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ingle-wall carbon nanotubes
S (SWCNTSs) have attracted tremendous

interest because of their unique elec-
tronic, optical, thermal, and mechanical
properties which are particularly promising
for a wide range of applications in
(nano)opto-electronics. However, a major
obstacle for these applications is the fact
that the electronic properties of SWCNTs
depend critically on their exact chiral struc-
ture (chiral index (n,m))," and all synthesis
methods known to date produce a mixture
of both metallic (M) and semiconducting
(SC) SWCNTs. For a few years now, signifi-
cant progress is being made in the prepara-
tion of SWCNT samples enriched in either
semiconducting or metallic tubes, either at
the synthesis level?> ¢ or by various post-
growth separation methods.”” 7 One of the
most promising separation methods is den-
sity gradient centrifugation’ of bile salt sol-
ubilized'® SWCNTs, which not only allows
the separation of semiconducting and me-
tallic tubes but can also sort them according
to chirality and even handedness.'® How-
ever, characterizing the actual content of
semiconducting and metallic SWCNTs in a
bulk sample remains difficult, because no
simple spectroscopic technique giving a re-
liable, absolute reading of the M:SC ratio
was available until now. Here, we show that
the electron paramagnetic resonance (EPR)
spectrum of a bulk sample of SWCNTs, to
which Co(ll)octaethylporphyrin (CoOEP)
probe molecules have been added, directly
yields such a measurement of the M:SC ratio
in the original SWCNT sample, without re-
quiring an external calibration, yielding a

Www.acsnano.org

ABSTRACT A simple and quantitative, self-calibrating spectroscopic technique for the determination of the
ratio of metallic to semiconducting single-wall carbon nanotubes (SWCNTSs) in a bulk sample is presented. The
technique is based on the measurement of the electron paramagnetic resonance (EPR) spectrum of the SWCNT
sample to which cobalt(ll)octaethylporphyrin (CoOEP) probe molecules have been added. This yields signals from
both CoOEP molecules on metallic and on semiconducting tubes, which are easily distinguished and accurately
characterized in this work. By applying this technique to a variety of SWCNT samples produced by different
synthesis methods, it is shown that these signals for metallic and semiconducting tubes are independent of
other factors such as tube length, defect density, and diameter, allowing the intensities of both signals for
arbitrary samples to be retrieved by a straightforward least-squares regression. The technique is self-calibrating
in that the EPR intensity can be directly related to the number of spins (number of CoOEP probe molecules), and
as the adsorption of the CoOEP molecules is itself found to be unbiased toward metallic or semiconducting tubes,
the measured intensities can be directly related to the mass percentage of metallic and semiconducting tubes in
the bulk SWCNT sample. With the use of this method it was found that for some samples the
metallic/semiconducting ratios strongly differed from the usual 1:2 ratio.

KEYWORDS: electronic type - spin probe EPR - CoMoCat - SWCNTs -
resonance - metallic:semiconducting ratio - EPR spectroscopy

electron spin

simple, quantitative spectroscopic tech-
nique for the determination of M:SC ratios
in bulk SWCNT samples.

Several spectroscopic techniques have
been proposed in literature for characteriz-
ing the M:SC ratio of SWCNT samples. A 2D
Raman map, over a sufficiently wide range
of laser wavelengths to cover resonances of
all SWCNT chiralities in a given sample can
in principle be used to determine the com-
plete chirality distribution and hence also
the M:SC ratio.?’ However, this is extremely
tedious and not feasible for arbitrary diam-
eter ranges (limited by the available lasers
and detection wavelength range). More-
over, resonant Raman scattering data are
difficult to quantify because these depend
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on the accurate knowledge of the Raman cross sec-
tions for SWCNTSs of different chiralities and electronic
type, which are currently only available from theoreti-
cal calculations,?' % and the effects of surfactant coat-
ing, defects, etc. are not well understood. Optical ab-
sorption spectroscopy may be useful for samples
including only large diameter tubes with a narrow di-
ameter distribution, such that the first two transitions
of the semiconducting tubes and the first transition of
the metallic tubes all lead to well-separated absorption
bands. Even then, the absorption cross section of the
M and SC tubes needs to be calibrated first by measure-
ments on fully separated samples.?* This calibration
would have to be redone for each batch of SWCNTSs
having a different diameter distribution. When samples
contain thin tubes and/or a broader diameter distribu-
tion, the different transitions of M and SC tubes overlap,
and a determination of composition can only be at-
tempted by elaborate curve fitting,> which is very sen-
sitive to the accurate knowledge of peak positions,
shapes, and absorption cross sections of all individual
tube chiralities. These parameters are again dependent
on surfactant coating, defects, aggregation, and possi-
bly even tube length.?®

As a result, for the characterization of the M:SC ra-
tio, researchers mainly had to resort to statistics made
from microscopic techniques, ranging from electronic
transport measurements in hundreds of single tube
field-effect transistors,® even in combination with opti-
cal absorption spectroscopy,? to electric force micro-
scopy?® and, very recently,? a new counting-based
method was developed using a combination of atomic
force microscopy (showing both M and SC tubes) and IR
fluorescence microscopy (SC only). While promising,
obtaining good statistics from most of these techniques
is tedious, and generally it is difficult to exclude a bias
(both in sample deposition and in the actual measure-
ments) toward different SWCNT types, lengths, bundles,
etc.

While EPR in general has been used in the study of
carbon nanotubes3®~3* or their inclusion
complexes,*>3>738 the use of spin probe EPR spectros-
copy for the characterization of the properties of the
SWCNTSs remains largely unexplored. Porphyrin mol-
ecules are interesting candidates as they are known to
interact strongly with SWCNTs3°~*2 and can contain
various metal ions which can be probed by EPR.* Very
recently,** we used EPR spectroscopy to study the inter-
actions between Cobalt(ll)octaethylporphyrins (CoOEP)
and CVD-grown SWCNTs with a diameter distribution
centered around 2 nm and found that the CoOEP mol-
ecules adsorb very strongly on both M and SC tubes by
m-stacking. However the M tubes act as stronger elec-
tron acceptors (for the spin density on CoOEP), leading
to a significant difference between the EPR spectra of
porphyrins adsorbed on M and SC tubes. As a result, the
EPR spectra of the functionalized SWCNT powders con-
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sist of two well-resolved components, one associated
with the molecules coating the M tubes and the other
with those coating the SC tubes. This is very promising
as a tool to characterize the M:SC ratio in a SWCNT
sample, as EPR spectroscopy is intrinsically quantita-
tive: the integrated EPR signals can be directly related
to the number of spins (COOEP molecules) contributing
to the two signals. As the two component signals were
also found to occur in a constant relative intensity, inde-
pendent of the procedure used in rinsing off the ex-
cess (unbound) molecules (i.e., the molecules are not
preferentially removed from one or the other electronic
type of SWCNTSs), the intensities of both signals are pro-
portional to the surface area and hence the mass frac-
tion of M and SC tubes, respectively. Therefore, we set
out to investigate whether Co porphyrin probe EPR
spectroscopy can be elaborated as a simple and reli-
able technique to determine M:SC ratios of bulk
samples, and we applied it to a representative series of
SWCNT samples, in order to demonstrate its indepen-
dence on other factors such as tube diameter and diam-
eter distribution, tube length, and defects.

RESULTS AND DISCUSSION

Methodology. The EPR spectrum of CoOEP-
functionalized SWCNTs, measured in an oxygen-poor
(nitrogen) atmosphere, contains two well-resolved sig-
nals from both CoOEP molecules adsorbed on metallic
(M) and on semiconducting (SC) tubes, which can be
easily distinguished from each other, and which are dif-
ferent from that of the pure, unbound CoOEP.* In the
presence of oxygen, a third component occurs, which
could be assigned to oxygenated CoOEP molecules
(Co"—0,7).#~% |t was established that the molecular
oxygen binds exclusively to porphyrins adsorbed on SC
SWCNTs (further abbreviated as SC/0,) and therefore
the determination of the M:SC ratio is possible even in
the presence of oxygen. To a first approximation, the
double integral of the (first derivative) EPR signals might
be used to quantify these contributions. This is suffi-
ciently accurate in the case of the oxygen-free spec-
tra.** However, the EPR intensity of the powder spec-
trum is also dependent on the g-eigenvalues.*’*8 An
exact, yet simple, approach to quantify the signals is to
simulate the spectra (e.g., using EasySpin*’), which im-
plicitly accounts for these g-dependent prefactors, and
to fit the experimental spectra with a superposition S of
three of such simulations S; (S; for M, S, for SC, and S5
for the SC/0,):

S=a,5, + a5, + as5; (1)

where the coefficients g; directly yield the relative con-
centrations of the three components in the EPR spec-
trum (numbers of spins), and thus of the three CoOEP
species. In our previous work,* it was moreover estab-
lished that the relative intensities of the signals associ-
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TABLE 1. EPR Simulation Parameters of the Three Spectral Components, M, SC, and SC/O,, Obtained from the

Simultaneous Fit of All the EPR Spectra

9. g A, [MHz]
M 3.280 = 0.07 1.82 £ 0.04 113510
SC 3.19 = 0.02 1.80 = 0.04 1080 = 10
] 92 [
SC/0,2 1.93 1.98 2.05

A [MHz] g, -strain A -strain [MHz] Ap-strain [MHz]
559 =20 0.14 = 0.04 80 =15 237 =50
536 + 20 0.20 = 0.03 85+ 15 170 = 50

Ay [MHz] A, [MHz] A; [MHz] B
92 85 38 39°

“Axial g- and hyperfine tensors and a Lorentzian line width of A, = 6 mT and g-strain = 0 were used. *Orthorhombic g- and hyperfine tensors were used, with the Eu-
ler angles between both frames being (0°, 3, 0°) with a Lorentzian isotropic line width of A, = 4 mT, and an anisotropic Gaussian line broadening for g, g, and g5 of 48,

45, and 17 MHz, respectively.

ated with CoOOEP on M and SC tubes are constant, inde-
pendent of the rinsing procedure used to remove the
excess (unbound) molecules. This implies that the ad-
sorption of CoOOEP molecules is unbiased to M or SC
tubes. The coefficients a; and a, + as (which have to
be added to obtain the total SC fraction) are therefore
proportional to the surface area, and hence the mass
fraction, of the M and SC tubes, respectively. To allow
these coefficients to be quantified for an arbitrary
sample by a fit of the EPR spectrum, the three compo-
nent spectra S; need to be known accurately. To this
end, we studied a wide range of SWCNT materials (see
Methods section for details) with different M:SC ratios
by CoOEP probe EPR, which will allow the EPR param-
eters of S; to be determined with great precision by a si-
multaneous fit of all spectra, using common magnetic
parameters (including strains) and allowing only the co-
efficients (@amplitudes) of the three components to
vary between samples. In this way also the fits of the
EPR spectra from CoOEP/CVD nanohybrids in our previ-
ous work could be improved significantly (see further
in Figure 2). Each component spectrum, for each set of
magnetic parameters, was simulated using the EasySpin
software package*’ (version 3.1.0), which was called
from within MatLab, in which the fitting procedure was
implemented. For optimal computational efficiency
and robustness, a hybrid numerical and analytical least-
squares fitting procedure was used: The magnetic pa-
rameters of the three component spectra were opti-
mized using a numerical least-squares minimization,
while their amplitudes were determined (for each set
of magnetic parameters tried) using an analytical (lin-
ear) least-squares regression. Having determined this
set of magnetic parameters of the three species accu-
rately (see Table 1), the EPR spectrum for any other
SWCNT sample can be modeled by a linear combina-
tion of these same three components, requiring only
the analytical (thus robust) linear least-squares regres-
sion. The M:SC ratio follows directly from the three
coefficients.

As the various SWCNT materials studied are pro-
duced by synthesis methods involving various transi-
tion metal catalysts, they often contain ferromagnetic
metal nanoparticles which give rise to large back-
ground signals in EPR.327343¢ These can be reduced by
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chemical purification, but the residual backgrounds
still need to be subtracted, and can be determined by
measuring the pure SWCNT materials before addition of
CoOEP (see Supporting Information). Only in the case
of the HipCO materials, which contain iron particles
(even in the most purified grade), the ferromagnetic
background, combined with the highly compacted, ag-
gregated structure of the purified material (limiting its
dispersion in chloroform and thereby limiting the
amount of COOEP molecules adsorbed on the SWCNTs,
as also confirmed by optical absorption spectroscopy
after solubilization of the CoOEP/HipCO nanohybrids in
D,0 using bile salt surfactants; see below) prevented a
sufficient signal-to-noise ratio to be achieved.

Optical Absorption Spectroscopy. To verify the proper for-
mation of the nanohybrids in all cases, and to further
study the interaction between the SWCNTs and the
CoOEP molecules, the samples were also investigated
by optical absorption spectroscopy after solubilization
in D,0 using the bile salt surfactant sodium deoxycho-
late.'® We have shown before* that in this way the
nanohybrids can be purified yielding solutions in which
at least 99% of the porphyrins are interacting with the
SWCNTs. The CoOEP absorption bands, superimposed
on the SWCNT background absorption, show a sizable
CoOEP adsorption on the SWCNTs (see Supporting In-
formation, Figures S3—S8;), except in the HipCO
samples (Supporting Information, Figure S9), where
only a minute amount of CoOEP is present. This is in
line with the weak EPR signals obtained for the latter.
The poor adsorption of CoOEP on the HipCO samples
is not surprising, as even visually, the purified HipCO
materials consist of large, compact grains which are
very hard to disperse in chloroform.

Taking a closer look at the CoOEP absorption bands,
after subtraction of the SWCNT absorption and a
1/wavelength scattering background, we observe a
large redshift (up to 15 nm) of the CoOEP Soret band
compared to the free CoOEP absorption (Figure 1), indi-
cating a strong electronic communication between
the porphyrin w-system and the SWCNT walls, in agree-
ment with the EPR results. Interestingly, this red shift is
found to depend on the SWCNT sample used (Table 2).
For CVD SWCNTs, a spectral shift of 15 nm is observed,
in line with previous work.* The smallest shift, of 10 nm,
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Figure 1. Normalized absorption spectra of COOEP in chlo-
roform and the CoOEP porphyrins adsorbed on CVD, ARC,
CG200x, CG100, SG76, and SG65 SWCNTs after solubilization
in 1%DOC/D,0. For the nanohybrids, the SWCNT reference
spectrum is subtracted as described in the text. Note that the
longer wavelength Q-band-region is not reliable for the thin-
nest SWCNTs (SG76, SG65), because these have sharp, in-
tense absorption features overlapping with the Q-bands.
The inset zooms in on the Soret band region of the
spectrum.

for the SG65 sample might in part be attributed to the
lower fraction of M tubes (see below), as M tubes act as
significantly stronger electron acceptors than SC tubes
for CoOEP.** However, by far the dominant factor ap-
pears to be the diameter of the tubes (see Table 2). A
similar diameter dependence of the absorption spec-
trum has been observed before for a tetraphenylpor-
phyrin on SWCNTSs, and was attributed to a planariza-
tion of the phenyl substituents.* However, as we
observe the same effect here, for a porphyrin without
these phenyl groups, a more likely explanation is that
the weaker curvature of the walls of thicker tubes re-
sults in a better w—-overlap of the porphyrin with the
SWCNTs.

EPR Quantification. The experimental CoOEP probe
EPR spectra obtained for each of the SWCNT materials,
together with the results from the simultaneous fit are
included in Figures 2 and S10—S518 (Supporting Infor-
mation), and the resulting M:SC ratios are listed in Table
3. The common EPR simulation parameters (including
strains) obtained from the simultaneous fit are given in
Table 1. An excellent fit is obtained for all samples using
this common set of parameters. The M and SC contribu-

TABLE 2. Red Shift of the Optical Absorption of CoOOEP
upon Adsorption on Various SWCNT Samples, and
Comparison with the Diameter Range d of the SWCNTSs (as
Specified by the Manufacturer)

SWCNT sample d(nm) red shift (nm)
D 2 15
ARC 14+02 15
(G200x 1.01 =03 15
(G100 1.0*03 14
SG76 09=*02 12
$G65 0.8 0.1 10
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Figure 2. Low temperature (T = 2.5 K, 9.44 GHz) EPR spec-
tra (black) of the different nanohybrid powders with low
oxygen content: COOEP/CVD_1, CoOEP/CG200x_1, and
CoOEP/SG65a_1. The simulation (red) which is superim-
posed on the EPR spectra is composed of a sum of the three
contributions: M (blue), SC (green), and SC/O, (magenta).
The relative coefficients of the different components are
given in Table 3. Experimental spectra of COOEP/CVD
SWCNTSs were obtained using a more careful exclusion of
0, and were more accurately fitted than in ref 44.

tions were simulated using axial g- and hyperfine ten-
sors in combination with an isotropic Lorentzian line
width. To obtain a good fit, it was necessary to include
g- and hyperfine strains, with a positive correlation of
the principal values. The values of these strains are
fwhm values of Gaussian distributions of the g- and hy-
perfine values, in such a way that the total line width
is a convolution of the isotropic Lorentzian line width
and these Gaussian strains.*’” The SC/O, contribution
was simulated using orthorhombic g- and hyperfine
tensor frames which are not coinciding, with the Euler
angles between the two frames being (0°, B, 0°).*
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TABLE 3. M:SC Ratios Determined by Simultaneously
Fitting the EPR Spectra

mi‘tnfr?a]l.s" Figure M SC SC/0, M:SC ratio®
A0s 5w e MsTmEssTM
ARC S10 29% 65% 6% 29 = 3%:71 = 3%
(G200x_1 2 39% 61% 0%

39.5 = 4%:60.5 = 49
(G200x_2  ST1 40% 24% 36% & t

(6100 S12 45%  57.5% 0% 425+ 3%:575 = 3%
6761 S13 3% 6% 0%

- 325 = 2%:67.5 + 2%
S676.2 S 3% 0% 4% ° °
sG6sa 1 2 15% 8% 0%

SG6sa_2  S15 18% 7%  11%
66523 S16 4% 16%  70%

SG65b S17 16% 76% 8%

16 = 2%:84 * 2%

1" stands for preparation in oxygen-poor atmosphere, “_2" and “_3" denotes a
larger contribution of oxygenated species. “The percentage of SC tubes is obtained by
adding the SCand SC/0, coefficients. ‘New experimental EPR spectra were ob-
tained for freshly made CoOEP/CVD nanohybrids in oxygen-poor atmosphere and si-
multaneously analyzed with the new EPR parameters given in Table 1, compared
to the results presented in ref 44.

To estimate the error bars on these magnetic param-
eters, and the effect these have on the final M:SC ra-
tios obtained, fits in which the EPR parameters were op-
timized for each sample separately were also
performed. This yielded no significant further improve-
ment of the fits, and more importantly, no significant
change in the obtained M:SC ratios. The largest appar-
ent change of the EPR parameters, though still very
small, was observed for SG65a_2, especially for the M
component (see error bars in Table 1). Even this change
is probably insignificant (within the statistical experi-
mental error), but it might also hint at the effect of re-
duced m—mr-interaction of CoOEP with these very thin-
nest SWCNTs—which was also found to have a much
more pronounced effect on the optical absorption
(smaller red-shift; Figure 1). That the tube diameter has
much less effect on the EPR parameters can in fact be
easily understood because EPR probes the spin-density
on the central Co ion, whereas optical absorption origi-
nates from the conjugated m-system of the (approxi-
mately planar) porphyrin ring. Even for these thinnest
tubes the M:SC ratios obtained did not change signifi-
cantly when optimizing the EPR parameters for this
sample specifically, for example, 14%:86% from the in-
dividual fit of SG65a_2 compared to 16%:84% on aver-
age for these SWCNTs when using the common param-
eters. Thus, the common set of EPR parameters
obtained in this work is valid for any SWCNTSs in the
studied range, that is, at least down to a diameter of
~0.7 nm (SG65). If the method were extended to even
thinner tubes, it would be advisible to check and reop-
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timize the EPR parameters, especially in view of the op-
tical absorption results. For larger diameter SWCNTs
(>2 nm), no changes are expected. Previously,** we fur-
thermore found that also the presence of bundles has
no effect on the ratio of the two EPR signals, as after sol-
ubilization of the CoOEP-coated SWCNTSs in water us-
ing bile salt surfactant, and removal of the bundles by
thorough centrifugation, the same ratio is found, show-
ing that the surface area probed is representative for
all tubes in the sample. Of course, care should be taken
that the SWCNT samples used are at least reasonably
pure with respect to other carbonaceous impurities
such as graphitic nanoparticles, double-wall (DWNTs,
and multiwall carbon nanotubes (MWNTs), which are
likely to adsorb the CoOEP molecules in a similar way
and give rise to similar, but different EPR spectra (a lim-
ited contamination with graphitic nanoparticles or
MWNTs is expected to be less important, as these have
a relatively small specific surface area (compared to the
SWCNTSs)). This is not a problem though, as the distinc-
tion between M and SC SWCNTs, and the characteriza-
tion of the precise M:SC ratio is hardly relevant when
the SWCNTSs are not pure in the first place: such carbon-
aceous impurities are far easier to remove from
SWCNTs, than it is to separate (or selectively synthe-
size) M from SC SWCNTs, and most commercially avail-
able SWCNT samples (as well as all of the samples used
in the present work) do not contain any significant
amounts of these. As the SWCNT samples studied in
this work originate from different synthesis methods,
resulting in very different properties, we can conclude
that the EPR parameters of the different components
given in Table 1 are not only independent of tube diam-
eter (within the studied range), but are also not influ-
enced by other factors such as defect density, length,
bundling, etc., which makes this method unique com-
pared to all other methods already proposed in the
Iiterature.3'2°'24'25'27'29'5°

To check that the technique is insensitive to the
presence of oxygen, we performed the measurements
both in an oxygen-poor atmosphere and in the pres-
ence of oxygen. As can be seen from Table 3, the M:SC
ratios are nearly independent of the total percentage of
SC/O, present in the EPR spectrum. Thus it is not criti-
cal to exclude oxygen. However, as the SC/O, compo-
nent is much narrower than the M component and
therefore much more intense in the derivative EPR
spectrum, the simultaneous determination of the M
contribution and a dominant SC/O, contribution might
be expected to result in a somewhat reduced precision.
Therefore we recommend performing the experiments
in an oxygen-poor atmosphere.

From Table 3, it can be observed that CVD, ARC,
and SG76 tubes contain the expected random 1:2 ra-
tio. For the SG65, CG100, and CG200x the M:SC ratios
differ strongly from this 1:2 ratio with a larger SC (M)
content for the SG65 (CG100, CG200x) tubes, respec-
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tively. The observation of a much smaller fraction of M
SWCNTs in SG65 (16 %= 2%) is in line with the results
from scanning probe microscopy?® (14 = 5%), resonant
Raman scattering experiments?® (8%), and the count-
ing by AFM and fluorescence microscopy?® (8%). As al-
ready discussed in the introduction, the slightly differ-
ent results for the different methods most likely is
originating from the difficulty to exclude a bias toward
different SWCNT types, diameters, lengths, bundles, de-
fects, etc. The important advantage of our method is
that it does not have such a bias. The higher M con-
tent for CG100 SWCNTSs is in agreement with results
from the counting by AFM and fluorescence micro-
scopy?’ (48%). Furthermore, films produced with these
CG100 SWCNTs and with the CG200x CoMoCAT
SWCNTs, which we also found to contain a larger frac-
tion of M SWCNTSs (39.5 = 4%), indeed show a higher
conductivity compared to the other CoMoCAT
SWCNTSs.>! This novel technique already yields the best
accuracy (2—4%) available for the determination of the
M:SC ratio of SWCNT samples. Possibly, further improve-
ments of its precision may be achieved by devising
other probe molecules with an even higher sensitivity
to the electronic type of the SWCNTs.

Having determined the magnetic parameters of all
three component spectra with great accuracy, and hav-
ing established that these are for all practical purposes
independent of other factors such as tube length, de-
fect density, and diameter (within the studied range
and most likely also for larger diameter SWCNTs), any
sufficiently pure SWCNT sample can now be character-
ized by CoOEP probe EPR. The coefficients g; of eq 1 are
then simply given by a straightforward and robust ana-
lytical least-squares regression:

A = ("S)(S"S,,,) )

where A is a column vector containing the three coeffi-
cients a; Seyp is the column vector containing the ex-
perimental spectrum, and S is the three-column matrix
containing the three component spectra S;, as simu-
lated by EasySpin using the parameters from Table 1.
The M:SC mass ratio is then given by a;:(a, + as). Note
that it is also possible to incorporate the EPR back-
ground subtraction in this same linear regression step,

METHODS

SWCNT Samples. A series of SWCNT materials, having different
average tube diameters and diameter distributions and synthe-
sized by different methods were analyzed in this study. These in-
clude SWCNTs produced by the catalytic carbon vapor deposi-
tion process obtained from Nanocyl (batch no. NRJ21; SWCNT
content, 60%) with an average diameter of 2 nm (CVD) and
which were also studied in our previous work;* arc-discharge
SWCNTs obtained from Nanoledge (raw, batch no. P00508D;
SWCNT content 30%) with a mean diameter of 1.4 = 0.2 nm,
which were further purified using air oxidation, acid treatment,
and high vacuum annealing as described in ref 38 (ARC). We also
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by including (a smooth polynomial fit to) the SWCNT
background spectrum as a fourth basis function S, in
S.

CONCLUSIONS

An accurate and easy spectroscopic technique to
quantify the ratio of M to SC SWCNTs from a single ex-
periment on a bulk SWCNT sample is presented. After
noncovalent functionalization of the SWCNTs with Co-
balt(ll)octaethylporphyrins (CoOEP) the EPR spectrum
of COOEP/SWCNT nanohybrid powders is measured
(preferably, but not necessarily, in oxygen-poor atmo-
sphere). The CoOEP molecules probe the different elec-
tronic interactions of the cobalt ion (spin density distri-
bution) with M and SC tubes, which is reflected in the
observation of two distinct EPR spectra. These signals
are easily distinguished and accurately characterized in
this work, allowing the intensities of both signals to be
determined from a robust, analytical least-squares fit of
the measured EPR spectra for arbitrary SWCNT samples.
As the EPR intensity can be directly related to the num-
ber of spins, that is, the number of COOEP molecules,
and as the adsorption of COOEP (m—m-stacking) is it-
self found to be unbiased toward metallic or semicon-
ducting tubes, the obtained intensities of the least-
squares fit can be directly related to the mass
percentage of metallic and semiconducting tubes in
the bulk SW SWCNT samples. We were able to accu-
rately determine the M:SC ratio for six different types
of SWCNT materials originating from various sources.
For three different samples (CVD, ARC, and SG76 Co-
MoCAT) a M:SC ratio very close to the random 1:2 ratio
was observed: 34.5%:65.5% for CVD, 29%:71% for ARC,
and 32.5%:67.5% for SG76 SWCNTs. For SG65 CoMoCAT
SWCNTSs a M:SC ratio of 16%:84% was determined, in
line with results already obtained in the literature. For
CG100 and CG200x CoMoCAT SWCNTs, a larger metal-
lic fraction was observed, yielding a M:SC ratio of 42.5%:
57.5% and 39.5%:60.5%, respectively. Considering that
these different SWCNT materials have different diam-
eters, diameter distributions, and also different lengths/
defect densities, it can be concluded that the pro-
posed method is unaffected by a wide range of other
properties and can therefore be used for the reliable
quantification of the M:SC ratio of SWCNT samples.

studied four different SWCNT materials produced by the cobalt/
molybdenum-catalyst-based synthesis method (CoMoCAT) de-
veloped at the University of Oklahoma? and obtained from
SouthWest NanoTechnologies (SWeNT): (1) CG200x SWCNTs hav-
ing a diameter range of 1.01 = 0.3 nm (>90% carbon content,
lot no. 400), (2) CG100 SWCNTs having a diameter range of 1.0 =
0.3 nm (>90% carbon content, lot no. 000-0012) (3) SG65
SWCNTs (>90% carbon content) having a tube diameter of 0.8
+ 0.1 nm and a composition rich in (6,5) and semiconducting
tubes, two different batches of which were studied (SG65a, lot
no. 000-0031 (SWeNT); SG65b, lot no. 000-000-010) and (4) SG76
SWCNTs having a tube diameter of 0.9 = 0.2 nm and rich in
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(7,6) tubes (>90% carbon content, lot no. 000-0014). We also ap-
plied this method to study purified HipCO SWCNTSs obtained
from Carbon Nanotechnologies, Inc. (2 wt % of Fe residues, batch
no. SP0235).

Sample Preparation. The porphyrin nanohybrids were prepared
for EPR and optical spectroscopy using a modified procedure
from ref 44, using 2,3,7,8,12,13,17,18-octaetyl-21H,23H-porphyrin
cobalt(ll) (CoOEP) obtained from Aldrich. The SWCNTs (10 mg)
were added to a saturated solution (3 mL) of CoOEP in chloro-
form (99+ %, stabilized with 0.6% ethanol, VWR Prolabo BDH). Ul-
trasound (bath sonicator: BRANSONIC, 1510E-MTH, 70 W, 42
kHz) was applied for 1 h each of 3 subsequent days, in order to
obtain a fine dispersion of the SWCNTs, thereby increasing the
contact area for the porphyrin molecules to adsorb. In between
the ultrasonic treatments the samples were magnetically stirred
in the dark. Afterward, the solution was filtrated (Zefluor, sup-
ported PTFE membrane, 0.5 wm pore size) and rinsed several
times with chloroform until the filtrate was colorless. The dried
porphyrin/SWCNT pellet was peeled off the filter membrane and
gently ground to obtain a powder: COOEP/CVD, CoOEP/ARC,
CoOEP/CG200x, CoOEP/CG100, CoOEP/SG65a, and CoOEP/
SG65b, CoOEP/SG76 and CoOEP/HipCO. These powders were
then measured in EPR. Furthermore, in contrast to our previous
work,* part of the powders were put in an oxygen-poor nitrogen
atmosphere for 1 day and sealed before the EPR experiments,
in order to avoid large contributions in the EPR spectra from oxy-
genated species.

EPR Spectroscopy. The continuous-wave (CW) EPR (X-band,
9.44 GHz) spectra were recorded at 2.5 K in the rectangular cav-
ity of a Bruker ESP300E spectrometer equipped with an Oxford
liquid helium flow cryostat. Measurements can also be per-
formed with similar signal-to-noise ratio at slightly higher tem-
peratures (5—10 K) depending on the SWCNT background spec-
trum (see Supporting Information). A microwave power of 12.6
mW (12 dB), modulation amplitude of 0.2 mT, and modulation
frequency of 100 kHz were used. For a single EPR experiment, 1
mg of the porphyrin-functionalized SWCNTSs was introduced in
the EPR tube, which is sufficient to obtain a good signal-to-noise
ratio. For each of the samples an EPR spectrum of the SWCNT
powders without the porphyrin functionalization was measured
in EPR and used as a background, which was subtracted from the
obtained spectra, after multiplication by a weight factor, in or-
der to obtain a flat baseline.

Absorption Spectroscopy. Absorption spectra were recorded
with a Varian Cary 5E UV—vis—IR spectrometer, using quartz
cells with path lengths of 0.1, 1, or 10 mm. For the solubiliza-
tion, a part (5 mg) of each of the SWCNT powders was added to
a 1% w/v sodium deoxycholate (DOC, 99%, Acros Organics) solu-
tion (1.5 mL) in D,0 (99.9 atom % D, Aldrich). Afterward the so-
lutions were centrifuged for 30 min at 16215¢g (Sigma 2-16KCH
centrifuge with swing-out rotor) and the supernatant was col-
lected.'®
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