10 0 5 10 15 ] 5 10 15
Diameter (nm) Diameter (nm) Diameter (nm)
40
2 SWNT-COOH i | SWNT-PABS 2 SWNT-PEG
401 S40 5
] k] 5
e ] =20
3 2 2
220 g20 £
=1 = =1
2 Hﬂﬂ 2 ”H 2
0 E m = [i] I-| — 0
0 1000 2000 3000 0 1000 2000 0 1000 2000
Length (nm) Length (nm) Length(nm)

Figure 4. AFM images of (a) SWNFCOOH, (b) SWNTF-PABS, and (c) SWNFPEG. The length and diameter distribution of the graft copolymers are
obtained from the AFM images.
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o — (Bl Figure 6. Solution phase NIR spectra of SWNPABS in water. The
‘1% 53 I £ inset is the plot of absorbance versus concentration (mg/mL) for the SWNT

PABS standard solutions. Slope 9.28,R2 = 0.997.
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@
g
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3
e
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Figure 7. Solution-phase NIR spectra of SWNPEG in water. The inset

] ) is the plot of absorbance vs concentration (mg/mL) for the SWREG
Figure 5. SEM images of (a) SWNFPABS and (b) SWNTPEG. standard solutions. Slope 6.87,R2 = 0.999.

and average diameter of 5.04 nm. The average length of .
SWNT—PABS is about 510 nm, with an average diameter of standard SOlu“_onS 0.1, 0'05’.9'02’ and 0.01 mg/mL) were
4.2 nm. A large number of the nanotubes (63%) in the SWNT prepare_d to cal_|brate_the solubility of t_he graft copolymers _by

PABS graft copolymer have a length shorter than 500 nm, and measuring the intensity of the absorption at the second pair of
only a small amount of tubes are longer thar (1196). About singularities in the density of states (DOS) of the semiconducting

82% of the tubes in SWNTPABS have bundle sizes less than .SWNTS (S2 celn.tert_ad at9750 g‘rﬁ: Figures 6 and 7). The;%
6 nm. The average length and diameter of SW\PEG is 580 interband transition is characteristic of the SWNTs and has been

and 4.3 nm, respectively. In fact, the PABS and PEG attached used to evaluate the purity of electric arc produced SWARG%55

to the surface of SWNTs should increase the effective diameterBy measuzement of the intensity of thgz&terb_gnd transition
of the SWNTSs. So the exact bundle size of the SWNTs is likely S,Zg(s) C”L)Sc\);szif_uggtgd SOI?t'onj' thg Sglgb'“tﬁ gfgSWl\/}T L
to be smaller than the observed values; it is not uncommon for an . Applicati aref ound to o€ S. an}%ﬁs' mghm '
functionalization reactions to exfoliate the SWNT bundles. resp;ectlvs Y- oF|)I13 ICg[\I/(\)/rl:};)C(())grl-lprsewOlel's SA\eEtsS Svt\(/)NEI'e
SEM images of SWNTPABS and SWNT-PEG (Figure 5)  'eSults obtained for , SWNPABS, »
show that the SWNTs dominate the morphology of both of the PEG, and PABS gives aqutlaous ?ffectlve ext|lnct|on co_eff|0|ents
graft copolymers. The SEM image of SWNPABS shows that ~ Of +2-8, 7.3,9.2, and 1.3-g™"-cm™" at 9750 cm', respectively.
the SWNTs are entrapped in PABS matrix to give a compos- The effectlvg extlnctlon coefficient found. for the SWNT
itelike appearanck while the image of SWNFPEG shows a COOH material in water (.191-I:nolil-cm*1) is Iow'er than the
dispersed network of interconnected SWNTS. values we reported for highly purified samples in D#E3
Electronic Spectroscopy, Solubility, and Electronic Struc- Because PEG is optically transparent throughout the-Vis
ture. Solution-phase UV spectroscopy has been used to NIR region and remains electronically inert in the copolymer,

demonstrate a linear relationship between the absorbance andf is straightforward to use the above spectral data to calculate
solution concentration of soluble carbon nanotubes in dichlo- the loading of SWNTs in the SWNFPEG graft copolymer.

robenzené? chloroform#? tetrahydrofurar¥;f DMF,%2:63 and
water!® However, a quantitative solubility study of function-  (53) Fsumi K shigami, M.; Nakajima, A; Sawada, K.; Honda, Garbon

alized SWNTSs in water has not been reported, and we have(s4) Miller, S. A.; Young, V. Y.; Martin, C. RJ. Am. Chem. SoQ001, 123

- : ; 0. 12335-12342.
used solution-phase NIR spectroscopy to investigate the solubil (55) Sun. 3 Gao, L. Li, WChem. Mater2002 14, 5169-5172.

ity of SWNT—PABS and SWNTPEG in water. A series of  (56) Kim, B.; Park, H.; Sigmund, W. MLangmuir2003 19, 2525-2527.
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SWNT-COOH

Absorbance

Frequency (cm™)

Figure 8. NIR spectra of SWNTPABS copolymer (solid line), SWNF
COOH (dashed line), PABS (long dastiotted line) in water at a
concentration of 0.02 mg/mL. The short dashed line is a fit of the function
FIT = K(a(PABS) + b(SWNT—COOH)) to the SWNTPABS spectrum,
which gaveK = 1.0,a = 0.22, andb = 0.78. The short dastdotted line

is the difference spectrum obtained from the function DEEFSWNT—
PABS — FIT.

This is best accomplished by taking the ratio of the effective
extinction coefficients of SWNFCOOH and SWNTFPEG in
the region of the & interband transition, to give a SWNT
loading of 9.2/12.8= 72% in SWNT-PEG, which is consistent
with the TGA result.

Figure 8 shows the UV/Vis/NIR absorption spectra of PABS,
SWNT-COOH, and SWNFPABS in aqueous solution at a

concentration of 0.02 mg/mL. The absorbance centered at 17750

cm™tin the spectrum of PABS has been assigned to the n
a* band transitior?® whereas the SWNFTCOOH spectrum
shows the characteristicSnterband transition centered at 9750
cmL. In the low-energy region, there is an obvious transfer of
spectral weight from the region of the,SSWNT interband
region ¢(~10 000 cn1?) to a part of the spectrum~(16 500
cm™1), which is near where the - z* transition of PABS
occurs (17 750 cm').2° To understand the electronic properties
of SWNT—-PABS, we carried out a normalized least-squares
fit of the spectra of neat SWNTCOOH and PABS to the
spectrum of SWNFPABS (Figure 8). The best fit to the
experimental spectrum of SWNIPABS was obtained with the
function FIT= 0.22 x PABS + 0.78 x SWNT—-COOH, and

06 SWNT-COOH

Absorbance

30000
Frequency (cm'1)

10000 20000 40000

Figure 9. NIR spectra of mixtures of SWNTCOOH and PABS in water

at constant total concentration by weight. The spectra are labeled with the
volume ratio of SWNFCOOH (0.01 mg/mL) to PABS (0.01 mg/mL).
The dashed line is the spectrum of SWNFABS copolymer (0.01 mg/
mL).
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Figure 10. Plot of SWNT-COOH content in the mixture against the areal
absorbance of the corresponding spectra (Figure 9). The solid square symbol
is the areal integration with spectral cutoff from 7 500 to 35 000 %rthe

solid circular symbol is the areal integration with spectral cutoff from 7 750
to 11 750 cm?, and the hollow circular symbol is the areal integration
above the baseline with spectral cutoff from 7 750 to 11 750%camd is
mainly due to the & interband transition of the SWNTSs.

the SWNT-COOH and PABS spectra, and this result provides
clear evidence for an electronic interaction between the PABS

a difference spectrum was obtained from the relationship DIF and SWNT functionalities in sharp contrast with the behavior

= SWNT—-PABS — FIT. The weighting factors resulting from
the NIR fit are clearly at variance with our previous estimation
of the SWNT loading 0F~30% in SWNT-PABS from TGA

of SWNT—PEG discussed above.
To further understand the nature of the electronic interaction
between SWNT and PABS, we separately prepared aqueous

analySiS (abOVe). Taken tOgether with the Signiﬁcant deviations solutions of SWNTFCOOH and PABS, each at a concentration
exhibited by the difference spectrum, it is apparent that the of 0.01 mg/mL. These standard solutions were used to prepare

SWNT—-PABS spectrum is not a simple additive composite of

(57) Li, Y.-H.; Wang, S.; Luan, Z.; Ding, J.; Xu, C.; Wu, @arbon2003 41,
1057-1062.

(58) Zhao, L.; Gao, LColloids Surf., A2003 224, 127-134.

(59) Gao, B.; Yue, G. Z.; Qui, Q.; Cheng, Y.; Shimoda, H.; Fleming, L.; Zhou,
O. Adv. Mater. 2001, 23, 1770-1773.

(60) Babhr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J.
M. Chem. CommurR001, 193-194.

(61) Zhou, B.; Lin, Y.; Li, H.; Huang, W.; Connell, J. W.; Allard, L. F.; Sun,
Y. P.J. Phys. Chem. BR003 107, 13588-13592.
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13838-13842.
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a series of mixed solutions of different composition (Figure 9).
It is clear that the SWNFCOOH component is the strongest
absorber in this spectral region.

Figure 10 shows a plot of the areal absorbance between two
spectral cutoffs (7 50835 000 cnT!, NIR—Vis—UV region and
7 750-11 750 cnl, Sy, interband transition of SWNTS), as a
function of the relative concentration of the two components
(SWNT—COOH and PABS). While the intensity due to the
nanotube & interband transition follows an approximately linear
dependence on SWNT concentration, it is apparent that the
spectral weight captured by the other areal absorbances initially
grows very rapidly as the SWNT component is added, before
following a more gradual increase. This confirms that there is



Synthesis and Characterization of SWNT Graft Polymers ARTICLES

an electronic interaction between SWNTOOH and PABS a fairly uniform length and diameter. On the basis of TGA
that at the very least is changing the nature of the chromophoresmeasurements, we estimate the loading of SWNTs in SWNT
in the mixture. On the basis of the sensitivity of the electrical PABS and SWNTPEG to be about 30 and 71%, respectively.
conductivity of SWNT-PABS to environmental gases such as The NIR spectrum of the SWNTPABS graft copolymer is
ammonia’® it seems likely that the electronic interaction may not a simple sum of the SWNT and PABS spectra, and we
not be confined to the excited-state behavior and may involve conclude that this is the first nanotube-based graft copolymer
a ground-state charge-transfer process. In this sense, SWNT that has a ground state that is a hybrid of the electronic structures
PABS represents the first SWNT graft copolymer in which the of the isolated macromolecular components. These graft co-
electronic structure should be regarded as a hybrid of the two polymers are well suited for use in the preparation of composite
components. This result also explains why the NIR spectrum materials?® in biological research® and for the active element

of SWNT—PABS copolymer is not a simple sum of the two of electronic sensors.
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