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Covalent chemical functionalization of single-walled carbon
nanotubes (SWCNTs) has become a very important subject
within the field of carbon allotrope research.[1] It allows
a number of intrinsic hurdles to be overcome, such as
aggregation, low solubility, and difficult processability,
which impede a straightforward development of SWCNTs
as building blocks in high-performance materials. Chemical
functionalization offers the opportunity to combine their
unprecedented properties with those of other compound
classes and it is a promising approach for separation by
electronic properties. A number of reactions have been
reported that show preferential attack of addends to either
metallic or semiconducting tubes.[2] We have recently dem-
onstrated a selective carboxylation of semiconducting tubes
that were exfoliated and reduced under modified Birch
conditions.[3] Nevertheless, an efficient large-scale separation
of metallic tubes from semiconducting tubes is still a major
challenge in carbon nanotube chemistry. Therefore, analytical
methods that provide reliable and direct insights into the
degree of covalent functionalization, homogeneity of the bulk
sample, and overall selectivity by electronic properties are
particularly desirable. Although conventional Raman spec-
troscopy provides important information with respect to
covalent modifications of SWCNTs, it lacks a quantitative
description about the distribution of properties in the bulk
material. It has turned out that Raman spectra recorded at
different spots may vary considerably (Supporting Informa-
tion, Figure S1). This leads to severe misinterpretations on the
specific outcome of a reaction. As a consequence, compara-
bility between different reaction products is not provided.
Herein, we present the use of scanning Raman microscopy
(SRM) and the corresponding statistical data analysis for the
unequivocal characterization of covalently functionalized
SWCNTs. With the introduction of the Raman defect
(RDI), Raman homogeneity (RHI), and Raman selectivity
indices (RSI), we are now able to provide a straightforward
and unambiguous direct insight into the degree of function-

alization as well as into the product homogeneity and the
selectivity of a reaction sequence. We present this quantifi-
cation upon analyzing a number of differently functionalized
reaction products (Scheme 1).

We initially focus on the data analysis of the reaction
product of a new functionalization sequence, namely the wet
chemical treatment of negatively charged tubes with benze-
nediazonium tetrafluoroborate (BDT; Scheme 1a, Fig-
ure 1a). Later on these results are compared with those
obtained for other covalent derivatization sequences. The
corresponding SWCNT reduction has been carried out under
our previously reported modified Birch conditions[4] with
lithium metal in liquid ammonia and THF as a co-solvent.
After evaporation of the ammonia, the diazonium salt was
carefully added to the negatively charged nanotubes, followed
by an aqueous work-up of the reaction product. In contrast to
the reaction of neutral SWCNTs with diazonium salts,
originally introduced by Tour et al. ,[5] we expect that the
Coulomb attraction between the negatively charged tubes
and the positively charged diazonium species will further
increase the efficiency of the addition reaction.

The reaction product A was characterized by TG/MS
analysis (Supporting Information, Figure S2) and by statisti-
cal Raman analysis. For this purpose, mappings of 10000 mm2,
which corresponds to 2500 spectra in each, were carried out
(Figure 1b). In general the D-band intensity is a measure for

Scheme 1. Model systems for statistical Raman analysis. Reaction of
SWCNTs with benzenediazonium tetrafluoroborate (BDT)[2a] after dif-
ferent proceeding activation steps: a) after modified Birch reduction,
b) after 20 min of ultrasonication of neutral SWCNTs in cyclohexyl
pyrrolidone (CHP) followed by addition of BDT, c) after 20 min of
ultrasonication of neutral SWCNTs in THF followed by addition of
BDT, d) after reaction of SWCNTs with BDT during 10 min of ultrasoni-
cation. e) Epoxidation of SWCNTs[7] with m-CPBA after 20 min of
ultrasonication in CHP. f, g) Carboxylation of SWCNTs with CO2 after
different activation steps: f) after modified Birch reduction,[3] g) after
reduction in a Na/K alloy and 20 min of ultrasonication in THF.
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the amount of sp3 defects introduced by covalent addend
binding.[6] Therefore, the I(D/G) ratio of every point spectrum
was determined and subsequently their frequency was
grouped into a histogram (Figure 1c), which follows a Gaus-
sian distribution characterized by the maximum xc and the
width w of� s, where� s is the standard deviation of the data
set and is a measure for the homogeneity of the D-band active
defects.

By comparison of the data obtained for three laser
excitation wavelengths (532, 633, and 785 nm), an even
more comprehensive picture of the reaction outcome is
captured (Figure 2), as the electronic selectivity can also
be analyzed. In the case of A, the value determined for xc

at 532 nm, where predominantly metallic tubes are in
resonance, is much larger than the value determined at
785 nm, where mainly semiconducting species are
probed. An intermediate situation is observed for an
excitation at 633 nm, where both species are excited
simultaneously. Obviously, the example reaction
depicted in Figure 1 a shows selectivity towards a prefer-
ential functionalization of metallic SWCNTs.

For the quantification of the reaction outcome, we
introduce the indices RDI, RHI, and RSI. The Raman
defect index (RDI) can be obtained directly from the
respective Gaussian distributions by plotting the fre-
quency of I532

D=Gð Þ versus I785
D=Gð Þ (Figure 3). It is defined

[Eq. (1)] as the length of the vector spanning the origin

RDI Að Þ ¼ ~aj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x532
c

� �2þ x785
c

� �2
q

ð1Þ

and (x532
c , x785

c ). For the reaction product A (Figure 1a),
the corresponding RDI(A) value is 1.15, while the RDI of
the starting material P (RDI(P)) is as low as 0.15.

Figure 1. a) Arylation of SWCNTs by reduction and subsequent reaction with
diazonium salts yielding product A. b) Scanning Raman map: 10000 mm2,
2500 spectra, excitation wavelength 532 nm (the different colors encode the
spatially resolved I(D/G) values; that is, the ratio of the intensities of the
D- and G-band maxima); c) Histogram of the I(D/G) values. The black
curve represents the corresponding Gaussian root-mean-square fit; the
different colors represent the respective spatially resolved I(D/G) values
in the Raman map. The maximum (xc) is a measure of the mean
degree of functionalization and the width (w) correlates with the
sample homogeneity.

Figure 2. Raman analysis of the reaction product A at three different
excitation wavelengths: Left: I(D/G) histograms of the pristine material
(black) and of the functionalized sample A ; right: median spectra of
the corresponding histograms. RBM = radial breathing modes.

Figure 3. 2D representation of a statistical Raman analysis comparing
the starting material P with the reaction product A at lexc of 532 nm
(metallic) and 785 nm (semiconducting). The accounts of the vectors
correspond to the Raman defect index (RDI) at the corresponding
excitation wavelengths. The red crosses indicate the standard devia-
tions whose reciprocal products determining the Raman homogeneity
indices (RHI) are illustrated by the red-shaded rectangles. The angle
a describes the Raman selectivity index (RSI). Electronic-type prefer-
ences can be found in the orange (metallic) and in the blue-shaded
(semiconducting) regions.
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The second characteristic parameter RHI, which is
a measure for the sample polydispersity, can be obtained
from the respective standard deviations. It is defined as
reciprocal product of w532 and w785 [Eq. (2)]. The superscripts

RHIðAÞ ¼ ðw532 � w785Þ�1 ð2Þ

532 and 785 denote the wavelengths where either metallic
SWCNTs or semiconducting tubes are in resonance. As can
be seen in Figure 3, the pristine starting material with
a RHI(P) = 710.3 is a more homogeneous material with respect
to defect density in comparison to the reaction product A with
RHI(A) = 88.7. This clearly reflects a decrease of sample
homogeneity after the functionalization.

The Raman-selectivity index (RSI) is defined as the angle
between the vectors of the pristine material and the function-
alized sample. In the case of an electronic-type selective
functionalization, the corresponding RDI vector is allocated
in either the metallic or the semiconducting region. The
magnitude of the RSI is a measure for the grade of the
electronic-type selectivity. In the case of reaction A (Fig-
ure 1a), the RSI(A) vector is allocated in the metallic regime
with a value of 20.28.

RSI Að Þ ¼ a ¼ arccos
~p~a
~pj j~aj j

� �

ð3Þ

The outcome of addition reactions to carbon nanotubes
can now easily be analyzed by the determination of the
Raman indices. This will be demonstrated by a comparison of
the products B–G (Figure 4, Table 1) obtained from the
reactions sequences depicted in Scheme 1 (for corresponding
Raman data see the Supporting Information, Figures S3–S8).

The reaction of SWCNTs with diazonium compounds can
be carried out as solvent-free functionalizations[8] in aque-
ous[4b] and organic[9] media. Here, selectivity towards metallic
SWCNTs was observed with surfactant-wrapped nanotubes in
water.[2a] Taking into account that nanotube individualization
is necessary for selective reactions, we used different activa-
tion processes to generate debundled SWCNTs. As it turned
out, the RDI values for the products B, C, and D (Scheme 1,
Table 1) obtained after the reaction of neutral nanotubes with
BDT are considerably lower compared to the sequences
based on charged SWCNT intermediates. They also differ
significantly depending on the dispersion conditions. It is
reasonable to assume that a high grade of debundling is
required for an efficient and homogenous functionalization. It
has been observed that especially cyclohexyl pyrrolidone
(CHP) is capable to individualize SWCNTs,[10] which in turn
leads to higher RDIs as corroborated by this study (Table 1).
Debundling is also facilitated by ultrasonication (Scheme 1,
D) and leads to increased RDI values. For all three examples,
this is accompanied by an increase of RSI (Table 1). We thus
conclude that both the degree of functionalization and the
selectivity of a comparable reaction sequence depends
significantly on the degree of debundling.[3]

For the majority of covalent SWCNT functionalization
sequences, no electronic-type preferences have been
reported. With the aid of the analysis presented herein, we

can easily sense even subtle electronic-type preferences,
indicated by the respective RSI values (Table 1, Figure 4).
For example, in addition to the previously reported epox-
idation of SWCNTs with 3-chloroperoxybenzoic acid (m-
CPBA) in CH2Cl2,

[7] we found for E a slight selectivity
towards semiconducting nanotubes in CHP. No electronic-
type preference and a low degree of functionalization were
found for the carboxylation of SWCNTs reduced with a Na/K
alloy (Scheme 1, G). In contrast, the functionalization with
CO2 under modified Birch conditions (Scheme 1, F) yields the
highest degree of functionalization, with selectivity towards
semiconducting SWCNTs (Table 1, Figure 4). This confirmed
our expectations on the basis of our fundamental investiga-
tion on the carboxylation of SWCNTs,[3] where we indicated
that an efficient debundling has a pronounced effect on the
outcome of the reaction. Another significant result that was
derived is that a higher degree of functionalization is in
general accompanied by a lower homogeneity of the reaction
product as expressed by an decreased RHI value.

In conclusion, we have introduced an efficient concept for
the classification of covalent addition reactions to SWCNTs in
terms of degree of functionalization, electronic-type selectiv-
ity, and sample homogeneity. This method, which is based on
statistical Raman analysis, will be useful for the systematic

Figure 4. 2D plot of the statistical Raman analysis comparing the
starting material P to the reaction products A–G depicted in Scheme 1.
For the values of RDI, RSI, and RHI, see Table 1.

Table 1: Raman indices of reaction products A–G.

F B C D E F G

RDI 1.15 0.67 0.31 0.50 0.93 1.39 0.37
RSI 20.2 29.2 14.7 25.3 14.9 21.7 3.9
RHI 88.7 198.1 330.1 64.1 45.0 171.1 1113.4
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development of novel functionalization concepts for the
efficient bulk isolation of either metallic or semiconducting
SWCNT species, for example. This will in turn be the
foundation for the application of carbon nanotubes in
future electronic devices. Furthermore, this study is a consid-
erable step forward in gaining clear insights into fundamental
chemical properties of carbon nanotubes.

Experimental Section
Raman spectroscopic characterization was carried out on a Horiba
LabRAM Aramis confocal Raman microscope (lexc : 532, 633, and
785 nm) with a laser spot size of about 1 mm (Olympus LMPlanFl
100 m, NA 0.80). The incident laser power was kept as low as possible
to avoid structural sample damage: 240 mW (532 nm), 114 mW
(622 nm), and 3 mW (785 nm). Spectra were obtained by a CCD
array at�70 8C and a 600 grooves/mm (523 & 633 nm) or 300 grooves/
mm grating from a 100 mm � 100 mm area with 2 mm step size in
SWIFT mode for low integration times. Sample movement was
obtained by an automated XY-scanning table. Further experimental
details can be found in the Supporting Information.
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