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The presence of carboxylated carbonaceous material in nitric acid-treated single-walled carbon
nanotube (SWNT) samples has recently brought renewed focus on the processes by which covalent
functionalization of such materials are carried out. Using a widely reported 2-step purification/
oxidation procedure, we have investigated the effect of basic treatment and solvent washing on the
functionalization and final properties and behavior of SWNTs. We have demonstrated, using a
number of spectroscopic techniques, that in the absence of NaOH treatment, COOH functionality is
introduced directly onto SWNTs, and not only onto carbonaceous material present in the sample.
Covalent functionalization of the oxidized materials was also investigated by attachment of a
fluorescent probe, and ultimately, whether treated with base or solvent washed, the resulting
materials are close to identical with respect to both their appearance and properties. In addition,
we have demonstrated that using either of these purification/oxidation strategies, functionalized
materials can be produced that still exhibit distinctive optical/electronic properties, as demonstrated
by sustained structured spectroscopic absorption and emission features.

Introduction

Single-walled carbon nanotubes (SWNTs)1,2 are a un-
ique class of material that have received an enormous
amount of attention over recent years, because of their
remarkable mechanical,3 thermal,4 electronic,5,6 and
optical7,8 properties. However, a number of practical
aspects such as purity, solubility and processability still
impede their widespread exploitation. Great effort has
recently been exerted with regards to their chemical
treatment and functionalization to overcome these prob-
lems and also to drive toward the production of more
manageable multifunctional materials.
Two approaches have been widely reported in the

literature for the chemical modification of SWNTs,
which involve either the noncovalent adsorption onto the

nanotube surface9,10 or the covalent attachment to the
π-conjugated skeleton.11,12 There are obvious advantages
related to the covalent strategy, such as control over the
number of functional moieties that may be attached,13-15

in addition to the well-defined nature and stability of the
linker that connects them to the nanotube. Care must be
taken however, as the optical, electronic and thermal
properties depend heavily upon the highly conjugated
form in which the SWNTs exist,6,16,17 and their covalent
modification, depending on its location, can result in loss
of those properties.18

Two general strategies exist for covalently attaching
functional molecules to the nanotube structure. The first
involves reaction of a reagent or functional molecule at
the sidewall of the tube and has been performed using
nucleophilic-, electrophilic-, radical-, and cycloaddition
basedmechanistic approaches.19 Introduction of a covalent
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bond at the sidewall, however, inherently results in loss of
the sp2 character of the reacting carbon and thus also in
a break in conjugation at that point on the tube. This,
depending on the number of functional groups attached,
can result in complete loss of characteristic electronic and
optical properties.18 The second strategy has been widely
used and involves the addition of functional moieties to
oxidized defect sites produced during acidic/oxidative puri-
fication of the nanotubes. Nitric acid has been used as a
standard reagent in an attempt to remove synthetic bypro-
ducts, such as residual catalyst particles and amorphous
carbon, from raw SWNT samples.20-24 It has been shown
that depending on both the time of reaction and the nitric
acid concentration, the purification procedure may intro-
duce varyingnumbers of oxygenated functionalities (mainly
carbonyl and carboxylic acid groups) onto defect sites, to
which further functionalitymaybe subsequently attached.23

It has recently been reported that small polycyclic aro-

matic sheets edge-terminated with carboxyl groups, coined

as carboxylated carbonaceous fragments (CCFs), are also

generated during the acidic/oxidative purification proce-

dure and it is understood that they form a “uniform and

reactive coating on the SWNTs”.22,25,26 The effective

removal of the CCFs from acid purified samples by NaOH

treatment has been demonstrated,26-28 and it has therefore

come into contention as to whether reactions carried out,

following the purification step, actually result in covalent

modification of the nanotubes or only result in functional-

ization of the CCFs. Haddon and co-workers have more

recently shown thatnitric acidpurified samples exhaustively

washed with aqueous base nevertheless contained a suffi-

cient number of carboxylic acid groups to prepare high

quality covalently functionalized nanotubes.29

These recent studies raise some important questions as
to whether previously reported procedures presenting

covalent functionalization using defect site chemistry,30-34

in the absence of NaOH treatment, were actually producing
covalently functionalized materials, and also how the final
properties of the functionalized materials are affected by
the presence or absence of NaOH treatment. To attempt to
answer these questions, oxidized SWNTs were prepared in
two batches using a widely reported 2-step purification/
oxidation procedure,19,35-38 comparable to the one initially
developed by Smalley and co-workers.39,40 The first batch
was subjected to the NaOH treatment reported by Green
and co-workers,26 and the second batch was washed with a
number of solvents. A fluorescent label was subsequently
attached to each batch as a simple method of monitoring
functionalization, and using a variety of complementary
characterization techniques,wehavedemonstrated thatwith
or without NaOH treatment, once materials are thoroughly
washed, the functionalized SWNTs that are produced are
nearly identical. We have also shown that both procedures
are capable of producing covalently functionalized SWNTs
that still display structured emission and absorption features
indicating preservation of their electronic properties.

Results and Discussion

Purification/Oxidation. The purification of as purchased
raw SWNTs was performed using a widely reported pro-

tocol, which consists of refluxing the nanotubes in an

aqueous dispersion of nitric acid for 48 h (Scheme 1).39

The strong acidic conditions are used to remove catalytic

iron nanoparticles and also to oxidize defect sites on

the SWNTs, with carboxylated carbonaceous fragments

(CCFs) being produced as a byproduct. The purified

sample (p-SWNTs) was split into two batches, of which

the first was subjected to the NaOH treatment to produce

b-SWNTs and the secondwas sonicated in organic solvents

followed by filtration. Thereafter both batches were further

oxidized for 1 h at 35 �C in a mixture of sulphuric acid and

hydrogen peroxide to produce o-SWNTs 1 and 2. Follow-

ing each synthetic step, it was ensured that the nanotubes

were washed thoroughly with water until a neutral pH was

reached, and subsequently dispersed inDMFby sonication

and washed with DMF and methanol until the filtrate

ran clear (Scheme 1). The washing procedures and the

filtrate pictures are reported in the Supporting Information

(Scheme S1).
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The introduction and removal of specific functional
groups, following each treatment was monitored by
infrared spectroscopy. The appearance of absorption
bands related to carbonyl stretching (1724 cm-1) and the
stretching of CdC bonds in the polyaromatic backbone of
the tubes (1570-1580 cm-1),29,41 are clearly evident follow-
ing treatment with nitric acid (Figure 1A). The carbonyl
stretching vibration may be assigned to carboxylic acid
groups (COOH) produced either at defect sites on the
nanotubes or on other carbonaceous material in the
sample. This band notably decreased after NaOH treat-
ment (Figure 1B), indicating that COOH functionalities
in the sample were mainly present on the carbonaceous
fragments which could be washed away after conversion
to the more soluble sodium salt (Figure S1, Supporting
Information). Analysis of the filtrate demonstrated the
presence of CCFs in accordance with the literature
(Scheme S1, Supporting Information).42

Following oxidation to o-SWNTs 1, the carbonyl
stretching vibration is seen to reappear. As infrared
spectroscopy cannot distinguish between COOH groups
attached to the nanotubes and those attached to carbo-
naceous material, o-SWNTs 1 and 2 appear almost
identical (Figure 1B andC). A small portion of o-SWNTs
2 was treated with base to investigate the presence of
CCFs, following the solvent washing procedure. Only a
small reduction in the carbonyl band is observed going
from o-SWNTs 2 to oxidized base-washed nanotubes ob-
SWNTs (Figure 1C), strongly indicating that the COOH
functionalities present in the sample are indeed on the
SWNTs. The filtrates from both NaOH treatments are
illustrated in Figure 2, and the difference in the quantity
of CCFs washed from each sample is evident from the
filtrate color, demonstrating the influence of the solvent
washing and the oxidation procedure on the composition
of the sample.
Raman spectroscopy was used to monitor the intro-

duction of defects into each sample, by monitoring
changes in the intensity ratio of the characteristic D-
(defect) and G- (graphitic) bands (Figure 3).43,44 Follow-
ing the purification procedure the ID/IG ratio increased
from 14 to 44% indicating breakage of the graphene sheet

Scheme 1. Representation of Purification and Oxidation of

SWNTs
a

a (A) HNO3 2.6 M, 100 �C, 48 h; (B) NaOH 8M, 100 �C, 48 h in
triplicate; (C) neutralization with HCl and concentration to a solid; (D,
E) H2SO4/H2O2 4:1, 35 �C, 1 h; (F) NaOH 8M, 100 �C, 48 h.

Figure 1. ATR/FT-IR spectra of (A) raw (r-SWNTs) and purified
(p-SWNTs), (B) base-treated (b-SWNTs) and oxidized (o-SWNTs 1),
and (C) oxidized (o-SWNTs 2) and oxidized base-treated (ob-SWNTs)
nanotubes, where spectra have been baseline corrected to improve data
visualization.
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symmetry (Figure 3A). In this case the symmetry disrup-
tion is associated with the introduction of defects on both
the nanotubes and the carbonaceous fragments. The
relative intensity of the D-band subsequently decreased
from 44 to 21% following NaOH treatment, in accor-
dance with literature values (Figure 3B).26,29,42 The per-
sistence of amorphous carbon (not containing acidic
functionality) in the sample is however clear from the
magnitude and shape of the D-band. The relative inten-
sity again increased to 26% following the oxidation to
o-SWNTs 1, indicating the introduction of defects on
both the nanotubes and amorphous carbon (Figure 3B).
When compared to o-SWNTs 2, where the sample was

washed with NMP instead of aqueous base, the relative
D-band intensity dropped to below that of the raw
material (Figure 3C). This coupled with the restored
sharpness and symmetry of the band, strongly indicates
that the oxidation step in combination with the NMP
treatment results in removal of both the CCFs and
amorphous carbon from the sample. The NaOH treat-
ment of o-SWNTs 2 confirms this, demonstrating only a
small reduction of the ID/IG ratio (Figure 3C). Enlarged
spectra, shown in Figure S2, Supporting Information,
clearly contrast the broad unsymmetrical D-band of
o-SWNTs 1 with the sharper more symmetrical D-band
of o-SWNTs 2.
X-ray photoelectron spectroscopy (XPS) was used to

evaluate the changes in the chemical nature of the func-
tional groups present in the sample by the different steps
of the purification/oxidation process. Figure 4 illustrates
the C 1s and O 1s core level spectra for each sample in
addition to the fitting into the various components used
to reproduce the spectra.
Characteristic contributions including the primary gra-

phitic peak (284.4 eV) and plasmon loss (290.6 eV) are
evident from the C 1s peak of the r-SWNTs. Following
nitric acid purification a number of new contributions

appear, which can be associated to the increasing sp3

content (285.3 eV)46 and the grafting of oxygen contain-
ing functionality (286-289 eV) onto the sample, most
notably carboxylic acid groups at 288.8 eV.47 Following
NaOH treatment a reduction in the intensity of both the sp3

and carboxylic acid components is observed indicating re-
moval of CCFs, while after oxidation to o-SWNTs 1, as
expected, the intensity of the component associated to car-
boxylicacid increases.Wheno-SWNTs1and2are compared
the C 1s peak and its components appear much the same,
indicating the similarity in the type and quantity of function-
ality present whether or not NaOH treatment is performed.
Analysis of the O 1s peak reveals the presence of iron

oxide catalyst (530 eV)48 in the raw material, which
disappears following the purification procedure. A 4-fold

Figure 2. Pictures of the filtrates following NaOH treatments of (A)
p-SWNTs and (B) o-SWNTs 2.

Figure 3. Raman spectra (λexc=633 nm) of (A) r-SWNTs and p-SWNTs,
(B) b-SWNTs and o-SWNTs 1, and (C) o-SWNTs 2 and ob-SWNTs. All
the spectra have been normalized on the G-band. Insets show the RBM
bands (scale = 0-0.24 au).
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increase in the oxygen content of the sample also occurs as
expected, which is accompanied by the appearance of an
additional component at 531.3 eV representing oxygen
species of lower binding energy.47 Following NaOH
treatment a reduction in the relative intensity of the
carboxylic acid containing component is evident, pre-
sumably because of the removal of CCFs. In accordance
with the IR and Raman results this contribution again
increases following the oxidation procedure indicating
introduction of carboxylic acid functionality onto the
SWNTs. On comparison of o-SWNTs 1 and 2, it is again
evident that the oxygen containing functionality in each
sample is similar both in the presence or absence ofNaOH
treatment.
To fully exploit the remarkable properties of SWNTs,

the preservation of optical and electronic properties follow-
ing chemical treatments is an important factor.6,16,17 The
effect of each treatment on the structured emission and
absorption features of the SWNTswasmonitored byNIR-
PL and UV-vis/NIR absorption spectroscopies, and the
results are illustrated in Figures 5 and 6, respectively. The
NIR-PL spectra clearly show that all nanotubes samples
display a structured emission in the NIR (Figure 5 and
Figure S3, Supporting Information), and in addition,UV-
vis/NIR absorption data demonstrate the persistence of the
van Hove singularities (Figure 6), which is in accordance
with our previously reported results.37

The assignment of the optical frequencies demonstrate
that the bands at smaller wavelengths (900-1050 nm),
corresponding to small diameter SWNTs, are completely
destroyed during the purification procedure. This is in
agreement with the loss of smaller diameter bands from
the RBM region of the Raman spectra (Figure 3). The
complete destruction of these SWNTs implies that all
nanotubes in the sample have been affected by the acidic
treatment and indicates that the PLobserved is not simply
because of the presence of unaltered nanotubes.
The investigation into quenching of the NIR-PL, fol-

lowing each chemical treatment (Figure 5D), has also
given us a useful insight into the extent of defect intro-
duction on the SWNTs with minimal interference from
the other carbonaceous impurities present in the sample.
The average NIR emission efficiency was evaluated for
all SWNT samples (Figure 5D), and it is clear that a
90% quenching of the photoluminescence was observed
following the purification procedure (see NIR-PL effi-
ciency calculations in the Supporting Information). Under
acidic conditions, this is known to occur as a result of
protonation reactions at the nanotube surface.49-51 How-
ever, Weisman and co-workers have demonstrated that
this doping process is completely reversible upon addition
of base.50,51 Following NaOH treatment of the p-SWNTs,
reappearance of the PL is observed, but only to 30%of the
original intensity, demonstrated by the raw material. We
thus propose that the irreversible quenching observed,
originates fromdefects produced in the nanotube structure
during the purification procedure, as opposed to reversible
doping by protonation. If we also consider that function-
ality introduced onto the nanotube structure during the
purification procedure, for a large extent, does not seem to
consist of carbonyl containing moieties (Figure 1B), the
highly oxidative treatment seems necessary, to convert the
defects into reactive COOH groups.
Following the oxidation procedure the NIR-PL of

o-SWNTs 1 and 2 again drops to a value of approxi-
mately 10%, which is most probably the result of both
defect introduction and doping processes. After NaOH
treatment of o-SWNTs 2, an increase in the PL efficiency
is evident; however, it is still smaller than b-SWNTs
suggesting the introduction of additional defects during
the oxidation step.
TGAs were performed on each sample in air, and

following treatment with nitric acid, nearly quantitative
removal of the catalyst was demonstrated, where the
residual ash content at 900 �C dropped from 34% in the
raw material to 1% (Figure S5 and Table S1, Supporting
Information). This was confirmed byHR-TEM (Figure S6,
Supporting Information), where the high content of iron

Figure 4. XPSC 1s andO 1s spectra of r-SWNTs, p-SWNTs, b-SWNTs,
o-SWNTs 1, and o-SWNTs 2, were fitted components are labeled as C1,
C-C sp2; C2, plasmon loss; C3, C-C sp3; C4, (CdO)-O-; O1, Fe2O3/
Fe3O4; O2, C-O-C/(CdO)-O-/C-OH; O3, (CdO); O4, (CdO)-
O-Na;45 O5, H2O.

(49) Cognet, L.; Tsyboulski, D.A.; Rocha, J. D.R.; Doyle, C.D.; Tour,
J. M.; Weisman, R. B. Science 2007, 316, 1465–1468.

(50) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.;
Strano, M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon,
W.H.; Kittrell, C.;Ma, J.; Hauge, R. H.;Weisman, R. B.; Smalley,
R. E. Science 2002, 297, 593–596.

(51) Strano, M. S.; Huffman, C. B.; Moore, V. C.; O’Connell, M. J.;
Haroz, E. H.; Hubbard, J.; Miller, M.; Rialon, K.; Kittrell, C.;
Ramesh, S.; Hauge, R. H.; Smalley, R. E. J. Phys. Chem. B 2003,
107, 6979–6985.



72 Chem. Mater., Vol. 23, No. 1, 2011 Del Canto et al.

catalyst, visible as black particles in the r-SWNTs, is
absent in the purified material. TGAs were also per-
formed under a nitrogen atmosphere (Figure S7 and
Table S2, Supporting Information). On comparison of
both the curve shape and the weight loss below 400 �C,
before and after treatment with NaOH, a significant
change is observable which is indicative of the effective-
ness of the NaOH treatment in the removal of carbona-
ceous material from the p-SWNTs.
AFM topographic images of r-SWNTs, p-SWNTs,

and b-SWNTs displayed the effectiveness of purification
and washing protocols in progressively removing cata-
lyst and carbonaceous impurities going from r-SWNTs
to b-SWNTs (Figure S8, Supporting Information). Ad-
ditionally, AFM images of o-SWNTs 1 and 2 confirmed
the shortening of the tubes after oxidation treatments,
where average lengths were estimated at 482 ( 170
and 528 ( 159 nm, respectively (Figure S9, Supporting
Information).
Functionalization. A fluorescent probe, fluoresceina-

mine, was coupled to both o-SWNTs 1 and 2, as illu-
strated in Scheme 2, to investigate the presence of COOH
functional groups on o-SWNTs 1 and 2.
To remove the excess of nonreacted reagents from

f-SWNTs 1 and 2, the samples were dispersed in DMF
by sonication and washed with a number of solvents until
the filtrate ran clear. The fluorescent probe, although
not concentrated enough to be seen using UV-vis/NIR
absorption spectroscopy (Figure S10, Supporting In-
formation), is clearly observable from the emission spec-
tra of both f-SWNT samples excited at 490 nm (Figure 7

and Supporting Information Figure S11).52 To compare
the samples at similar concentrations, they were diluted
until equal values of optical absorption were observed

Figure 5. NIRphotoluminescence (PL) spectra (λexc= 785 nm) of (A) r-SWNTs and p-SWNTs, (B) b-SWNTs and o-SWNTs 1, and (C) o-SWNTs 2 and
ob-SWNTs. (D) Histograms showing the average NIR-PL efficiency at λexc =785 nm (nmeasurements = 3).

Figure 6. UV-vis/NIR absorption profiles of all samples in DMF.
Absorption values (y-axes) have been varied to better visualize the van
Hove singularities. Spectra with actual absorption intensity values are
reported in Figure S4, Supporting Information.

(52) Nakayama-Ratchford, N.; Bangsaruntip, S.; Sun, X.;Welsher, K.;
Dai, H. J. Am. Chem. Soc. 2007, 129, 2448–2449.
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(Figure S10, Supporting Information). Following excita-
tion of these solutions the emission intensities suggest
that the degree of functionalization of both samples is
comparable, affording similarly functionalized materials.
When compared to the fluorescent probe alone in DMF,
a red-shift in the maximum emission intensity is observed
from 538 to 545 nm for both the f-SWNT 1 and 2. To
investigate whether the red-shift originates from covalent
attachment or from noncovalent interaction, fluoros-
ceinamine was titrated into a solution of o-SWNTs 2.
This resulted in a slight blue-shift of the emission
maximum to 536 nm, strongly indicating that the fluo-
rescent probe is covalently bound to the SWNT struc-
ture in the functionalized samples and not simply

physisorbed to the surface as previously seen by Dai
and co-workers.52

The Raman spectra of both batches of the oxidized and
functionalized SWNTs are illustrated in Figure 8, and
interestingly, a decrease of the ID/IG ratio is observed for
both following functionalization. Although the decrease
is practically negligible in the case of f-SWNTs 2, a quite
substantial drop is evident for f-SWNTs 1, which seem to
occur because of the removal of the remaining carbo-
naceous material from the sample by solvent washing.
NIR-PL spectra of the functionalized samples are

illustrated in Figure 9 (and Figure S12, Supporting

Information), and it is evident that structured emission

is sustained, indicating retention of the characteristic

optical/electronic properties following covalent function-

alization. The removal of the remaining carbonaceous

material from the oxidized samples, following solvent

washing, is also evident from the reduction in emission

in the 880-1000 nm region of the spectrum.
Representative AFM topographic images of single

f-SWNTs 1 and 2 with the height profiles are reported
in the Supporting Information (Figure S13).

Scheme 2. Coupling Reaction of Oxidized SWNTs 1 and 2 with

Fluoresceinamine

Figure 7. Emissionprofiles (λexc=490nm) of fluoresceinamine, f-SWNTs
1 and 2, and fluoresceinamine π-π stacked to o-SWNTs 2. The nanotube
samples have been diluted until same optical absorption values in DMF.

Figure 8. Raman spectra (λexc= 633 nm) of (A) o-SWNTs 1 and
f-SWNTs 1 and (B) o-SWNTs 2 and f-SWNTs 2 normalized on the
G-band. Insets show the RBM bands (scale = 0-0.25 au).

Figure 9. (A) NIR-PL spectra (λexc= 785 nm) of r-SWNTs, f-SWNTs 1,
and f-SWNTs 2. (B) Histograms showing the average NIR-PL efficiency
at λexc =785 nm (nmeasurements = 3).
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Conclusions

Using a well-known 2-step purification/oxidation pro-
cedure, in the absence of NaOH treatment, we have demon-
strated that COOH functionality is introduced directly onto
SWNTs and not only onto carbonaceous material present in
the sample, as previously reported for single step nitric acid
purification. FT-IR,Raman,NIR-PL, andXPSwere used to
demonstrate that both solvent washing and oxidation proce-
dures are important with regards to the removal of carbo-
naceous material and conversion of introduced defects to
reactive COOH groups, respectively. Covalent functionaliza-
tion of the oxidizedmaterials was also investigated by attach-
ment of a fluorescent probe, and ultimately, whether treated
with base- or solvent-washed, the resulting materials are
close to identical with respect to both their appearance and
properties. In addition, we have demonstrated that using
eitherof thesepurification/oxidationstrategies, functionalized
materials can be produced that still exhibit their distinctive
optical/electronic properties, as demonstrated by sustained
structured spectroscopic absorption and emission features.
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