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ABSTRACT  
Carboxylic acid-functionalized single walled carbon nanotubes (SWNTs) prepared via the reaction of an amino 
acid, NH2(CH2)nCO2H where n = 1 (glycine, GLY), 5 (6-aminohexanoic acid, AHA), 10 (11-aminoundecanoic 
acid, AUDA), with fl uorinated single walled carbon nanotubes (F-SWNTs) have been characterized by MAS 
13C NMR spectroscopy. The ease of observing the aliphatic CH2 groups and the resolution of the signal are 
dependent on the length of the amino acid’s aliphatic chain. We have proposed that where substituent chains 
are short (making NMR data collection difficult) chemical modification to extend the chain length should 
alleviate analysis problems. In this regard, we have investigated the esterifi cation of the carboxylic acid termini. 
The amino acid-functionalized SWNTs were esterified with an appropriate alcohol to ensure parity of the 
overall substituent length, i.e., GLY-SWNT (C1) + 1-dodecanol (C12) = DOD-GLY-SWNT (1), AHA-SWNT (C5) + 
1-octanol (C8) = OCT-AHA-SWNT (2), and AUDA-SWNT (C10) + 1-propanol (C3) = PRO-AUDA-SWNT (3). 
The 13C NMR shift for the sp3 nitrogen-substituted carbon atoms of the SWNT sidewall is observed at δ ≈ 75 
ppm. Increasing the length of SWNT sidewall functional groups enhances the ability to observe the sidewall 
sp3 carbon. The methylene carbon signal intensity is less attenuated in the dipolar dephasing spectrum of the 
ester-functionalized SWNTs than their associated amino acid derivatives, suggesting more motional freedom of 
the side chain in the solid state. The confi rmation of the dipolar dephasing spectral effects was assisted by the 
characterization of the ester of AUDA-SWNT with 1,3-propanediol: PPD-AUDA-SWNT (4). 
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Introduction

The technological advances in various microscopies 
have, in part, enabled the characterization of 

nanomaterials. Despite this ability to “image” 
individual nanoparticles, there are still often 
significant questions with regard to their charac-
terization. One area where ambiguity is often 
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observed is whether a substituent around a nano-
particle is covalently bound rather than simply 
adsorbed onto the surface. The determination of 
bonding interactions in molecular compounds has 
traditionally been accomplished by spectroscopic 
methods, often in combination with structural and 
computational methods [1 5]. We have previously 
applied a combination of spectroscopic methods and 
comparisons with model systems to demonstrate 
the presence and mode of covalent attachment of 
substituents to ceramic nanoparticles [6 8]. As part of 
our investigations into the application of single walled 
carbon nanotubes (SWNTs) in biological environments 
[9 11], we have recently undertaken a solid state 
neclear magnetic resonance (NMR) study of sidewall-
functionalized SWNTs in part to confi rm the covalent 
attachment of the sidewall substituents [12, 13]. 

Our initial studies focused on the characterization 
of fluorinated single walled carbon nanotubes 
(F-SWNTs) because of the high level of substitution 
(C:F = 2.1:1) and lack of organic substituents making 
them ideal for identifying the sidewall sp3 carbon 
atoms [12]. The 13C NMR shift for the sp3 fluorine-
substituted (C F) carbon atoms of the SWNT sidewall 
is observed at δ= 83.5 ppm. This apparently unusual 
shift, as compared to most other tertiary alkyl 
fl uorides, was confi rmed to be due to the C F moieties 
from ab initio calculations on an eighty-carbon 
fragment of the 5,5 (armchair) SWNT and is in good 
agreement with the predominance of 1,2-addition 
rather than 1,4-addition of fluorine. The excellent 
correlation between experimental observation [12] 
and theoretical prediction [14] offers a check on 
spectral assignments in more complex systems. 

As would be expected, the low solubility and large 
size (and hence slow tumbling in solution) limited 
useful solution NMR studies [15, 16]. Prior solid state 
NMR studies have proved useful for the observation 
of substituents [16 20], but, unfortunately, usually 
less so with regard to the observation of the 
important quaternary sp3 sidewall carbon atoms [13] 
that would provide definitive evidence for covalent 
attachment. In one report, the quaternary sidewall 
carbon atoms were clearly detected by obtaining 
cross polarization magic angle spinning (CPMAS) 
spectra with and without a dephasing delay before 

FID acquisition [20]. In this present study, we have 
followed this approach. Our results demonstrate that 
the length of an organic substituent has a signifi cant 
effect on the observation of quaternary sp3 sidewall 
carbon atoms, and an unusual mobility is observed 
for long chain substituents in the solid state. These 
results are described herein. 

1. Experimental

Raw HiPco SWNTs produced at Rice University 
were purified to remove iron and other impurities 
by a previously described procedure [21]. After 
purification, the impurities from the catalyst for 
synthesizing the SWNTs were removed as shown 
in the thermogravimetric analysis (TGA) data. Also, 
the X-ray photoelectron spectroscopy (XPS) shows 
the iron concentration in purifi ed SWNTs was below 
0.01%. Subsequently, the purified SWNTs were 
directly fluorinated to a C/F ratio of approximately 
3:1 at 150 °C by a method reported previously [22]. 
The F-SWNTs were functionalized with glycine, 
6-aminohexanoic acid, and 11-aminoundecanoic acid 
to prepare amino acid-functionalized SWNTs [9]. 
Glycine, 6-aminohexanoic acid, 11-aminoundecanoic 
ac id ,  1 ,3 -d icyc lohexylcarbodi imide  (DCC) , 
1-propanol ,  1 ,3-propanediol ,  1-octanol ,  and 
1-dodecanol were obtained from Aldrich and used 
as received. All solvents were purchased from 
Fisher Chemical and used as received, except 
dimethylformamide (DMF) that was distilled under 
reduced pressure with CaSO4 before use. Attenuated 
total reflectance IR spectroscopy (ATR-IR; 4000 600 
cm 1) of solids was obtained using a Nicolet Nexus 
670 FTIR spectrometer with a diamond window. 
Thermal analysis was performed on a TA Instruments 
SDT 2960 using platinum pans. Raman Spectroscopy 
was performed on a Renishaw Raman microscope. 
Atomic force microscopy (AFM) was performed on 
a digital instruments nanoscope IIIA microscope in 
tapping mode with 125 μm TESP tips. Transmission 
electron microscopy (TEM) images were done on a 
Jeol 2010 Electron Microscope. 

Calculations were carried out using the Gaussian 
03, revision C.02 (Windows version), suite of 
programs [23]. Geometry optimization on the C80H20 
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and the functionalized fragment was performed by 
HF/STO-3G. Subsequently the 13C nuclear shielding 
was computed by HF/3-21G. To determine the NMR 
shift values, the NMR shielding tensor of TMS at the 
same level of theory was calculated. The difference 
between the carbon magnetic shielding in TMS and 
SWNT fragment was the calculated 13C NMR shift in 
the SWNT fragment. 

1.1   13C NMR spectroscopy

13C MAS spectra were obtained on a Bruker AVANCE- 
200 NMR spectrometer (50.3 MHz 13C, 200.1 MHz 1H), 
as previously described [12, 13, 19, 20, 24]. Chemical 
shifts are reported relative to the carbonyl carbon of 
glycine defi ned as 176.46 ppm. Basic 1H 13C CPMAS 
spectra were obtained with a 4-mm outer diameter 
rotor spinning at 7 kHz, 1-ms contact time, 29.3-ms 
FID, and 5-s relaxation delay. The dipolar dephasing 
spectra differed from the basic 1H 13C CPMAS 
spectra in that after CP, two dephasing periods of 
equal length (usually 25 μs each) with a 180° 13C 
refocusing pulse in the middle were used before FID 
acquisition in order to eliminate or severely attenuate 
signals from 13C nuclei experiencing strong 13C 1H 
dipole dipole interactions. Direct 13C pulse MAS 
spectra were obtained with the 4 mm rotor spinning 
at 11 or 12 kHz, 4.3-μs 90° 13C pulse, 20.5-ms FID, 
and 10-s relaxation delay. All FIDs of functionalized 
SWNTs were processed with 50 Hz (1 ppm) of line 
broadening. The number of scans used to obtain each 
spectrum is indicated in the figure captions. Unless 
otherwise noted, enough of each functionalized 
SWNT was available to fi ll the rotor. 

Standard  CPMAS  and  dipolar  dephasing 
spectra were also obtained on simple compounds 
(glycine, N-tritylglycine, 6-aminohexanoic acid, 
11-aminoundecanoic acid, stearic acid, and n-propyl 
stearate) for reference data. The reference compounds 
were studied with the same CPMAS and dipolar 
dephasing parameters to allow direct comparison 
with the functionalized SWNTs but with usually 
slightly less than 7 kHz MAS to ensure that the upfi eld 
spinning sideband of the carbonyl signal did not 
overlap any of the aliphatic signals in the reference 
compound. However, ambient spectra of n-propyl 
stearate were obtained with only 3.0 kHz MAS to 

minimize frictional heating effects [25] because this 
solid melts at 29 °C. Spectra of n-propyl stearate with 
6.2 kHz MAS were also obtained at about –35 °C, with 
cooling achieved by passing nitrogen gas at 400 L/h
through a 12-turn heat exchanger immersed in 
liquid nitrogen before entering the probe Dewar and 
fl owing up to the stator. The sample temperature was 
determined by calibrating with lead nitrate under 
the same conditions [25]. FIDs from the various 
experiments with stearic acid and n-propyl stearate 
were processed with only 5 Hz (0.1 ppm) of line 
broadening in light of the high signal-to-noise (S/N) 
that could readily be achieved (only 128 scans for each 
spectrum in Fig. S-1; only 200 scans for each spectrum 
in Figs. S-2 and S-3, Supplementary Material). The 
sinc wiggles in the spectra of stearic acid (Fig. S-1) 
and n-propyl stearate (Figs. S-2 and S-3) result from 
truncated FIDs. 

1.2   DOD-GLY-SWNTs (1)

GLY-SWNTs (ca. 30 mg) were sonicated in dry DMF 
(300 mL) for 30 min, resulting in a dark solution 
with complete dispersion. DCC (41.4 mg) and 
1-dodecanol (37.3 mg) were added to the solution. 
The reaction mixture was stirred under argon for 
24 h at room temperature. After the reaction, the 
solution was vacuum fi ltered through a 0.2-μm pore 
size membrane, and flushed with large amount of 
acetone, toluene and chloroform to ensure complete 
removal of unreacted 1-dodecanol, reaction catalyst, 
by-product, and solvent. Then the sample was dried 
overnight under vacuum at 70 °C. OCT-AHA-SWNTs 
(2), PRO-AUDA-SWNTs (3), and PPD-AUDA-
SWNTs (4) were prepared using the appropriate 
alcohol: 1-octanol, 1-propanol, and 1,3-propanediol, 
respectively. 

2. Results and discussion

Carboxylic acid-functionalized SWNTs were prepared 
via the reaction of an amino acid, NH2(CH2)nCO2H, 
with F-SWNTs (Scheme 1) [9]. Three hydrocarbon 
side chain lengths were prepared from glycine 
(GLY, n=1), 6-aminohexanoic acid (AHA, n=5), and 
11-aminoundecanoic acid (AUDA, n=10). In each 
case, the CSWNT to substituent ratio is determined by 
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XPS to be in the range between 18:1 and 15:1 [9]. All 
amino acid-functionalized SWNTs were prepared 
from the same batch of F-SWNTs in order to enable 
meaningful comparisons of the resulting materials. In 
addition, any iron from the catalyst used to prepare 
the starting HiPco SWNTs was removed during the 
synthesis of the F-SWNTs and subsequent reactions.

The 13C MAS NMR spectra were collected for each 
of the amino acid-functionalized SWNTs using three 
different experiments: (a) direct 90° pulse 13C, (b) 1H
13C cross polarization to enhance (highest signal/
noise) the signals of carbons that are bonded to or near 
protons, and (c) a cross-polarization experiment with 
a dephasing period inserted before FID acquisition to 
attenuate signals that are from nuclei that are directly 
bonded to 1H, in particular CH  and CH2 . 

As may be expected, each of the direct 90° pulse 
13C MAS NMR spectra (Figs. 1(a), 2(a), and 3(a)) 
show the signal associated with the sp2 carbons of 
the SWNT (121 122 ppm), consistent with previous 
results [12]. However, the aliphatic signals in these 
three spectra vary greatly in their intensities. No 
signal for the aliphatic (CH2) carbon is observed for 
GLY-SWNT (Fig. 1(a)), while a weak, broad signal 
is seen for the various CH2 carbon atoms in AHA-
SWNT (Fig. 2(a)), even though there was less material 
in the 4 mm rotor. In contrast, a proportionately 
much stronger aliphatic signal is observed from a 
full rotor of AUDA-SWNT (Fig. 3(a)) (vide supra); 
lengthening the relaxation delay from 10 s to 30 s had 
no noticeable effect. In addition, the spectrum for 
AUDA-SWNT clearly exhibits a carbonyl signal. 

The 1H 13C CPMAS spectra show greatly differing 
enhancements in the signals of carbons that are 
bonded to protons. The CH2 group in GLY-SWNT 

gives a barely detectable broad hump 
(Fig. 1(b)). In contrast, the CPMAS 
spectrum for AHA-SWNT clearly shows 
a signal for the various CH2 carbon 
atoms (Fig. 2(b)), even though there 
was not enough material available to 
fill the rotor (vide supra). In addition, 
aliphatic signal intensity is also clearly 
present downfield of the region where 
the CH2 signals would be expected. The 
broad signal from about 140 190 ppm 

encompasses the range expected for a carboxylic acid 
(CO2H) group, such as that associated with the amino 
acid. 

The CPMAS spectrum for AUDA-SWNT shows 
an exceptionally high signal-to-noise (S/N) for a 
functionalized SWNT (Fig. 3(b)), and only a small 
amount of 1H and 13C probe tuning and matching 
adjustments (relative to glycine) was required. As 

[F]x+H2N (CH2)n CO2H
[NH(CH2)n CO2H]z

Pyridine
90℃

5 days

–HF
[F]y

n=1 (GLY-SWNT), 5(AHA-SWNT), 10 (AUDA-SWNT)

x>>y and x＞y+z

Scheme 1   Synthesis of amino acid-functionalized SWNTs

Figure 1   GLY-SWNT: (a) 90° 13C pulse MAS spectrum (8600 scans), 
(b) 1H 13C CPMAS spectrum (25 600 scans), and (c) 1H 13C CPMAS 
spectrum with a 50-µs dephasing interval before FID acquisition 
(25 600 scans)

SWNT sp2

CH2

（a）

（b）

（c）

250 200 150 100 50 0 50

δ(ppm)
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may be seen from Fig. 3(b), the methylene signal is 
very strong, while the SWNT sp2 signal is weak. In 
addition, there is a clearly recognizable CO2H signal 
(about 175 ppm). 

Even though the three functionalized SWNT 
samples were prepared from the same batch of 
SWNTs and were functionalized to similar extents 
(i.e., similar CSWNT:substituent ratio), these samples 
exhibited significantly different probe tuning 
characteristics relative to the glycine standard used to 
check spectrometer performance before each sample 
was studied. The AUDA-SWNT sample required 
relatively little adjusting of the tuning and matching 
for the probe’s 13C and 1H channels; the AHA-SWNT 
sample required more adjusting, particularly for the 
1H channel; and the GLY-SWNT sample required still 
more adjusting for each channel, particularly for the 
matching. It is not clear if the favorable probe tuning 

characteristics of the AUDA-SWNT sample result 
from the higher percentage of mass from the side 
chains, from more effective isolation of the nanotubes 
from each other by the longer side chains, or from a 
combination of both factors. Another 13C MAS NMR 
study of nanotubes also indicated “probe tuning was 
signifi cantly affected” [26]. 

Comparing the CPMAS spectra obtained from full 
rotors of GLY-SWNT and AUDA-SWNT (Figs. 1(b) 
and 3(b)) shows that the signal-to-noise of the AUDA-
SWNT sample is much higher than might be expected 
from having ten CH2 groups instead of one CH2 
group. If the relatively short side chains of GLY-SWNT 
are often not near each other, then 1H spin diffusion 
may be inefficient and 1H spin-lattice relaxation 
correspondingly slow, i.e., T1(H) would be long, 
which in turn would limit the amount of 13C signal 
intensity that could be generated in a CP experiment 

SWNT sp2

CH2（a）

（b）

（c）

δ(ppm)

250 200 150 100 50 0 50

Figure 2   AHA-SWNT, only a partially fi lled rotor: (a) 90° 13C pulse 
MAS spectrum (20 400 scans), (b) 1H 13C CPMAS spectrum (25 400 
scans), and (c) 1H 13C CPMAS spectrum with a 50-µs dephasing 
interval before FID acquisition (25 400 scans)

SWNT sp2

CH2

CO2H

（a）

（b）

（c）

δ(ppm)

250 200 150 100 50 0 50

Figure 3   AUDA-SWNT: (a) 90° 13C pulse MAS spectrum (8360 
scans), (b) 1H 13C CPMAS spectrum (15 000 scans), and (c) 1H
13C CPMAS spectrum with a 50-µs dephasing interval before FID 
acquisition (15 000 scans)
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with a relaxation delay of only a few seconds. To try 
to test this hypothesis, CPMAS spectra were obtained 
on GLY-SWNT under identical conditions except for 
the length of the relaxation delay. Lengthening the 
delay from 5 s to 20 s only modestly increased the S/N 
ratio. Additional work would be required to pursue 
this aspect in more detail. 

As expected [27, 28], the 50-μs dephasing interval 
in the dipolar dephasing experiment greatly 
attenuates or eliminates the methylene carbon signals 
in the functionalized SWNTs. In the GLY-SWNT 
sample, the barely detectable broad hump for the 
CH2 group in the standard CPMAS spectrum (Fig. 
1(b)) is gone (Fig. 1(c)). Similarly, in the AHA-SWNT 
sample, the signal for the various CH2 carbons in 
the standard CPMAS spectrum (Fig. 2(b)) is gone 
(Fig. 2(c)). In the AUDA-SWNT sample, the intense 
signal for the various CH2 carbons in the standard 
CPMAS spectrum (Fig. 3(b)) is strongly attenuated, 
but not eliminated (Fig. 3(c)). That any CH2 carbon 
signal intensity remains is noteworthy because 
with the same dephasing interval, the CH2 carbon 
signal completely decays in the corresponding 
amino acids, H2N(CH2)nCO2H, n=1, 5, or 10, and 
in (C6H5)3C-NHCH2CO2H. Thus, the methylene 
carbons in AUDA-SWNT appear to have somewhat 
more motional freedom than in the corresponding 
model compound and than in the shorter chain 
AHA-SWNT and GLY-SWNT. The longer methylene 
chains in AUDA-SWNT may be better at separating 
the nanotubes and creating more space in which the 
chains can flop around (particularly towards the 
carboxyl end) in this disordered solid. In contrast, 
in the well defined organic compound stearic acid 
[CH3(CH2)16CO2H], the methylene carbon signals 
completely decay after a 50-μs dephasing interval 
(Supplementary Material, Fig. S-1). 

The nanotube sp2 carbon signal intensity would 
be expected to decay much more slowly. This signal 
shows a negligible change in the GLY-SWNT sample 
(Fig. 1(c)) but is signifi cantly attenuated in the AHA-
SWNT and AUDA-SWNT samples (Figs. 2(c) and 3(c)). 
The dephasing delay eliminates the broad, deshielded 
sp2 and sp3 signals in the standard CPMAS spectrum 
of AHA-SWNT (Fig. 2(b)), but some carboxyl intensity 
remains for AUDA-SWNT (Fig. 3(c)). In the dipolar 

dephasing experiment, the significant attenuation of 
the nanotube sp2 carbon signal in the AHA–SWNT 
and AUDA-SWNT samples suggests that the sum 
of the 13C 1H dipole dipole interactions over all the 
protons in these samples is appreciable. 

A signal is not clearly detected for the nanotube 
quaternary sp3 carbon bonded to nitrogen in any 
of Figs. 1(c), 2(c), or 3(c). This signal, which would 
clearly be expected downfield of the signal from 
the methylene carbons, would be broadened or 
split because it is bound to 14N, thus making it more 
diffi cult to detect [26, 29 32]. 

Comparing the spectra in Figs. 1 3 indicates that 
13C MAS NMR can more readily characterize the 
amino acid-functionalized SWNTs if the substituent 
is longer: with the AUDA-SWNT sample, the S/N 
is clearly higher in both the standard CPMAS and 
direct 90° 13C pulse spectra, and the amount of detail 
in the dipolar dephasing spectrum is greater. Thus, 
it appeared that where substituent chains are short 
and limit the amount of NMR information that can 
be obtained, chemical functionalization to extend the 
chain length might be benefi cial. 

In this regard, we have investigated the esterifi cation 
of the carboxylic acid termini. In order to compare the 
effect of chain length as opposed to the esterification 
reaction itself, each amino acid-functionalized SWNT 
was esterified with an appropriate alcohol to ensure 
parity of the overall substituent length, i.e., GLY-SWNT 
was reacted with 1-dodecanol (C1 + C12), AHA-SWNT 
was reacted with 1-octanol (C5 + C8), and AUDA-
SWNT was reacted with 1-propanol (C10 + C3). The 
esterifi cation reaction was carried out in DMF using a 
1,3-dicyclohexylcarbodiimide (DCC) catalyst (Scheme 
2) [33] followed by careful washing to ensure 
complete removal of unreacted alcohol, catalyst, and 
solvent (see Experimental section). 

The Raman spectra of each amino acid-func-
tionalized SWNTs and their associated ester products 
(1 3) are shown in Fig. 4. As may be seen, there is 
little difference in the D:G ratios between the amino 
acid and associated ester derivatives. This suggests 
that no additional functional groups have been added 
per SWNT and that any reactivity has not resulted in 
removal of the amino acid linkages. In contrast, the 
IR spectra show the expected increase in the intensity 



78 Nano Res (2008) 1: 72 88

Nano Research

for the aliphatic ν(C–H) stretch, 
consistent with the increased 
organic content after esterifi cation 
(Fig. 5). This is particularly apparent 
for the GLY-SWNT vs DOD-GLY-
SWNT (1) .  In addition to the 
increase in the relative intensity 
of the aliphatic stretch, each of the 
ester derivatives shows peaks at ca. 
1200 cm 1 and 1735 cm 1 consistent 
with the ester’s “–C(O)–O–” and 
C=O groups. 

The thermogravimetric analysis (TGA) of each 
sample shows a steady mass loss between 200 and
600 °C in a manner typical of sidewall function-
alization. The extent of sidewall functionalization 
is often estimated from the relative mass loss 
associated with the TGA; however, in the present 
case, a comparison between the parent amino acid-
functionalized SWNT and its ester counterpart 
provides a measure of the esterification yield, i.e., 
how many of the possible carboxylic acid groups 
have been esterifi ed. Figure 6 shows a representative 
comparison between GLY-SWNT and DOD-GLY-
SWNT (1). Based upon the TGA, the esterification 
yields can be calculated: DOD-GLY-SWNT (35%), 
O C T- A H A - S W N T  ( 7 0 % ) ,  a n d  P R O - A U D A -
SWNT (80%). The yield of DOD-GLY-SWNT can 
be improved by repeated esterification reactions; 
however, the original yield is sufficient for the 13C 
NMR study (see below). 

[NH(CH2)nCOzH]z+HO(CH2)n' X

[F]y

[NH(CH2)n CO2H]z'

DMF, DCC
25˚C
24h

n=1, n' =11, X=CH3 (DOD-GLY-SWNT, 1)

n=5, n' =7, X=CH3 (OCT-AHA-SWNT, 2)

n=10, n' =2, X=CH3 (PRO-AUDA-SWNT, 3)

n=10, n' =3, X=OH (PPD-AUDA-SWNT, 4)

z/(z+z' )=esterifi cation yield

–H2O [F]y

[NH(CH2)nC(O)O(CH2)n' X]z

Scheme 2   Esterifi cation of amino acid-SWNTs

Figure 4   Raman spectra of (a) GLY-SWNTs, (b) DOD-GLY-SWNTs (1), 
(c) AHA-SWNTs, (d) OCT-AHA-SWNTs (2), (e) AUDA-SWNTs, and (f) 
PRO-AUDA-SWNTs (3), showing the similarity in D:G ratio between 
the amino acid and associated ester derivatives
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Figure 5   IR spectra of (a) GLY-SWNTs, (b) DOD-GLY-SWNTs (1), (c) 
AHA-SWNTs, (d) OCT-AHA-SWNTs (2), (e) AUDA-SWNTs, and (f) PRO-
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Figure 6   TGA of (a) GLY-SWNT and (b) DOD-GLY-SWNT (1)
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Transmission electron microscopy (TEM) confi rms 
the presence of surface-roughened esterifi ed SWNTs 
(Fig. 7), although it is difficult to discern any 
significant difference with the parent amino acid-
functionalized SWNTs. Figure 8 shows representative 
atomic force microscopy (AFM) image and height 
measurements of a single tube of OCT-AHA-SWNTs 
(2) confi rming the presence of individual SWNTs and 
showing the presence of regions of functionalization 
along the SWNT. We have previously shown [9] that 
the measured heights of the functionalized regions for 
AHA-SWNTs (ca. 2.0 nm) as compared to the SWNT 
diameter (ca. 1 nm) are consistent with the calculated 
length of N(H)(CH2)5CO2H (molecular modeling 
with Chem 3D) in an extended conformation (1 nm). 
The cross sectional height measurement of the OCT-
AHA-SWNT in Fig. 8 shows three distinct regions. 
First, is a region associated with the unfunctionalized 
SWNT (0.83 nm); second, is a region consistent with 
the amino acid, N(H)(CH2)5CO2H, functionalization
(1.7 nm); and third, is a region with a height of 2.6 nm
(Fig. 8). The latter height is consistent with the 
calculated length of N(H)(CH2)5C(O)O(CH2)7CH3 
in an extended conformation (1.9 nm). Based upon 
the foregoing, the analytical data is consistent with 
the esterification of the amino acid-functionalized 
SWNTs, extending the sidewall functional groups’ 
chain length. 

As with the amino acid-functionalized SWNTs, 
their ester derivatives were characterized by 13C MAS 
NMR spectra using (a) direct 90° pulse 13C, (b) 1H
13C CPMAS, and (c) dipolar dephasing experiments. 
It is worth noting that much less probe tuning and 
matching adjustment is needed for DOD-GLY-SWNT 
(1) than for GLY-SWNT. This is consistent with the 
observation that tuning is dependent on the chain 
lengths of the substituents. 

As may be expected given the greater number of 
CH2 groups, the signal associated with the aliphatic 
(CH2) carbon is much more clearly observed in 
both the direct 90° pulse 13C MAS spectrum and the 
1H 13C CPMAS spectrum of 1 (Figs. 9(a) and (b), 
respectively) than in the corresponding spectra of 
GLY-SWNT (Figs. 1(a) and (b)). Unlike GLY-SWNT 
(Fig. 1(c)), the dipolar dephasing spectrum of DOD-
GLY-SWNT shows some intensity for the aliphatic 

20 nm

Figure 7   TEM image of OCT-AHA-SWNTs (2)
Figure 8   Representative tapping mode AFM image and height 
profi le of OCT-AHA-SWNTs (2)
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carbons (Fig. 9(c)) in a similar manner to that 
observed for AUDA-SWNT (Fig. 3(c)). 

Qualitatively similar results are observed for 
OCT-AHA-SWNT (2) (Fig. 10), where a large increase 
in the intensity of the aliphatic peak is also seen in 
the 1H 13C CPMAS spectrum (Fig. 10(b)). Just as the 
precursor AHA-SWNT gave a broad, downfield 
signal encompassing the range for carboxylic acid 
groups (Fig. 2(b)), 2 gives a broad, downfi eld signal 
encompassing the range for ester carbonyl groups 
(Fig. 10(b)). 

However,  of  particular  significance  is the 
emergence of a weak signal from about 68 81 ppm 
consistent with sidewall sp3 C N generated upon 
functionalization. This signal is downfield of where 
the ester O CH2  signal would be expected (the most 
deshielded aliphatic signal from the side chain). For 
example, n-propyl stearate gives an OCH2  signal at 
δ=65.8 relative to TMS in CDCl3 and at δ=65.0 as a 

solid relative to solid glycine carbonyl defi ned as δ= 
176.46 (Fig. S-2) [34] and n-butyl butanoate gives an
OCH2  signal at δ=64.1 [35]. A distinctive signal 

from about 70 80 ppm was not detected in the 
precursor AHA-SWNT (Fig. 2(b)). 

Ab initio calculations (Fig. 11) of the chemical 
shift for the sidewall sp3 carbon atoms on an eighty-
carbon fragment of the 5,5 (armchair) SWNT with 
substitution of an N-methyl amine ( NH CH3) (e.g., 
Fig. 12) suggest the closest model for the observed 
spectra is 1,2- (as opposed to 1,4-) substitution 
of at least four amines. The calculated shifts for 
four adjacent 1,2- substituents are δ= 67 and 64 
ppm. Given that this is for a limited substitution 
and on a single chirality SWNT, this result is in 
good agreement with experimental observation of 
a broad feature at 68 81 ppm. The closest model 
compounds for the sidewall sp3 C N generated 
upon functionalization of an SWNT may be a 

SWNT sp2

CH2

（a）

δ(ppm)

（b）

250 200 150 100 50 0 50

（c）

Figure 9   DOD-GLY-SWNT (1), only a partially filled rotor (a) 
90° 13C pulse MAS spectrum (34 000 scans), (b) 1H 13C CPMAS 
spectrum (51 000 scans), and (c) 1H 13C CPMAS spectrum with a 
50-µs dephasing interval before FID acquisition (51 000 scans)

SWNT sp2

CH2
（a）

（b）

（c）

SWNT
sp3 C N

CO2R

δ(ppm)

250 200 150 100 50 0 50

（d）

Figure 10   OCT-AHA-SWNT (2): (a) 90° 13C pulse MAS spectrum 
(25 600 scans), (b) 1H 13C CPMAS spectrum (75 000 scans), (c) 1H

13C CPMAS spectrum with a 50-µs dephasing interval before FID 
acquisition (110 000 scans), and (d) 1H 13C CPMAS spectrum with an 
80-µs dephasing interval before FID acquisition (110 000 scans) 
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fullerene derivatized with amines (ideally, primary 
amines). Numerous amine derivatives of C60 [36 50] 
including derivatives with primary amines [36 49], 
give fullerene sp3 C N signals with chemical shifts 
that strongly support the SWNT sidewall sp3 C N 
assignment for 2. The quaternary aliphatic carbon 
of (C6H5)3C NHCH2CO2H gives a signal at δ=71.6 
relative to TMS in acetone-d6. 

There have been relatively few theoretical studies 
on 13C NMR of SWNTs. One of the studies used 
Hartree-Fork (HF) theory primarily to minimize the 
computational cost of the calculations [51]. And the 
results show that the relatively low levels of theory 
(such as HF/3-21G) provide relatively accurate 
chemical shifts (< 7 ppm) compared with more 
accurate correlated methods. This is presumably 
because of the error cancellation between the 

Figure 11   Calculated 13C NMR shifts for (a) C80H20 fragment of 
the 5,5 (armchair) conformation, and as a result of (b) 1,2-addition 
by two N-methyl amino ( NH CH3) groups, (c) 1,4-addition by two 
N-methyl amino ( NH CH3) groups, (d) 1,2-addition by four N-methyl 
amino ( NH CH3) groups, and (e) 1,4-addition by four N-methyl 
amino ( NH CH3) groups
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shielding constant of the probe and the reference 
[52]. In addition, our previous studies on 13C NMR 
calculations of fl uorinated SWNTs with the same level 
of theory show good agreement with experimental 
results [12]. 

The dipolar dephasing spectrum of OCT-
AHA-SWNT (2) is noteworthy for the amount of 
methylene carbon signal intensity remaining after 
a 50-μs dephasing interval (Fig. 10(c)). None was 
detected with the precursor AHA-SWNT (Fig. 2(c)). 
Esterification resulted in significantly longer side 
chains that appear to be better at separating the 
nanotubes and creating more space in which the 
chains can flop around. With an 80-μs dephasing 
interval, the methylene carbon signal has essentially 
completely decayed (Fig. 10(d)). With an esterifi cation 
yield for 2 twice that for 1 (70% vs 35%), 2 has a 
higher proportion of the long side chains. Thus, the 
nanotubes should be better separated in 2, consistent 
with the apparently greater mobility of the side 
chains in 2. 

The direct 90° pulse 13C MAS NMR spectra of 
PRO-AUDA-SWNT (3) (Fig. 13(a)) and OCT-AHA-
SWNT (2) (Fig. 10(a)) are qualitatively similar, 
although the aliphatic and carbonyl signals are more 
apparent with the former. As with 2, the 1H 13C 

CPMAS spectrum of 3 shows both the ester carbonyl 
group (167 180 ppm, Fig. 13(b)) and the sidewall sp3 
C N site (69 79 ppm, Fig. 13(b)), with the latter signal 
clearly evident after 51 000 scans. In contrast, the 
sidewall sp3 C N site had not been clearly detected 
in the corresponding spectrum of the precursor 
AUDA-SWNT after 15 000 scans (Fig. 3(b)). However, 
obtaining a CPMAS spectrum of unreacted AUDA-
SWNT with a higher S/N ratio revealed (Fig. 14, 
82 000 scans) a weak, broad signal centered at about 
73 ppm, consistent with the sidewall sp3 C N site. 
In contrast, this signal could not be clearly detected 
in either the standard CPMAS or dipolar dephasing 
spectra of DOD-GLY-SWNT (1) or GLY-SWNT, even 
though the CSWNT:substituent ratio is similar for 
GLY-SWNT, AHA-SWNT, and AUDA-SWNT. The 

Figure 12   Calculated structure of 5,5 SWNT C80H20 fragment with 
two N-methyl amino ( NH CH3) groups (1,2-addition)

Figure 13   PRO-AUDA-SWNT (3): (a) 90° 13C pulse MAS spectrum 
(33 000 scans), (b) 1H 13C CPMAS spectrum (51 000 scans), (c) 
1H 13C CPMAS spectrum with a 50-µs dephasing interval before FID 
acquisition (51 000 scans), and (d) 1H 13C CPMAS spectrum with an 
80-µs dephasing interval before FID acquisition (51 000 scans)
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diffi culty in CPMAS NMR detection of the sidewall 
sp3 C N site in the amino acid-functionalized 
SWNTs is similar to the situation encountered with 
C60 bound to a polystyrene derivative through its 
pendant primary amines: for this polymer-bound C60 , 
the analogous C60 sp3 C N site was not detected by 
CPMAS NMR [53]. 

As was the case with OCT-AHA-SWNT (2), the 
dipolar dephasing spectrum of PRO-AUDA-SWNT 
(3) is noteworthy for the amount of methylene carbon 
signal intensity remaining after a 50-μs dephasing 
interval (Fig. 13(c)). Indeed, the methylene carbon 
signal intensity is less attenuated than in the dipolar 
dephasing spectrum of the precursor AUDA-SWNT 
(Fig. 3(c)), thus suggesting even more mobility in 
the PRO-AUDA side chain than in the AUDA side 
chain. The combination of chain lengthening and 
higher esterifi cation yields (80% for 3) results in more 
separation of the nanotubes, in light of the dipolar 
dephasing spectra indicating that side chain mobility 
increases in the order AHA-SWNT < AUDA-SWNT < 
OCT-AHA-SWNT < PRO-AUDA-SWNT. Even with 
an 80-μs dephasing interval, some aliphatic intensity 
clearly remains for PRO-AUDA-SWNT (Fig. 13(d)). 
A comparison of the standard CP spectra and spectra 
obtained with dephasing intervals of 50 μs and 80 μs 
for 2 and 3 clearly shows the slower decay of the 
aliphatic signal for 3 (Figs. 10 and 13). In each sample, 
the aliphatic signal decays much more rapidly than 

the nanotube sp2 and carbonyl signals, as expected. 
Stearic acid [CH3(CH2)16CO2H] and n-propyl 

stearate [CH3(CH2)16C(O)OCH2CH2CH3] serve as 
useful model compounds for demonstrating the 
effect of increased motional freedom in the solid 
state on the rate of methylene carbon signal decay 
in the dipolar dephasing experiment. Discussion 
and relevant spectra appear in the Supporting 
Information. 

In order to demonstrate that the slowly decaying 
aliphatic signal in the dipolar dephasing spectra for 
1 3 results from CH2 groups rather than from an 
unusually deshielded terminal CH3 group (which 
would be expected to decay much more slowly 
[27]), we prepared the ester of AUDA-SWNT with 
1,3-propanediol to yield PPD-AUDA-SWNT (4). As 
may be seen in Fig. 15, replacing the CH3 group with a 
CH2OH group does not signifi cantly alter the various 
spectra as compared to those from 3. In particular, 

SWNT sp2 CH2

SWNT
sp3 C NCO2H

δ(ppm)

250 200 150 100 50 0 50

δ(ppm)

240 200 160 120 80 40

Figure 14   AUDA-SWNT (15 mg): 1H 13C CPMAS spectrum (82 000 
scans). Inset shows an expanded plot of the region from 260 to 40 
ppm

SWNT sp2

CH2

CO2R

SWNT
sp3 C N

δ(ppm)

250 200 150 100 50 0 50

（a）

（b）

（c）

（d）

Figure 15   PPD-AUDA-SWNT (4): (a) 90° 13C pulse MAS spectrum 
(15 400 scans), (b) 1H 13C CPMAS spectrum (34 200 scans), (c) 1H
13C CPMAS spectrum with a 50-µs dephasing interval before FID 
acquisition (34 200 scans), and (d) 1H 13C CPMAS spectrum with an 
80-µs dephasing interval before FID acquisition (34 200 scans)
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a comparable amount of aliphatic signal intensity 
remains with a 50-μs dephasing interval (Fig. 15(c)). 
In addition, the propyl methyl carbon chemical shift 
of n-propyl stearate (δ= 10 ppm, Fig. S-2(a)) is clearly 
upfield of the aliphatic signal from 3 (Fig. 13(c) and 
(d)). Thus, the slowly decaying aliphatic signals in 
the dipolar dephasing spectra of 3 must be from 
methylene carbons. 

In this context, it is worth noting another report 
of a solid that has methylene carbons exhibiting 
unusually slow dipolar dephasing rates because of 
unusually large molecular motion. Such motion is 
found in the non-crystalline component of a melt-
quenched polyethylene, a complex solid consisting of 
a crystalline component, a non-crystalline component, 
and a third component [54]. Furthermore, the non-
crystalline component itself clearly has two different 
types of structures with dipolar dephasing rates 
differing by an order of magnitude (a typical fast rate 
and the atypical slow rate). The authors [54] indicated 
that the transition rate between trans and gauche 
conformers in this component is very high and that 
the dephasing time is a measure of molecular motion. 

Similarly, dipolar dephasing experiments on some 
low-rank coals have provided evidence for segmental 
motion thought to arise from methylene groups 
associated with hydroaromatic and/or polymethylene 
structural units [55]. Dipolar dephasing rates differing 
by up to an order of magnitude were observed for 
the signal at 30 ppm in the nonmobile and mobile 
components [55]. A similar study on another coal also 
provided evidence for segmental motion associated 
with the moieties giving rise to the signal at 30 ppm [56]. 

A few small, nearly spherical molecules (frozen 
norbornadiene [57], 1-bromoadamantane [58], and 
1-chloroadamantane [59]) have also been shown to 
give exceptionally slowly decaying signals for proton-
bearing carbons in dipolar dephasing experiments 
because rapid, nearly isotropic rotation greatly 
reduces the effective 13C 1H dipole dipole interaction. 
The data for the melt-quenched polyethylene [54] 
and the amino acid-functionalized SWNTs clearly 
show that this phenomenon, while rare, is not limited 
to small, nearly spherical molecules. 

The variable that appears to show a consistent 
effect in controlling the relaxation of the aliphatic 

carbons is chain length. Short chain lengths (e.g., GLY-
SWNT and AHA-SWNT) should result in relatively 
tight bundling of functionalized SWNTs in the solid 
state (Fig. 16(a)). In contrast, functionalized SWNTs 
with longer chained substituents will be held further 
apart (Fig. 16(b)). AFM, TEM, and Raman suggest 
that the amino acid (and hence ester) moieties are 
distributed along the sidewall, we propose that void 
spaces are present between the SWNTs in the solid 
state. Thus, the freedom of movement of the chain 
will be greater for longer functional groups, and 
the relaxation of the aliphatic carbon atoms would 
approach that of the “liquid” or “molten” state [60], 
resulting in a more slowly decaying aliphatic signal 
in the dipolar dephasing experiment. Such a trend is 
indeed observed. 

（a）

（b）

Figure 16   Schematic representations of the SWNT…SWNT inter-
bundle distance and side chain mobility as a function of side chain 
length

3. Conclusions

Given that SWNTs are often discussed as “molecules” 
it is strange that NMR has not been used more to 
characterize functionalized SWNTs. NMR is probably 
the most powerful and readily applied characterization 
method for organic and organometallic compounds—
solid state NMR has been used extensively for 
inorganic solids [61 73] but NMR’s use in nano is 
limited. In particular, the observation of sp3 carbon 
would go a long way to confirm the sidewall 
functionalization of SWNTs. 
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We report that the MAS 13C NMR spectrum of 
sidewall functionalized SWNTs is highly dependent 
on the length of the substituents chain. Initially using 
a long carboxylic acid or increasing the substituent 
length through subsequent chemical reaction (without 
additional substitution of the SWNT) allows for the 
confi rmation of the covalent nature of the substituent 
on the SWNT. We propose that the use of such an 
approach will be useful in the further characterization 
of functionalized SWNTs. 

The increase in the side chain length has the 
additional result of creating more space in which the 
chains can fl op around allowing for somewhat more 
motional freedom of the side chain than expected 
at ambient temperature in the solid state. This is 
observed via the unusual retention of methylene 
carbon signal intensity in the dipolar dephasing 
spectrum. We propose that this observation could 
be used as a method of studying the solid-state 
interactions between functionalized SWNTs or 
between functionalized SWNTs and matrix materials. 
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