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Abstract: The detection of nanotube carbons in solution by 3C NMR is reported. The highly soluble sample
was from the functionalization of '*C-enriched single-walled carbon nanotubes (SWNTs) with diamine-
terminated oligomeric poly(ethylene glycol) (PEGisoon). The ferromagnetic impurities due to the residual
metal catalysts were removed from the sample via repeated magnetic separation. The nanotube carbon
signals are broad but partially resolved into two overlapping peaks, which are tentatively assigned to
nanotube carbons on semiconducting (upfield) and metallic (downfield) SWNTs. The solid-state NMR signals
of the same sample are similarly resolved. Mechanistic and practical implications of the results are discussed.

Introduction The signals of the nanotube?gparbons are generally broad,

There have been extensive recent investigations on theCentered around 126130 ppm, similar to those for unfunc-
functionalization of single-walled carbon nanotubes (SWNTs).  tionalized SWNTS 1 In a recent study of polymer-function-
The functionalization typically renders solubilities of the nano- aized SWNTs, solid-state 281—*%C heteronuclear correlation
tubes, enabling their characterization in homogeneous organicSPECtroscopy was employed for evidence on significant interac-
and/or aqueous solutions. NMR is obviously one of the most tions of the functional groups with the nanotuligven for solid-
desirable instrumental methods for studying the structures andSt&t® NMR, however, it is widely acknowledged that NMR
properties of functionalized carbon nanotubes. However, a Measurements and results can be negatively affected by the
number of technical difficulties have probably hindered a direct Présence of substantial ferromagnetic impurities from the
13 NMR probing of the functionalized nanotube itself in residual metal catalysts used in the nanotube produgtit.
solution, such as limited sample solubility and the presence of DesPite the development of various purification methSdage
ferromagnetic impurities, among others. Thus, the available catalyst residues can often survive some of the rather harsh
solution-phase NMR results are centered on the characterizatiorchemical and thermal treatments of carbon nanotube samples.
of the functional groups. For example, Chen et al. reported the AS & result, SWNTSs produced by using catalysts of nonferro-
use of'H NMR results to validate their proposed noncovalent Magnetic metals (Rh/Pd or PURh, for example) have been used
n-stacking mechanism for the functionalization of SWNTs with 1N Some recent NMR studiés:*
poly(arylene ethynylene) polymetsHolzinger et al. usedH Here, we report results from the first attempt of a solution-
NMR to characterize their soluble SWNT samples functionalized Phase**C NMR study of nanotube carbons in functionalized
by various substituted oxycarbonyl nitrene compouftidghe SWNTs. The nanotube sample was produced Withisotope
NMR signals from the functional groups on SWNTSs are often €nrichment. The high nanotube equivalent solubility was
broader than those from the free functionalization agent, with
generally similar patterns but sometimes shifting to the upfiéld.

Solid-state'3C NMR has been applied to the characterization
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achieved via the known functionalization of SWNTs with argon flow (50 sccm, atmospheric pressure). The furnace temperature
diamine-terminated oligomeric poly(ethylene glycol). The fer- was setat 1156C, with a steady argon flow (62 sccm, 75 kPa), in the
romagnetic impurities due to the residual metal catalysts were ablation experiment. The rubber-like carbon soot from the laser ablation
effectively removed from the functionalized nanotube sample was characterized by Raman, and the results were consistent with the
X PO .
in solution via repeated magnetic separation. The soIution-phaseexloe‘:t?OI substantial presence a enrlched SWNTS in the soot.
NMR results are compared with those from solid-state NMR According to the characteristic G-band shift, the atomic contefi®f
. . in the nanotubes was estimated as 16%.
measurements. The partially resolved nanotube carbon signals Th ification of the*C-enriched SV(:/NT | imil
in the NMR spectra are discussed in terms of theoreticall & purtication of { -enrene sample was similar to
P Y that discussed above for the regular SWNT sample.

predicted difference in chemical shifts between semiconducting ¢ \«tionalization and Magnetic Separation.In a typical experi-

and metallic SWNTS. ment?® a purified*C-enriched SWNT sample (60 mg) was mixed with

PEGisoon (1.2 ), and the mixture was heated to IZD After 3 days

at that temperature, the reaction mixture was cooled to ambient for
Materials. Amorphous®*C powder (99.99% carbor}*C content repeated extraction with water. In each extraction, the soluble fraction

>98%) and graphite powder (CVP grade) were supplied by Icon containing the PEGoon-functionalized nanotubes was separated from

Isotopes and Bay Carbon, respectively. Carbon cement was obtainedthe insoluble residue via centrifuging-at.40Qy for 15 min. Typically

Experimental Section

from Dylon Industries. Powdery Ni (2:23.0um, 99.9%) and Co (6 three repeats were performed, with the supernatant in the last repeat
um, 99.8%) were purchased from Alfa Aes30'-Bis(3-aminopropyl) being colorless. The aqueous solutions from the repeated extractions
poly(ethylene glycol) of average molecular weigity ~ 1500 were combined for magnetic separation.

(PEGsoon), and KCI (-99%) were obtained from Aldrich and deuterated The magnetic separation to remove residual metal catalysts in the

solvents from Cambridge Isotope Laboratories. Cellulose ester dialysis solubilized sample was accomplished by using a commercially available

tubing with a molecular weight cutoff (MWCO) of 12 000 was supplied magnetic separator (Dynal Biotech Model MPC* Each separation

by Sigma. experiment was for 2 days, and the experiment was repeated three times
The SWNT sample without®C enrichment was purchased from  to ensure maximal precipitation of all magnetically responsive species.

Carbon Solutions. For the purification, raw material (1.2 g) was heated The final supernatant was recovered, followed by dialysis (MW€O

in air at 300°C for 30 min, followed by refluxing in HN@(2.6 M, 12 000) against fresh deionized water for 3 days (removing free

500 mL) for 24 h. The mixture was then cooled to room temperature PEG ) to yield a colored aqueous solution of PEé-functionalized

and subject to centrifugation(L40Qy, Fisher Scientific Centrific 228 13C-enriched SWNTs (PEfgoon—1C—SWNT).

Centrifuge). The sediment was repeatedly washed with deionized water  The same procedure was applied to obtain a magnetically purified

and dried under vacuum to yield a purified SWNT sample (336 Mg). pEG s functionalized SWNTs sample withodtC enrichment for
Measurements Raman spectra were obtained on a Renishaw Raman the nanotubes.

spectrometer equipped with a 50 mW diode laser source for 785 nm

excitation and a CCD detector. Thermogravimetric analysis (TGA) Results and Discussion

experiments were carried out on a Mettler Toledo TGA/SDTA851e . -

system with a typical heating rate of 2@/min. Electron microscopy The properties (appearance, solubility, nanotube contént,

imaging was conducted on a Hitachi HD-2000 scanning transmission NMR, microscopy images, etc.) of the PRgn—'C—SWNT

electron microscope (STEM) operated at 200 kV with digital imaging sample are similar to those of their counterpart with&i@

capability. The atomic absorption analysis service was provided by enrichment already reported in the literatifteThe high

Goldie and Associates (Seneca, South Carolina). Samples for thesolubility of these functionalized nanotub€s;oupled with the

analysis were digested by using hot HMECI-mixed acid in ac-  13C enrichment, made it possible to probe nanotube carbons in

cordance with the EPA 200.2 method. solution-phase NMR measurements. As shown in Figure 1 for
NMR measurements were performed on a Bruker Avance 500 NMR PEGisoon—13C—SWNT in D,O (solution concentration- 36

spectrometer equipped Wit 4 mmmagic angle spinning (MAS) probe- mg/mL SWNT equivalent), the nanotube?sarbons exhibit a

head for solids atha 5 mmauto-tune probe-head for solutions. For . .
very broad signals, exponential multiplication with a line broadening broad signal centered at132 ppm (fwhm~ 28 ppm), which

up to 500 Hz was applied for each carbon FID (free induction decay), 'S consistent with theoretical pred!ctldﬁand close to those
coupled with user-defined spline baseline correction in the data Observed in solid-state NMR Obviously, nanotube carbons
processing. The spirattice relaxation times of both solid and solution ~ can be detected by NMR in solution.

samples were measured with the inversion recovery pulse sequence. The broadness in the signals reflects the chemical shift
Since the solution and solid-state NMR experiments showed that the dispersion of nanotube carbons, which are likely inhomogeneous
nanotube carbon signals were not affected by the proton decoupling, que to different nanotube chiralities, lengths, adjacent defects,
the reported NMR spectra were collected without the decoupling (to etc®17 Interestingly, however, there are some distinctive features
gvoid_overheating t.he sample and potential damage to the equipment, e proay signals, which through deconvolution (resolving
In solid-state experiments). the curve into underlying peaks) can be represented by two

13C-Enriched SWNTs. The laser ablation methétwas used for L t7i ks of similar I idths-00 Fi 1
the synthesis ofC-enriched SWNTSs. The laser source was a Spectra orentzian peaks of similar line-widths-@0 ppm, Figure 1).

Physics Quanta-Ray PRO-290 Q-switched Nd:YAG laser operated at 1 N€ ratio of area under the peak centered at 128 ppm to that at
10 Hz (2 J/pulse at 1064 nm and 9 mm beam diameter). In a typical 144 ppm is~1.8. A variation of relaxation delay time from 3
experiment, the ablation target was prepared by mixing powtiery 10 0.4 s had little effect on the signal shape, with similar line-
(0.80 g), graphite (1.52 g), Ni (0.236 g), and Co (0.236 g) with graphite widths and chemical shifts. We tentatively assign the two peaks
cement (2.40 g) for hot-pressing (13G) into a pellet (about 10 mm

thick and 18 mm in diameter), followed by baking at 18D for 5 h (14) Liu, L.; Fan, SJ. Am. Chem. SoQ001, 123 11502-11503.
; ; ; ; ; (15) (a) Huang, W.; Fernando, S.; Allard, L. F.; Sun, Y NRno Lett.2003 3,
in air, curing at 810°C for 8 h, and annealing at 120C for 30 h in 565-568. (b) Fernando, K. A. S.: Lin, . Sun, Y.-Bangmuir2004 20,
ATT7-4778.
(13) Thess, A.; Lee, R.; Nikolaev, P.; Dai, H.; Petit, P.; Robert, J.; Xu, C.; Lee, (16) Pyle, B. H.; Broadway, S. C.; McFeters, G. Appl. Erviron. Microbiol.
Y. H.; Kim, S. G.; Rinzler, A. G.; Colbert, D. T.; Scuseria, G. E.; Tomanek, 1999 65, 1966-1972.
D.; Fisher, J. E.; Smalley, R. ESciencel996 273 483-487. (17) Zurek, E.; Autschbach, J. Am. Chem. So2004 126, 13079-13088.
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Figure 1. The 3C NMR spectrum of PEGoon—"3C—SWNT in D,O
solution (31 000 45scans 2 s relaxation delay, acquired in the CP-MAS
probe but without spinning and decoupling). Shown in the inset is a
deconvolution based on two Lorentzian peaks (reproduced curve, - - -). The
70 ppm signal is due to nanotube-attached PEG functional groups.

to semiconducting (upfield) and metallic (downfield) SWN¥s.

In fact, the observed difference in their chemical shiftsl¢
ppm) is in reasonable agreement with what has been predicted
by recent theoretical calculatioA3hese calculations suggested
that there should be an approximateil2 ppm upfield shift

for the semiconducting nanotube carbons from their metallic
counterparts due to the localized ring curréhts.

There was also suggestion that the broad solid-state NMR
signals of nanotube carbons could be deconvoluted into two
peaks corresponding to semiconducting and metallic SWNTSs, :
despite the fact that those signals were not resolved 8t all. Figure 2. STEM images of the PEGon—3C—SWNT sample (in
The peak shoulder structure shown in Figure 1 represents théecondary electron mode, top) and the precipitate frgm magnetic separation
first experimental cqnfirmat'ion that there i; indeed a pair of g'zncf'sc\i’v"ﬁf?sstam?:}fféﬁiﬁ'nzhfqezt;g"gnge'ﬁggg r?:ntlhe B
broad signals associated with the? sarbons in SWNTs. The
acquisition of the partially resolvedC NMR benefited
significantly from the effective removal of residual metal
catalysts via repeated magnetic precipitation in solution. It is 136 ppm 128 pom
well-known that the ferromagnetic residues associated with the N
Ni—Co catalysts interfere with NMR measureméhtEhese
residues are often encapsulated in carbon cages or structural
cavities and are, thus, impossible to remove completely in the
chemical purificatiort??* The solubilization of the nanotube
sample enabled the solution-phase magnetic separation. The ; . .
separation was effective, as confirmed by STEM analyses of 200 150 100 50 0
the separated samples (Figure 2) and by TGA analysis (negli- 3 (ppm)
gible residue), and also was reflected in the NMR results Figure 3. The solid-state MASSC NMR spectrum of PEGoon—3C—
(diminished spinning sidebands in the solid-state NMR spec- SWNT (in a mixture with KCI, 11 000 0scans 2 s relaxation delay, 14
trum, for example). According to the atomic absorption analysis ¥z SPinning rate, single pulse sequence, no decoupling).

- - — _of the PEGsoon—12C—SWNT sample, the Ni content was
(18) The functionalization may be attributed to ionic bonds between the amino < 0
groups on PEGgon and nanotube-bound carboxylic acid$?and also to 0.067 wt % and the Co content was much lower (below the

the adsorption of amino moieties onto the nanotube suffatteseems detection limit).

difficult to expect that there could be enough difference in the functional .

group coverage on the nanotube surface to result in the partially resolved 1 he solid-staté*C MAS NMR spectrum of the PEfgoon—

peaks in nanotube carbon signals. Nevertheless, it remains a possible13C—S\WNT sample was acquired for comparison with the

alternative in the explanation of these signals. . . . .
(19) Chen, J.; Rao, A. M.; Lyuksyutov, S. ltkis, M. E.; Hamon, M. A.; Hu, H.;  Solution-phase result. The nanotube carbon signals in the solid-

go?nbﬁ;}s\lvéhlzeﬂqungbgi %g%‘ggg_”'zgésﬂ Smalley, R. E.; Haddon, R.  state spectrum are equally broad, with two obvious overlapping
(20) Chattopadhyay, D.; Galeska, |.; Papadimitrakopoulod, Am. Chem. Soc.  peaks at-128 and~136 ppm (Figure 3). Similar to the solution-

2003 125 3370-3375. ; ;
(21) Thien-Nga, L.; Hernadi, K.; LjuboVicE.; Garaj, S.; ForroL. Nano Lett. phas_e Slgna‘_ls’ these tWO_ peaks may also pe a_‘SSIQn?_d to
2002 2, 1349-1352. semiconducting and metallic SWNTs. The relative intensities
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of the two peaks are somewhat different in solid state versus in (710 ms). However, in solid state, the relaxation time of PEG
solution. Additionally, the overall intensity of the nanotube carbons in the PEoon—"C—SWNT sample is more than an
carbon signals in reference to that of Py functional groups order of magnitude shorter (37 ms) than that in free Rodx
is significantly higher in solid state than in solution. These two (430 ms). It seems that the segmental mobility of PEG moieties
differences between solid-state and solution-phase NMR resultsin PEGs50on—13C—SWNT in the solid state is low, presumably
may share the same cause. As in other soluble functionalizedwith the motion of PEG carbons restricted by their proximity
SWNTSs, the PEGoon—3C—SWNT sample contains bundled to the nanotubes. Such significant difference of the relaxation
nanotubes in solution. The tumbling of larger bundles may times for the nanotube-bound functional groups in solution phase
proceed too slow to eliminate such orientation-dependent versus in solid state is interesting. It may be exploited for
contributions to the NMR line-width as chemical shift anisotropy potential applications in the NMR characterization of nano-
and dipolar coupling. These species are essentially NMR “silent” composite materials, such as probing interactions of carbon
in solution, corresponding to a lower effective nanotube carbon nanotubes with the polymeric matrix.
concentration to result in their relatively weaker overall signal  In summary, we demonstrated that the nanotube carbons in
intensity in the solution-phase NMR spectrum. The function- solution could readily be detected ¥C NMR by using highly
alized semiconducting SWNTSs disperse better in solution, as soluble functionalized SWNTs. The ferromagnetic impurities
made evident by recent experimental restfifherefore, their in the sample for NMR measurements were effectively removed
NMR signals relative to those of their metallic counterparts are via repeated magnetic separation. The nanotube carbon signals
stronger in solution (Figure 1) than in the solid state (Figure are broad, but partially resolved into two adjacent features,
3). probably corresponding to nanotube carbons in semiconducting
There are apparently significant interactions between the (upfield) and metallic (downfield) SWNTs. The solid-state NMR
nanotube carbons and the PEG moieties in the solid state, withsignals of the same sample are similarly resolved. These results
the latter serving as spirattice relaxation centers. The suggest that?’C NMR may be explored to serve as a useful
relaxation time Ty) of the nanotube carbons was estimated by tool in the characterization of SWNTSs of different electronic
using the null-point approach based on the inversion recovery structureg®23
sequencé? Both nanotube components effectively “disap-  Acknowledgment. Financial support from NSF, NASA, and
peared” at the same pointy ~ 0.16 s, corresponding B, ~ Center for Advanced Engineering Fibers and Films (NSF-ERC
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