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Isolated rigid rod behavior of functionalized single-wall carbon nanotubes in solution determined
via small-angle neutron scattering
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The measurement of small-angle neutron scattering on functionalized single-wall carbon nanotubes in solu-
tion is reported. Without the use of surfactants, isolated rigid rod behavior of functionalized single-wall carbon
nanotubes has been observed. The onset of pinning between the nanotubes at different pinning distances
depending on the concentration is also detected, as well as some aggregation for the more concentrated
samples. We present evidence of a multiscale organization of these samples: the molecular covalent structure
of single-wall nanotubes, the supramolecular structure of bundles, and a loose three-dimensional network
formed by pinning of the bundles. Since most organic electronic devices are fabricated from blends of small
molecules or nanocrystals with a polymeric matrix by spin coating from solution, the understanding of the
solution properties of such nanocrystals is important in order to improve the performance of these devices.
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I. INTRODUCTION

The new molecular forms of sp?> hybridized carbon—
fullerenes and nanotubes—are two of the most thrilling ma-
terials which have been developed in recent decades. Carbon
nanotubes (CNTs)! hold great promise as an ideal low-
weight carbon fiber with mechanical®> and electronic trans-
port properties>* that make them ideal candidates for mo-
lecular wires. From an electronic point of view, carbon
nanotubes are semiconducting or metallic materials, depend-
ing on the chirality of the nanotube. This property is a great
advantage, but also becomes a problem if we cannot select
and assemble nanotubes of different kinds as desired, espe-
cially when the devices are made with a bottom-up approach
such as with the new organic molecular electronic devices,
which are created from blends of conjugated polymers (usu-
ally semiconducting p-type materials) and carbon nanotubes
(ideally metallic or semiconducting n-type materials). They
are the so-called “bulk heterojunction” devices,” mainly used
to develop organic light emitting diodes and organic photo-
voltaic cells.®

The performance of such devices depends strongly on the
nanostructure of the interpenetrated networks of both kinds
of materials. The configuration of distances between rods,
distances between inter-rod pinning points, and stability of
the networks created from the rods in solution will determine
the properties of the final blend. The study of the solution (or
suspension) phase of these materials is crucial to understand-
ing the self-organization processes, which will ultimately al-
low us to control the large-scale industrial fabrication of the
devices. Hence, a better understanding of the morphology of
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such solutions is needed in order to improve the control of
these solution-based fabrication methods.

Bulk material containing carbon nanotubes has been char-
acterized by Rols et al.”® in neutron scattering experiments,
which studies the vibrational properties of CNTs. These mea-
surements have been performed on solid samples of self-
assembled nanobundles of single-wall nanotubes (SWNT)
using inelastic neutron scattering at low energies (0 to 225
meV). Good agreement between the calculated phonon den-
sity of states and experimental results for the SWNT lattice
over the entire energy range was found. Also small-angle
neutron scattering (SANS) results were presented for SWNT
dilute suspensions in water using surfactants, where, after
considerable data treatment in order to eliminate the surfac-
tant signal, evidence for isolated rigid rods and rod networks
has been shown.!%-!> We have also performed previous neu-
tron scattering experiments in samples of carbon nanotubes-
dissolved in deuterated toluene using incoherent elastic neu-
tron scattering (IENS) and incoherent quasielastic neutron
scattering (IQNS) techniques in the temperature range be-
tween 4 and 300 K. Three phases were observed by IENS
measurements: a solid phase for 7<<T,, an undercooled lig-
uid phase for 7,<T<T7,, and a liquid phase for 7>T,,.
Three different quasielastic peaks were identified, two in the
liquid phase and another one in the undercooled liquid
phase.'?

We shall now proceed to report SANS measurements of
stable solutions of functionalized single-wall carbon nano-
tubes in deuterated toluene at room temperature. We func-
tionalized the SWNTs with pentyl ester groups at the ends.
This functionalization allowed both to get stable solutions
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FIG. 1. Schematic draft of the molecular structure of both functionalized single-wall carbon nanotubes: f; SWNT is the pentyl-ester
SWNT and f, SWNT is the conjugated hybrid of Cgy-fullerene and SWNT.

and to enhance the neutron scattering signal by protonation
of the sample dissolved in a deuterated solvent (toluene).

II. SAMPLE PREPARATION AND CHARACTERIZATION

Carbon nanotubes have been a difficult material to handle,
especially when they have to be processed in solution or
suspension. Special attention has been paid to prepare
soluble derivatives of carbon nanotubes using chemical pro-
cedures which do not destroy the excellent mechanical and
electrical properties of the nanotubes. Furthermore, avoiding
the use of surfactants in the sample preparation procedure
overcomes the problem of subsequent purification if this ma-
terial is to be used in optoelectronic applications, where a
small amount of contaminants will quench the desired per-
formance of the fabricated devices.

We have prepared functionalized single-wall carbon nano-
tubes that enable us to get stable solutions without the use of
surfactants. Our samples were prepared starting from acid
purified HIPCO SWNTs, at the end of which were carboxylic
groups that were reacted first with thionyl chloride and then
by addition of n-pentanol. This resulted in n-pentyl ester
groups attached at the ends of the nanotubes, which make
them soluble in toluene. This sample is named f; SWNT in
Fig. 1. fi SWNT was characterized by means of nuclear
magnetic resonance (1H-NMR), ultraviolet-visible (UV-vis)
absorption spectroscopy, and Fourier transform infrared
spectroscopy (FTIR). More sample preparation and charac-
terization details are given in the references.'*!> A sample
with a slightly different functionalization (f, SWNT in Fig.
1), including a fullerene derivative, was also prepared. This
material is the synthesis of a conjugated hybrid of Cg
fullerene and a single-wall carbon nanotube. The new nano-
hybrid material was prepared by amidation reaction between
a carboxylic single-wall carbon nanotube (SWCNT) and an
aniline-fullerene derivative. Characterization of the sample
was performed by means of attenuated total reflectance Fou-
rier infrared spectroscopy (ATR/FTIR) and Raman
spectroscopy.'®

In Fig. 2 we show a high-resolution transmission electron
microscopy (HRTEM) image of f, SWNT that was taken
with a JEOL JEM-4000 EX transmission electron micro-
scope, operated at 250 kV and equipped with a field emission
gun (FEG), which enabled us to achieve a point resolution of
0.2 nm. An individual functionalized carbon nanotube can be
seen, as well as some aggregations of nanotubes to create a

bundle. Both are characteristic of the particles in the solu-
tion: individual carbon nanotubes and bundles of about 10
nm in diameter. Since it is difficult to obtain a well-defined
rate of individual to bundled nanotubes, we will call them
collectively “rigid rods” because they can be considered as
isolated rodlike nanostructures with a huge length-to-width
ratio. For the neutron scattering experiments, solutions of the
nanotubes in deuterated toluene at different weight concen-
trations were prepared. The weight concentrations of func-
tionalized nanotubes (f; SWNT) in deuterated toluene were
0.025%, 0.1%, and 0.4% wt. For samples above a critical
density of about 0.5% wt, the aggregation increases strongly
and it triggers precipitation in a few hours. Finally, a sample
with the second functionalization (f, SWNT) was prepared.
In this case, solubility is lower and the maximum concentra-
tion that we could obtain was 0.05% wt. The interest of this
last sample is its possible application to organic optoelec-
tronic devices since the Cg is a strong electron acceptor and
improves the exciton dissociation and charge collection for a
more efficient photocurrent generation in organic solar cells.

III. SMALL-ANGLE NEUTRON SCATTERING
MEASUREMENTS: RESULTS AND DISCUSSION

We used three different configurations of the small-angle
neutron scattering D11 instrument at Institute Laue Langevin

FIG. 2. HRTEM image of a functionalized carbon nanotube and
a bundle of nanotubes. The diameters of nanotubes are of 1.5 nm,
and those of bundles are of around 10 nm (bar: 10 nm).
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TABLE 1. Instrumental parameters for the large-angle (LA),
medium-angle (MA), and small-angle (SA) configurations used in
our neutron scattering measurements.

LA MA SA
sample-detector distance (m) 1.1 5 14
collimator distance (m) 1.5 16.5 40.5

Ouin(A™)) (r=6 cm) 571X1072 126X 1072 4.49% 1073

(ILL). The configurations are, respectively, called small
angle (SA), medium angle (MA) and large angle (LA), as
indicated in Table I. This allowed us to explore a wide range
of the scattering vector Q, with enough overlapping between
the configurations, so a superposition of different spectra in
the same plot was easily obtained. All measurements were
performed at room temperature. We used an incident neutron
wavelength of 6 A and a sample aperture of 0.7 cm? Raw
data were corrected for electronic background and empty
cell, and normalized in absolute scale using water scattering
and standard instrument software.!”

In Fig. 3 we show graphs with a log-log plot of I(Q) vs Q
for the different concentrations of carbon nanotubes. The dif-
ferent measurement configurations (SA, MA, and LA) are
plotted for every sample, showing a good overlapping be-
tween them. The measured absolute intensities are low (be-
low 1 cm™') because of the low concentration of scattering
centers in our samples. In the lowest concentration plot, the
pure deuterated toluene measurement was superimposed to
indicate the range of Q values where the solvent damps the
behavior of the sample. We can obtain straightforward log-
log plots of the rods signal without any surfactant subtrac-
tion. The deuterated toluene shows a flat behavior and does
not affect the different Q dependences discussed in the next
paragraphs. It can be observed that the plots are composed of
different regions with I(Q)=aQ™%, with « defining a differ-
ent characteristic power law for every region. All samples
show a range of 07! behavior, which is indicative of the
presence of isolated rigid rods since the scattered intensity
for isolated rigid rods follows a Q! behavior for a wave-
vector range given by 27/L<Q<2w/D, where D is the
diameter and L the length of the rods.!®!° The limits of this
range can be obtained from the plots, as it is shown in more
detail in Fig. 4 for the SA scattering configuration.

A characteristic length, L, can be calculated from the
lower Q limit of the transition. The concentration depen-
dence of this length is indicated in Table II, where it can be
seen that the obtained values are strongly dependent on con-
centration with a clear inverse trend. For the lowest concen-
tration there was no Q' behavior, and hence the method is
not applicable for this sample. Since we do not have enough
different values, no dependence law can be envisaged.

The upper limit for the Q! behavior cannot be clearly
defined since the signal is very low and the solvent begins to
be significant for a Q value at the onset of the medium-angle
instrumental configuration (indicated by an horizontal seg-
ment in Fig. 4).

For lower Q values, the obtained power law gives —3
<a<-2, with a slight variation depending on the concen-
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FIG. 3. SANS intensity profiles for pentyl-ester single-wall car-
bon nanotubes dissolved in deuterated toluene at 0.4, 0.1, 0.05, and
0.025% wt. The plot includes the three instrumental configurations
used: small (circles), medium (triangles), and large (squares) angles.
No solvent subtraction was performed. We can see a clear Q™!
behavior over a wide range of Q values. In addition the signal from
deuterated toluene is plotted for comparison.

tration of nanotubes. This is consistent with the hypothesis
that if a number of rods are brought together, they can form
an aggregate and the power law associated with such a struc-
ture should be between -2 and -3, depending on the type of
pinning between the rods.? The obtained power law strongly
suggest aggregation in our samples. On the other hand, a
power law of —5/3 is characteristic of a semiflexible chain,
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FIG. 4. (Color online) Detail of the small-angle scattering mea-
surement for all the samples. The lower Q limit for every sample is
pointed by an arrow. The corresponding number indicates the pin-
ning distance deduced from this limit. The horizontal segment in-
dicates the onset of the solvent signal in the plot, which terminates
the Q™! behavior without reaching its theoretical limit deduced from
the diameter of the SWNTSs. Filled symbols are medium-angle con-
figuration measurements.

which could suggest the presence of long semiflexible nano-
tubes. Such behavior is not observed in our samples so we
discard the presence of long isolated nanotubes. Power laws
between —2 and -3 could also be associated with objects of
a large flat disk shape, but it is unlikely that SWNT aggre-
gations could form such objects. A stable range of Q™2 be-
havior could be an indication of a loose three-dimensional
(3D) network, similar to semidilute phases of flexible poly-
mer solutions, where the mesh size approaches the polymer
persistence length as suggested by de Gennes.?! In a simpli-
fied model of a 3D network of rigid rods, the expected length
scale for the crossover between Q~' and Q=2 behavior should
be comparable to the average distance of the pinning points
between the rods, and only rods with lengths smaller than
this distance can be seen as isolated rods. The average dis-
tance of the pinning points for the 3D network depends on
the concentration of nanotubes. Hence, for higher concentra-
tions, the obtained distance is lower.

Finally we would like to present the behavior of the signal
at larger Q values. In this result the solvent signal is impor-
tant, but it presents a flat contribution [see Fig. 2(d), C;Dqg
signal], and therefore does not modify the location of the

TABLE II. Lower Q values for the Q~! ranges measured for the
different carbon nanotube concentration and the calculated corre-
sponding length from the onset of the Q™! behavior as explained in
the text.

SWNT lower Q limit L
% wt (A1) (nm)
04 0.0097 65
0.1 0.0082 76
0.05 0.0053 120
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FIG. 5. Detail of the medium-angle scattering measurement for
three samples: 0.4 and 0.1% wt of f; SWNT (squares and triangles)
and 0.05% wt f, SWNT (circles) corrected by solvent subtraction.
The observed peaks have been fitted with a Gaussian function
(lines).

observed features. Some peaks, well above the noise level,
are observed in all samples for intermediate Q values, as
shown in the inset of the plot corresponding to the 0.4% wt
sample in Fig. 3(a). It is worth mentioning the clear wide
peak observed at Q=0.062 A~! for this high weight-
concentration sample. This Q value corresponds to a limiting
value for the diameter of the rods at a characteristic length of
about 277/0.06 ~ 10 nm, which is the diameter of a typical
bundle of nanotubes (in good agreement with what is ob-
served in Fig. 2). We can therefore attribute this feature to
some rod-rod correlation. In order to perform a more detailed
analysis, we present in Fig. 5 a plot where the scattering
signal from the samples has been corrected by subtracting
the solvent contribution. This procedure increases the error
bars until an uncertainty of about 8.5%. Nevertheless, we can
now clearly appreciate a peak in the three samples of higher
nanotube concentration. The intensity of these peaks reduces
for lower concentration samples and cannot be detected in
the 0.025% wt sample. We have fitted the peaks to a Gauss-
ian function, using an instrumental weight for the data points
given by w;;=1/ o’l.zj, where o;; are the error bars of the mea-
surements. The results of the fitting are presented in Table
II: there is a slight displacement of the center of the peak
from 0.0626 A~! for the 0.4% wt sample to 0.0659 A~! for
the 0.05% wt sample. A reduction in the intensity of the peak
(height above offset value) from the higher- to the lower-
concentration sample can also be observed. These facts are
consistent with the above-mentioned explanation of the ag-
gregation of the nanotubes in bundles of about 10 nm diam-
eter. It could also explain the shorter range of Q™! behavior
in the 0.4% wt sample since the aggregation effect damps the
signal from isolated nanotubes. Further measurements for
different concentrations of nanotubes in the solution should
be performed in order to clarify this point.

IV. CONCLUSIONS

In summary, we have prepared stable solutions of func-
tionalized single-wall carbon nanotubes in deuterated tolu-
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TABLE III. Fitting parameters of the Gaussian functions used to
fit the observed medium-angle scattering peaks (lines in Fig. 5). The
samples are the 0.4%wt and 0.1%wt f1-SWNT, and 0.05% wt
f>-SWNT.

Sample % wt: 0.4% 0.1% 0.05%
Center (A“) 0.0626 0.0644 0.0659
Bundle diameter (nm)  10.05+0.85 9.76+0.85 9.53*+0.85
Height (107 cm™) 8.292 6.491 6.311
Width (A1) 0.00397 0.00299 0.00365
Offset (cm™) 0.0275 0.0262 0.0251
XZ/ DoF 0.04227 0.05748 0.10224
corr. coeff. 0.95853 0.90379 0.82957

ene. These samples were carefully characterized, and the so-
Iutions enabled us to perform small-angle neutron scattering
measurements without the use of surfactants at room tem-
perature. Our analysis of the SANS measurements of func-
tionalized single-wall carbon nanotube solutions indicates
that they form an aggregate of rigid rods, pinned between
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themselves, creating a rigid 3D network with a characteristic
distance between pinning centers, depending on the carbon
nanotube concentration. This distance ranges between 120
and 65 nm. For solutions with a low concentration of
nanobubes, a range of isolated rigid rod behavior with Q™!
power-law dependence could be observed. These samples
display a multiscale organization: the molecular covalent
structure of the single-wall nanotubes, the supramolecular
structure of bundles with a diameter around 10 nm created
by aggregation of nanotubes, and finally a loose three-
dimensional network formed by pinning of the bundles.
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