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Abstract

We have studied, by incoherent neutron scattering experiments, the dynamics of a colloidal

suspension of functionalized single wall carbon nanotubes (SWNTs). The nanotubes have been
functionalized with pentyl ester groups attached at the ends and suspended in deuterated toluene
with a concentration of 2.6 mg SWNT/1 ml of deuterated toluene. The experimental techniques
were incoherent elastic neutron scattering (IENS) and incoherent quasielastic neutron scattering
(IQNYS). In the temperature range between 4 K and 300 K, three phases were observed by IENS
measurements: a solid phase for 7' < T, an undercooled liquid phase for T, < T < T}, and a
liquid phase for 7 > T;,. Furthermore, in the high temperature range of the undercooled liquid
phase, hysteresis loops in the heating and cooling scans were observed. The lower limit of the
hysteresis loop defines the critical crossover temperature 7.. IQNS measurements in the liquid

phase and a cooling scan of the undercooled liquid phase were performed. Three different
quasielastic peaks were identified, two in the liquid phase and another one in the undercooled
liquid phase. The widths of the quasielastic peaks are discussed as a generalized diffusion
function which can be factorized as a temperature dependent diffusion function and a Q
dependent structure function. From the comparison of the diffusion function with the viscosity
of toluene, we conclude that two components are in the long-time range Brownian motion and

the other one in the short-time range Brownian motion.

1. Introduction

Functionalized single wall carbon nanotubes (f-SWNTs)
dispersed in deuterated toluene are a colloidal suspension.
The size of the f-SWNT colloidal particles is generally
larger than the size of the solvent molecules but still small
enough so that their mobility is governed by thermally
activated Brownian motion. Colloidal particles are, however,
also subject to attractive Van der Waals forces, leading to
irreversible aggregation. In order to balance this effect, the
particles need to be stabilized and several schemes have been
developed to do so, such as charge or steric stabilization.

0953-8984/08/104208+06$30.00

Steric stabilization of a colloidal dispersion is achieved
by attaching polymer chains to colloidal particles. Then
when colloidal particles approach one another the limited
interpenetration of the polymer chain leads to an effective
repulsion which stabilizes the dispersion against flocculation
or coagulation. One approach for stabilizing a colloidal system
is the functionalization of the particles with short polymeric
chains (as compared to the particle size) grafted to the end of
the particles.

Our recent developments have allowed us to prepare
stable solutions of functionalized carbon nanotubes in different
solvents. These samples are SWNTs with -COOH radicals at
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the ends, the hydrogen can be substituted by short saturated
chains of carbons, which improves their solubility in organic
solvents and also enhances the neutron scattering signal of
the carbon nanotube [1, 2]. This approach is different
from previous neutron scattering measurements of carbon
nanotubes, such as inelastic neutron scattering (INS) at low
energies (0-225 meV) that has been performed on solid
samples [3-5] or small angle neutron scattering (SANS)
measurements that were performed on SWNTs in a dilute
suspension in water using surfactants [6, 7]. Measurements
of functionalized SWNTs suspended without the help of
surfactants are important since fabrication of devices by
spin-coating or drop-casting of materials from a liquid
solution or suspension is now a common procedure for
optoelectronic organic applications using blends of nanotubes
and polymers [8-10].

The structure of a colloidal suspension can be described in
terms of the static structure factor S(Q). In a dilute suspension,
there are no interparticle correlations and S(Q) = 1. There
are nevertheless dynamics in the sample and the colloidal
particles move by the thermal fluctuation of the solvent. For
concentrated systems, where interparticle correlations play a
role, the static structure factor S(Q) deviates from unity and
shows pronounced features, including a peak S(Qmax) that is
related to the mean interparticle spacing by 27/ Qmax. The
exact functional form of S(Q) will depend on the nature of
the interactions occurring in the system.

The dynamic behaviour in a dilute suspension is given
by the Stokes—Einstein diffusion coefficient Dsg. For a
functionalized carbon nanotube of radius R and cylindrical axis
L, the Stokes—Einstein relation is given by the expression:

2kgT

DSE(T) = ma

6]
where kg is the Boltzmann constant, 7' the temperature and 7
the shear viscosity of the suspending fluid, and L >> R for the
nanotubes. For concentrated systems, the dynamic behaviour
is more complex and involves not only the interactions of
the colloidal particles with the solvent molecules but is also
strongly dependent on the direct interactions between particles.
On top of that, hydrodynamic interactions mediated by the
suspending solvent have to be considered.

The motion of Brownian particles suspended in a liquid
is characterized by three distinct time regimes [11]. For
long times T > 1R their motion is diffusive, resulting from
interactions with the surrounding fluid and random collisions
with other particles. This is the Brownian long-time regime.
The time g = R? / Dsg needed for a particle to diffuse over a
distance comparable to its radius is an estimate of the timescale
on which direct interaction between the particles becomes
important

97 LR*no(T)

= R Mkt 2
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At shorter times 75 < T < TR, the motion is also diffusive,
but at a faster rate, reflecting the fact that the particles have not
yet been slowed down by direct interaction with neighbouring
particles. This is the Brownian short-time regime and the only

interparticle interactions are the hydrodynamic interactions
transmitted by the fluid. The Brownian relaxation time tg
characterizes the time taken to decouple the dynamics of the
colloidal particle from the dynamics of the fluid and is given
by

2m
9 Ln(T)

where m is the mass of the colloidal particle. At even shorter
timescales T < tp the motion of the particles evolves from
ballistic to diffusive as the velocity imparted to the particles
by the collision with the fluid molecules is viscously damped.
This is the pre-Brownian time regime. There is a clear
separation between the two times g and 7p, allowing for the
definition of distinct short-and long-time dynamics. For long-
time Brownian motion, the temperature dependence of the time
is T & no(T)/T and for the short-time Brownian motion
T o 1/no(T).

A descriptive picture of the dynamical process is often
given in terms of cage diffusion. At short times, relatively
rapid particle motions take place inside the cage of spheres
that surround each particle. As time evolves, the spheres
move far enough to encounter their neighbours, which serve to
slow down their motions. At the longest times particles move
through the constantly changing matrix of neighbour cages and
the motions again are Brownian, although much reduced in rate
as compared to the earliest times.

B

3

2. Experimental details

In this experiment we have performed neutron scattering
measurements on stable solutions of functionalized SWNTs
in deuterated toluene. We have functionalized the SWNTs
with pentyl ester groups at the ends. This functionalization
allowed us both to get stable solutions and to enhance
the neutron scattering signal by protonation of the sample
dissolved in a deuterated solvent (toluene). The samples were
prepared starting from acid purified HIPco SWNTSs containing
carboxylic groups at their ends that were reacted first with
thionyl chloride, followed by addition of n-pentanol. It
resulted in n-pentyl ester groups attached at the ends of the
nanotubes which make them soluble in toluene. Solutions
of the nanotubes in deuterated toluene at different weight
concentrations were prepared. Sample preparation details are
given in [1] and [2]. In this experiment we have studied
two samples: fully deuterated toluene, D8 (sample T) and
functionalized SWNTs with pentyl ester groups at the ends
and concentration 2.6 mg SWCN/1 ml of deuterated toluene
(sample C).

Neutron scattering measurements were performed at the
Institut Laue-Langevin in Grenoble, France. Provided that
the Bragg peaks are avoided, the scattering intensity is almost
entirely incoherent and it was dominated by the incoherent
scattering cross section of H. Two different spectrometers
were used: the IN10 backscattering spectrometer and the IN6
time of flight spectrometer. The experimental Q range covered
by both instruments is from 0.4 to 2 A~

Incoherent elastic neutron scattering (IENS) measure-
ments using the fixed elastic window configuration of the IN10
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Figure 1. The IENS measurement in a heating and cooling scan in

the 10 to 300 K temperature range at Q = 0.86 A forthe C and T
samples. An hysteresis loop is observed in the undercooled liquid
phase.

neutron backscattering spectrometer for heating and cooling
scans were realized. A slow temperature variation assured
quasi-equilibrium conditions. If 7(Q, T') is the elastic inten-
sity, the elastic incoherent structure factor (EISF) is given by
F(QO,T) = 1(0,T)/1(Q, Ty) with Ty a low temperature
where it is assumed there is no quasielastic broadening.

Incoherent quasielastic neutron scattering (IQNS) mea-
surements have been performed at selected temperatures with
the backscattering spectrometer IN10 and the time of flight
spectrometer IN6. The experimental energy range of the IN10
backscattering spectrometer was from —12 to 12 pueV with a
resolution of about 1 peV and that of the IN6 time of flight
spectrometer was from —4 to 60 meV with a resolution of
about 50 ueV.

3. Results and discussion

The IENS measurements were performed with the IN10
backscattering spectrometer in the fixed elastic window
configuration. We made heating and cooling scans between
10 and 300 K at a low temperature rate of 0.62 K min~' and
1(Q, T) was recorded for each Q.

The thermal variation of F(Q, T) over the range 10—
300 K for both samples is shown in figure 1. We have
superimposed the two critical temperatures of toluene: the
glass transition temperature 7, = 118 K and the melting
temperature 7, = 178 K [12]. These allow us to define
three temperature ranges: T < T, solid phase, T > T,
liquid phase and 7, < T < T, undercooled liquid phase.
The main characteristic of the thermal variation of F(Q, T)
is the presence of a hysteresis loop in the undercooled liquid
phase. The mode coupling theory of the glass transition
predicts a critical temperature 7, in the undercooled liquid
phase associated with a tendency for change in the viscosity
behaviour [13]. From neutron scattering measurements in
toluene this temperature was estimated at 7, = 144 K [14].
This critical temperature allows us to define two regions in the
undercooled liquid phase: T, < T < Tpand Ty < T < Te.

Figure 2 shows the detail of F(Q, T') in the temperature
range between 110 and 190 K, covering the undercooled liquid
phase. In the high temperature range of the undercooled liquid

|
|
|
L : : : : : : I :
110 120 130 140 150 160 170 180 190
T(K)

Figure 2. Detail of the hysteresis loop in the undercooled liquid
phase observed by IENS measurement in a heating and cooling scan
for the C and T samples. If T,, is the same for both samples, 7; given
by the low temperature limit of the hysteresis loop is different for
each sample.

phase the hysteresis loop is observed. The two limits of the
hysteresis loop allow us to define Ty, by the upper limit and
T. by the lower limit, defining 7. < T < T, as the high
temperature range of the undercooled liquid phase. If Ty, is
the same for both samples, this is not the case for 7,; we have
T, = 148 K for sample T and 7, = 150 K for sample C.

The variation of the IENS function F(Q, T) (figure 1)
allows us to define two regions in the experimental temperature
range. For the heating scan in the temperature range 7 < T,
F(Q, T) varies between 1 and 0.8, however, for the cooling
scan in the temperature range 7 > Tc, F(Q, T) varies between
0 and 0.2.

The IQNS measurements were carried out on the time of
flight spectrometer IN6 and the backscattering spectrometer
IN10 covering the high temperature range. The liquid
phase was measured on IN6 and the cooling scan of the
high temperature range of the undercooled liquid phase
on IN10. These quasielastic peaks were fitted with an
incoherent scattering function Si,.(Q, w) formed by a delta
elastic function and two Lorentzian quasielastic functions of
half-width at the half-maximum (HWHM), I'1(Q, T) and
I'(Q,T). We convoluted the model with the experimental
resolution given by the experimental IQNS of vanadium and
the result was compared with the corresponding experimental
IQNS spectrum at a given temperature.

The second IQNS measurements were performed with the
IN10 spectrometer in the cooling scan of the high temperature
range of the undercooled liquid phase. The two samples
were studied at three temperatures: 165, 160 and 155 K.
These data were fitted by an incoherent scattering function
Sinc(Q, w) formed by Lorentzian quasielastic functions of
HWHM I'y(Q, T).

In figure 3 are shown the two HWHM of the Lorentzian
quasielastic peaks I'1(Q, T) and I'>(Q, T) as a function of Q
for several temperatures in the liquid phase and I'g(Q, T) as a
function of Q for several temperatures in the cooling branch of
the undercooled liquid phase.

Three motions have been identified: (a) a classical
diffusion motion in an extended volume with a characteristic
width Ty (Q, T) with a strong Q dependence, (b) a motion in
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Figure 3. The HWHM of the Lorentzian quasielastic peak, I', as a
function of Q at several temperatures. Iy was measured in the
cooling branch of the hysteresis loop in the undercooled liquid region
and I'y and I'; in the liquid region (lines are drawn as a guide to the
eye, but have no theoretical significance).

a confined volume with a characteristic width I'1 (Q, T') with a
slow Q dependence and finally, (c) a last motion, modelled
with I',(Q, T), that corresponds to some kind of rotation
motion in a well defined confined volume with a Q variation
around a mean value.

The HWHM of the quasielastic peak I'(7', Q) is a function
of T and Q that can alternatively be expressed as a diffusion
function D*(T, Q) given by

I(T, Q) = hD(T, Q) Q*. 4

The diffusion function D*(T, Q) as a function of Q at
several temperatures is shown in figure 4. DS“(T, Q) was
measured in the cooling branch of the hysteresis loop in the
undercooled liquid region and D¢(T, Q) and DS™(T, Q) in
the liquid region. Furthermore D*(T, Q) can be factorized as
a function of 7', D(T) and a function of Q, K(Q)

DT, Q) = D(T)K (Q), S

where D(T) is a temperature dependent diffusion function
and K(Q) a Q dependent structure function. D(T) is the
mean in Q of D(T, Q) and K(Q) the mean in T of
D*(T, Q)/D(T).
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Figure 4. The diffusion function D(T, Q) obtained from the
HWHM of the Lorentzian quasielastic peak, I', as a function of Q at
several temperatures. DS"(T, Q) was measured in the cooling branch
of the hysteresis loop in the undercooled liquid region and

D‘fff(T, Q) and DS“(T, Q) in the liquid region (lines are drawn as a
guide to the eye, but have no theoretical significance).

The thermal variation of the diffusion constant D(T)
for the three quasielastic peaks is shown in figure 5. The
temperature behaviour of Do (T), D;(T) and D,(T) is
different. Do (T) and D;(T) increase with the temperature,
however, D,(T) decreases. We fit D(T") with a function of the
viscosity of toluene [15]. If D;(T) and D,(T) were measured
in the liquid phase, Do(T) was measured in the undercooled
phase. However, as we do not know the experimental viscosity
in the undercooled phase, we extrapolated the liquid phase
values. Do(T) and D;(T) depend on T as T /no(T) while
D, (T) does it as n9(T). In a cage model the diffusion function
is given by D(T) = I?/t where [ is the jump distance and t
the residence time. Furthermore, for the long-time Brownian
motion T = atgr where a is a constant bigger than 1 and for
the short-time Brownian motion T = bty where b is also a
constant bigger than 1. Then, D(T) is fitted by a function of the
viscosity or equivalently by a function of the Stokes—Einstein
diffusion given by

1> Dsg(T)

Do(T) = —5

(6)
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Figure 5. The thermal variation of the diffusion constant D(T')
obtained from the factorization of I'(7, Q). The fit of D(T') with a
function of the viscosity of toluene is superimposed. See the text for
details.

I*Dsg(T)
D(T) = d + 7 @)
I’kgT
Dy(T) =d> + WSE(T) (8)

The fit of these functions is also superimposed on the
corresponding D(T) in figure 5. Taking into account the
geometrical dimension of our nanotubes: R = 1 nm and
L = 650 nm with a narrow Gaussian distribution, we obtain
from the fitting (1)?/a = 1.99 x 107! ecm?, (1)?/(bm) =
09 cm?’g!,dy = 1.8 x 107 cm?s™! and dy = 2.2 x
10~* cm? s~

From the temperature behaviour of the diffusion constant
we concluded that Dy and D; correspond to a long-time
Brownian motion but D, to a short-time Brownian motion.

Therefore, it has been shown that the short-time diffusion
constant Dg(7T, Q) can be written as Dg(T, Q)/Dse(T) =
H(Q)/S(Q) where H(Q) and S(Q) account for the hydrody-
namic function and the structure function, respectively. This
is not the case for the long-time Brownian motion, but at
least for ‘hard-spheres’ like suspensions it has been shown that

4
—-@— C
3L -O-T |
< 2" i
1, -
0
+C
3 - T b
¥ 2r b
1, -
0
—A— C
3k =T A
2 -
1, -
0 ‘ ‘ ‘ ‘
0.0 0.5 1.0 15 2.0 25

QA™)

Figure 6. The Q dependence of K, K; and K, for the two samples
(lines are drawn as a guide to the eye, but have no theoretical
significance).

Dse(T)/Ds(T, Q) and Dsg(T)/D (T, Q), where Dy (T, Q)
is the long-time diffusion constant, although very different in
magnitude, have nearly the same Q dependence [16].

The Q dependence of Ky, K and K, for the two samples
is shown figure 6. The three Ks vary in the same range and
are very similar, however there are small differences. K, was
obtained from measurements in the cooling branch of the high
temperature undercooling liquid phase and as the low limit of
the hysteresis loop is different for each sample we attributed
the difference for K between the two samples to this fact.

In figure 7 the Q dependence of K, K», K;/K3, S and
H for the two samples is shown. In the top panel we plot K
and K, which vary in the same range but present differences
as shown in K;/K; in the second panel. In the third panel
we present a measure of the structure factor S obtained in an
independent measure [17]. Finally in the bottom panel we
present H given by H(Q) = K;S(Q) for the two samples.

4. Conclusion

We have studied the dynamics of functionalized SWNTs
with pentyl ester groups at the ends suspended in deuterated
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Figure 7. The Q dependence of K, K; (top panel), K,/ K, (middle
top panel), S (middle bottom panel) and H (bottom panel) for the
two samples (lines are drawn as a guide to the eye, but have no
theoretical significance).

toluene with a concentration of 2.6 mg SWNT/1 ml of
deuterated toluene. We have performed both IENS and IQNS
measurements. Three phases were observed in the temperature
range between 4 K and 300 K by IENS measurements: (a)
a solid phase for T < T, (b) an undercooled liquid phase
for T, < T < Ty and (c) a liquid phase for T > Ty,.
Furthermore, in the high temperature range of the undercooled
liquid phase hysteresis loops in the heating and cooling scans
were observed. The lower limit of the hysteresis loop defines
the critical crossover temperature 7,. IQNS measurements in
the liquid phase and cooling scan of the undercooled liquid
phase were performed. Three different quasielastic peaks
were identified. Two in the liquid phase and another one
in the undercooled liquid phase. From a comparison of the
quasielastic peaks with the viscosity of toluene we conclude
that two components are in the long-time range Brownian
motion and the other one in the short-time range Brownian
motion.
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