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Abstract

Dispersions of single wall carbon nanotubes (SWCNTs) in surfactant solutions below the critical micelle
concentration (CMC) have been studied theoretically and experimentally. Dissipative Particle Dynamics
(DPD) simulations of a coarse-grained model predicts that surfactant adsorption on small diameter tubes is
dominated by aggregation of the surfactant molecules into adsorbed micelles at C = 0.3 Ccyc. We also find
that the surfactant adsorption is nearly complete at a concentration of around C =~ 0.5 Ccyc. Further increase of
the surfactant concentration has only minor effects on the radial density of surfactant headgroups, indicating
that SWCNT may be fully stabilized in solutions below the CMC. SWCNT dispersions in solutions of anionic
surfactants sodium dodecyl sulphate (SDS) and sodium dodecylbenzenesulphonate (SDBS) below the CMC
show a significant fraction of dispersed individual tubes and small bundles, in agreement with the model

calculations.

Introduction

Preparation of high concentration stable dispersions of debundled carbon nanotubes (CNTs) is an important
challenge for a number of current and potential applications of CNTs, e.g. mechanical reinforcement of
polymer'* and metal’® matrices, development of conducting polymeric materials*®, improvement of thermal
conductivity of composites” > etc. Also, dispersion of individual nanotubes is indispensable for separation of

SWCNT according to their electronic properties'*™*.

However, due to strong van der Waals forces, carbon nanotubes tend to form bundles. The general approach
for producing dispersions of unbundled non-functionalized CNTs includes splitting bundles by input of
energy (e.g. ultrasonication) in the presence of a stabilizing agent which would prevent reagglomeration of the
CNTs into bundles. Different classes of stabilizing agents have been used such as (i) aqueous solutions of

19-24,

.. . . 25.
numerous surfactants'*?*; (ii) solutions of synthetic*>’

and bio-polymers®'~’ in appropriate solvents (in this
case stabilization of CNTs in solution proceeds due to polymer wrapping around the tube along its axis); (iii)
ionic liquids and solutions of organic salts’**’. Recently it was also shown that a significant degree of
dispersion can be achieved by spontaneous debundling in common organic solvents such as N-methyl-2-
pyrrolidone*' and y-butyrolactone®. Covalent functionalisation also may be used to facilitate the dispersion of
CNTs* . It must, however, be taken into account that sidewall functionalisation of SWCNT changes their

properties’ ™.

For preparation of stable dispersions with relatively high concentrations of CNTs it is generally recommended
in the literature to use surfactant concentrations equal to several critical micelle concentration (CMC) values
22233861 Even at the optimum concentration of surfactants, dispersions with a large fraction of individual

SWCNT have only been reported for low concentrations of SWCNT. There are only a few publications where
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CNT dispersions in surfactant solutions with concentrations close to or below CMC were reported >*%"%63,

although, without much emphasis on the properties of such dispersions .

Whether surfactant adsorption on CNTs leads to their dispersion or not, clearly depends on the adsorbed
amount and possibly also on the adsorbed structures. Both are difficult to access experimentally but are
available through computer simulations. This potential of molecular simulations is demonstrated by a number
of recent studies: In their Coarse Grained Molecular Dynamics (CGMD) simulations Shvartzman-Cohen et
al.** found that amphiphilic block-copolymers of the Pluronic family form adsorbed random structures on
CNTs. Wallace et al.®** used CGMD to investigate adsorption of DPPC (dipalmitoyl phosphatidylcholine)
and DHPC (dihexanoyl phosphatidylcholine) phospholipids and zwitterionic detergent LPC
(lysophosphatidylcholine) on CNTs. They found a variety of adsorbed structures including randomly arranged
surfactant molecules and encapsulation by spherical and cylindrical micelles, which depend on the type of
amphiphile as well as the number of surfactant molecules in the simulation box. Tummala et al.”’ used fully
atomistic MD to show that the aggregation morphology of Na-dodecyl sulphate (SDS) molecules on SWCNTs
is influenced by the tube diameter, its chirality and by the number of SDS molecules placed in the simulation
box. Specifically, they find an increase in the adsorbed amount and variation from “rings” of SDS molecules
lying flat on the tube surfaces and parallel to the tube axis to adsorbed micelles with disordered internal

structure when the number of surfactants in the simulation box was increased.

Patel et al.®®

studied the dispersion of two parallel nanotubes with the surfactant DTMAC (n-
decyltrimethylammonium chloride) using 2D Density Functional Theory and a coarse grained model with
implicit solvent. Their results indicate that SWCNT dispersions may occur below the CMC, since the
surfactant mediated force overcomes the direct SWCNT-SWCNT attraction. This conclusion was drawn by
studying the system below the experimental CMC, thus, not taking into account likely deviations of the model

CMC compared to the bulk CMC.

While these studies demonstrate a dependence of the adsorbed amount and the adsorbed structures on the
number of molecules in the simulation box, concentration control has not been achieved. Consequently,
knowledge and understanding of the concentration dependence of surfactant adsorption on CNTs is still
lacking. This, however, is essential for the interpretation of experimental findings as well as the optimization

of technical processes and applications.

Here we report on the preparation of stable aqueous dispersions with increased fraction of individual SWCNT
in anionic surfactant solutions below the CMC. In the simulation part of this manuscript we use dissipative
particle dynamics (DPD) and a coarse-grained surfactant model to investigate the concentration dependence of
surfactant adsorption on CNTs. Specifically we study the adsorbed amount and the adsorbed structures. Using
the bulk CMC as a reference we find good agreement between the experimental and the simulation results. In

particular, the dispersion of CNTs below the CMC is demonstrated and explained.
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Experimental and Simulation Methods
Experiments

Typically 1 mg of SWCNTs (as produced HiPco® tubes from Carbon Nanotechnologies Inc., USA) was
dispersed in 10 ml of surfactant solution (concentration of SWCNTs, ccnr - 0.1mg/ml). The following
surfactant solutions were used (see Table 2): SDS (Na dodecyl sulphate, CMCgpg value in water is 2.4 mg/ml
7071: 10 mg/ml, ~4 CMC (further denoted as SDS10); 3 mg/ml, ~1.2 CMC (further denoted as SDS3); 1
mg/ml, ~0.4 CMC (further denoted as SDS1); and 0.5 mg/ml, ~0.2 CMC (further denoted as SDS05);

SDBS (Na dodecylbenzenesulphonate, CMCspgs value in water is 0.35 mg/ml *°): 10 mg/ml, ~30 CMC
(further denoted as SDBS10); 3 mg/ml, 8-9 CMC further denoted as (SDBS3), 1 mg/ml, ~3 CMC (further
denoted as SDBS1) and 0.2 mg/ml, ~0.6 CMC (further denoted as SDBS 02).

The dispersions were sonicated with an ultrasonic tip (Bandelin Sonoplus Ultrasonic homogenizer HD 2200
with titanium tip KE76 with a diameter of 6 mm) in plastic test-tubes at an average power of 20W for 6-7 min
(in 1 min periods in order not to overheat the sample) while cooling in an ice bath. Subsequently the
dispersions were centrifuged for 2 x 30min at 20500g. The supernatant fraction of each dispersion was
analyzed by AFM. As there was always some precipitant visible, the actual concentrations of SWCNTs in the

supernatant were always lower than the original 0.1 mg/ml.

AFM measurements were performed using a Veeco DI NanoMan VS instrument in tapping mode. For
preparation of samples for AFM a piece of polished Si wafer, surface modified with (3-
aminopropyl)triethoxysilane for better adhesion of SWCNT'>™, was completely covered with the supernatant
part of the SWCNT dispersion and left for 3 h in saturated water vapour environment for prevention of liquid

evaporation . Then the substrate was rinsed in distilled water and blown dry with nitrogen gas.

The concentrations of SWCNT in the original dispersions and the dispersions after centrifugation were
evaluated by Raman spectroscopy. A Renishaw InVia Raman confocal microscope with an excitation energy
of 2.41 eV was used for the Raman studies. The dispersions were analysed through a 90 um thick glass slide

using backscattering geometry and a laser power of 3 mW.

Simulations
Model

The simulation method and the model employed in this study have been used and discussed in detail before”
therefore we confine this section to a brief overview. The surfactant molecules used in this study (H;575) are

represented as chains of five hydrophilic head (H) beads followed by five hydrophobic tail (7) beads. The
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solvent is treated implicitly. The beads interact via effective potentials due to the coarse-grained character of
the surfactant beads along with the implicit representation of the solvent. In this study we employ a common

empirical model where the interaction between hydrophobic beads is attractive, while all other bead/bead

interactions are repulsive. The force shifted Lennard-Jones (LJ) (12,6) potential ¢47 is used to represent

attractive interactions between beads i and j:

’ — — r
‘i’l.J{r,-j‘J + @ ey — 1) — @l i = e

o) =1 e o

12
¢'I..][rir.j = 45[[;]

where 71 72 and "o is the cut-off-radius. In eq (1) € and O are the well depth and the length

parameter of the LJ potential, respectively, 1y = H”ij

» 1y =r;—F; and r; and r; are the positions of beads i
and j, respectively. Repulsive interactions are modelled using the WCA potential given by eq (1) with

o =32

cut . Beads k and 1 which are nearest neighbours in a chain interact via the bead/bead potentials and,

additionally, via a quadratic harmonic bond potential

¢b0nd(rkl) = gbond(rkl - O-bond)2 , (2)

where &p,,,4 and o4 are the well depth and the bond length, respectively.

At the level of coarse graining of the surfactant molecules, CNTs can be regarded as smooth cylinders. Their
interactions with surfactant beads are modelled via the force shifted Lennard-Jones (12,6) potential in eq (1)

which is also shifted to the surface of the nanotubes

Pent (1;) = EcnTd(; —TCeNT) 5 3)

where hi is the shortest distance’® between bead i and the nanotube axis and Tonr is the radius of the nanotube.

All simulation parameters are summarized in Table 1.
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Table 1. Simulation parameters in reduced units.

Surfactants

number of T-beads =5 number of H-beads = 5
e=1.0 c=1.0

attractive: rou=2.5 repulsive: 1o, %
Ebond — 4.0 Obond — 1.2
Nanotubes

IenT = 1.0 | ECNT — 2.5
Simulation

T=0.7 At=0.005
non-conservative: ro,=2.5 &=1
equilibration=10°At production=10°At

Table 2. Parameters of SWCNT dispersions.

Dispersion | Surfactant Surfactant SWCNT Surfactant | D ;¢ Fraction Maximal
concentration | concentration | concentration | -to- (N<D>) | of value of
(mg/ml) in CMC (mg/ml) in SWCNT (nm) individual | diameter
supernatant | ratio tubes, observed in
(W/w) Y%o** supernatant,
(nm)
SDBS10 10 26.61 0.0325 307.7 1.818 35 4.3
SDBS3 3 7.98 0.032 93.8 2.051 22 4.4
SDBS1 1 2.66 0.0265 37.7 1.714 47 4.5
SDBS02 0.2 0.53 0.0095 21.1 1.250 67 2.7
SDS10 10 4.34 0.0305 327.9 1.503 52 3.3
SDS3 3 1.3 0.0225 133.3 2.105 32 4.9
SDS1 1 0.43 0.0105 95.2 1.342 63 2.8
SDS05 0.5 0.22 0.0032 156.3* 0.815 98 1.5

* - this is an overevaluated number since it does not take into account the consumption of surfactant on air-

liquid and liquid-solid (walls of the container) interfaces

** _ assuming that species with diameter < 1.3nm are individual tubes

Simulation Methodology

We investigate the system in the canonical ensemble using the dissipative particle dynamics (DPD) method”’.

In DPD any two particles i and j interact via a pair wise force

D

A

c
~ F.
£/ where ¥ ,

R
F’7 and

¥ are the conservative, the random and the dissipative force, respectively. The conservative force is given

by the derivative of the potentials discussed above. As the random and dissipative forces should not affect the

equilibrium results we chose them to be the same as the ones commonly used in most studies (e.g.

75,78
).
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The simulation box is large which allows us to determine and control the bulk surfactant concentration (Figure
1). To determine the bulk concentration, a slice of the system of 50 width centred at the tube axis in the x-
direction (perpendicular to the tube axis) was excluded. The remaining volume is considered bulk-like. The
size of the simulation box was chosen such that there were typically 200 chains in the bulk control volume but
no less than 40 in uncritical cases and no less than 160 chains adsorbed. The concentration is adjusted in the
initial part of the equilibration period by insertion and deletion of surfactant molecules if the actual
concentration in the bulk-like region deviates by more than 5% from the target. The usual periodic boundary

conditions are also employed.

Figure 1. Simulation snapshot showing the simulation box (100c x100c x2000c) and the system above the

CMC.

Reduced Units

When describing the simulations we use reduced quantities: lengths are given in units of the LJ length

parameter o, the energy is scaled with the well depth of the bead/bead LJ interaction ¢, the temperature scale

is given in terms of &/kp and time is represented in units of v mo” /& , where m is the mass of a bead.

.o, . . . . 3
Concentrations are defined as molecular number densities and given in units ofl/ o
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Results and discussion
Computer Simulations

Here we study adsorption of the model surfactant HsT5s with 5 hydrophilic head beads (H) and 5 hydrophobic
tail beads (T) on a SWCNT. We have determined the CMC of this model surfactant in an earlier publication’
and at a reduced temperature of T = 0.7 found Ccpc= 5.2% 107°. We observed a rather sharp transition from C,
= C to C, = const. at the CMC, where C, is the concentration of free surfactant molecules. This allowed us to
define the CMC to be the center of the very small transition region between the two domains”. For the further
discussion it is interesting to note that this model surfactant forms spherical micelles of approximately 41

chains in bulk solution.

Adsorption of surfactants on single wall nanotubes

We investigate adsorption of surfactants on SWCNTs using the bulk concentration as the control parameter
(Figure 2). At low concentrations, the number of adsorbed surfactant molecules increases linearly with
increasing concentration (Figure 2(b)). We then observe a steep increase in the adsorbed amount around C =
2.0x107°. Any further increase in the concentration leads to only a very slight increase in the number of
adsorbed chains. (Observe the logarithmic concentration scale.) Thus, adsorption is nearly complete at a
concentration significantly smaller than the CMC, i.e. around C = 0.5 Ccyc. Evidently, the leveling off of the
adsorbed amount is associated with saturating the surfaces rather than with reaching the bulk CMC as in the

case of adsorption on hydrophilic surfaces (e.g.””*").

The initial linear region, C<0.6x10 >, is consistent with adsorption of individual molecules in the Henry’s law
regime. The evidence for adsorption of individual molecules is provided by the respective cluster size
distribution in Figure 3. The cluster size distributions are defined here as the (canonical ensemble average of

the) probability mass function, i.e. the probability that an adsorbed chain belongs to a cluster of aggregation

number N
Nn

P(N)=( ——2 (4)
N=1VN

where 7y is the instantaneous number of clusters of size N adsorbed on the CNT and < : > denotes the

canonical ensemble average. At C=0.51x10", P(N) in Figure 3 decays steeply, thus, demonstrating that at

very low surfactant concentrations adsorption is dominated by individual surfactant molecules.
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Figure 2. Adsorption isotherm as number of adsorbed molecules per tube length Nads / Liube versus bulk

surfactant concentration (a) complete isotherm and (b) magnification of the low coverage regime. The solid

line in part (a) is a guide to the eye and the dashed line in part (b) is a linear fit to the results for

C<0.6x107

(a) (b)

0.05¢

0.04

0.03

P(N)
P(N)

0.02¢

0.01,

0 50 100 150 200

Figure 3. Cluster size distributions at 6 different concentrations as indicated in part (a): (a) linear N scale and

(b) logarithmic N scale to emphasize the tails at large concentrations.

As the bulk concentration increases, the adsorbed amount increases faster than linear. This superlinear

increase is a clear sign of cooperative adsorption. At these still low concentrations cluster size distributions
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(P(N) for C=1.35x10"" in Figure 3) still decay exponentially indicating the formation of (small) clusters of no
preferred size (Figure 4 (a)). Clusters in this regime form statistically and thus, grow in size with increasing

concentration.

a) C=1.35-10"

d) C=437-10"

e) C=437-10"

Figure 4. Simulation snapshots at different bulk concentrations as indicated in the figure. In parts (a), (b), (e)
the hydrophilic surfactant head beads are shown in green and the hydrophobic tail beads in purple, while in
(c), (d) only the hydrophobic tail beads are shown for clarity.

As the concentration increases above a certain threshold, a shoulder appears in P(N) (Figure 3, C =
1.49x107°). This shoulder is indicative of the formation of clusters of preferred size, that is, surfactant
aggregation on the CNT. These adsorbed aggregates are clearly visible in the snapshot in Figure 4(b). At even

higher concentrations, the shoulder has developed into a well defined local maximum (Figure 3, C =
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2.39x107°). This indicates that adsorption is now dominated by adsorbed micelles (Figure 4(c)-(e)). The
concentration where this maximum first appears is often used as a reference point for surface aggregation
called Critical Surface Aggregation Concentration (CSAC). In the present case Cesac ~ 1.5%107 = 0.3 Copc.
This surface aggregation causes the adsorbed amount to increases steeply and faster than in the initial linear
regime (Figure 2). Thus, surface aggregation dominates surfactant adsorption on the small diameter tube

studied here.

At concentrations immediately above the CSAC, aggregates have a size of about 13 surfactant molecules. This
is significantly smaller than the aggregation number of bulk micelles which is approximately 41. As the bulk
concentration increases, the aggregate size increases up to approximately 45 at C = 33.1x10"°. Moreover, at
concentrations beyond C ~ 2x107° cluster size distributions have a tail at large cluster sizes which is caused by
temporary connection of two or more clusters. This tail grows with increasing concentration. At the highest
concentrations the tail has maxima at integer multiples of the position of the first peak implying the

connection of two or more adsorbed micelles (Figure 4(c), (d)).

A final remark on the relevance of the simulation results for the interpretation of the experimental
measurements is in place. It must be expected that the adsorbed self-assembled structures depend on the
diameter of the CNTs . Clearly, if the tube diameter is very large adsorption of concentric micelles, as
shown in Figures 4(d) and (e) is not possible. Although very little is known about this, the tube diameter is

likely to have influences on the adsorption isotherm.

However, in the experiments we are using single-wall CNTs where the overwhelming majority of tubes has
diameters between 0.7 and 1.4 nm **. Typical bulk micelles of the two surfactants used in this study SDS and
SDBS have diameters of ~4nm ** and ~6nm *, respectively. Thus, the diameters of the SWCNTs in the
sample are significantly smaller than the diameter of the (bulk) micelles. This situation is well reproduced by
our model where the tube diameter is 2 and the diameter of the hydrophobic core of the micelles is ~4.6 ”.
Therefore, it appears reasonable to assume that adsorption in the experimental system results in structures
which are similar to the once we fine in the model system. Consequently, it is also reasonable to make

qualitative comparison between the model and the experimental system.

Stabilization of CNT suspensions by surfactants

Steric repulsion between the head groups of surfactant molecules adsorbed onto different tubes generates a
barrier against CNT rebundling. The strength of this repulsion between the coated tubes depends on many
parameters such as the strength of the repulsive interaction between the head groups, the distance dependence
of this interaction, the flexibility of the head groups, the temperature etc. However, it is reasonable to assume

that the shielding against rebundling is better the higher the density of the head groups is.
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This is difficult to assess from snapshots such as the one shown in Figure 4(e). However, together with Figure
4(d) it shows that although surfactant molecules form adsorbed micelles and thus generate a very
heterogeneous structure of adsorbed surfactant tails, surfactant head groups are much more evenly distributed.
Therefore, it is sensible to introduce a radial density profile which is defined as the (canonical ensemble
average of the) local density of head beads at distance R from the tube axis averaged over the length of the

tube and rotation around the tube axis. These density profiles are shown in Figure 5.

0.2

0.15¢

/

! adsorption
' levels off

0.1

005~ ~ C = Ccsac

0 2 4 6 8 10
Distance from NT surface

Local density of hydrophilic head beads

Figure 5. Radial density distributions of head groups as the local density of heads groups as a function of
distance from the tube surface at various concentrations indicated in the figure. Head densities are low below
the CSAC, increase quickly just after the CSAC and remain essentially unchanged when the adsorbed amount

levels off at C = 2x107°.

In the lower concentration regime, i.e. for values below the CSAC the density of head-groups is low and
increases only slightly with increasing concentration. As the concentration increases past the CSAC, the head
density quickly increases. This is consistent with the steep increase of the adsorbed amount at the CSAC. As
discussed above, adsorption is essentially complete at C =~ 2x10°. Consequently, the head density remains
almost constant if the concentration is increased beyond C = 2x107. As the density profiles do not show
significant changes after the leveling-off of the adsorbed amount somewhat above the CSAC, we do not
expect significantly improved shielding for surfactant concentrations well beyond the CSAC. In other words,
our results indicate that a concentration just above the CSAC, and thus significantly lower than the CMC,
should be sufficient to stabilize the dispersion. If this is insufficient for stabilization, any further concentration

increase should not improve the stabilization significantly.

Page 11 of 24



Experimental results

In order to verify the predictions of the simulations we prepared a series of dispersions of SWCNTs in
solutions of the anionic surfactants SDS and SDBS for a wide range of concentrations above and below the

CMC.

After centrifugation of the original dispersions, the resultant supernatant fractions had different color
densities. For the SDS series the color density clearly decreased with decreasing surfactant concentration,
while for the SDBS series only sample SDBS02 (C=0.53 Ccymc) appeared less dense than dispersions obtained
with surfactant concentrations above the CMC. The actual SWCNT concentrations in dispersions were
determined by means of Raman spectroscopy.® The original dispersions SDS10 and SDBS3 with
concentration (cq) of 0.1 mg SWCNT per ml were diluted with appropriate surfactant to a series of
concentrations (c/co of 0.75, 0.5 and 0.25) immediately after ultrasonic treatment. These dispersions with
known concentrations were then used for creation of the plot of concentration vs. G -peak area normalized to
the water peak (vo_;) *°. The resulting calibration curve was then used for determination of concentrations in
dispersions after centrifugation (Figure 6). The concentration values for the centrifuged dispersions are shown

in Table 2.

+

[G1,,m = (2.29£0.04) * Conc [mg/ml]
SDBS3_c,
— 0.24 SDBS10 ¢
"@ _ 0
3 0.20 ] ™
g : _: SDBS3_075c¢, SDS10_c,
S 0.16] SDS10_075¢
s . SDBS3_05¢, _075c,
© -
® .
S 0.12—1 sps10 SDBS10,/SDS10_05¢,
(D =
8 - . SDBS3
S ] SDBS3_025¢
E L
5 004100 Mgpss  SDS10_025¢,
1 %% spBso2
1{8Ds05
OOO IIIIIIIIIIIIIIIIIIIIIIII
0.00 0.02 004 006 008 010 0.12

concentration [mg/ml]

Figure 6. G'-band area normalized to water peak (vo_y) versus concentration. Dispersions with known
concentrations are marked with black squares and were used for creating the linear concentration calibration
curve. The unknown concentrations for dispersions after centrifugation (small circles) were estimated on the
basis of the normalized area of the G"-band in the Raman spectra of corresponding dispersions and the created

calibration line.
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The diameter distributions of both individual SWCNT and nanotube bundles in the obtained dispersions for
different surfactants after centrifugation were measured by AFM. In order to obtain sufficient statistics, about
200 species were measured for each dispersion sample. We assume that the process of ‘sticking’ of the
SWCNT from dispersion to the functionalized Si surface under normal gravity and after centrifugation is
random and governed only by the Brownian motion of tubes in solution. Therefore, the diameter distribution
of tubes/bundles obtained from AFM height measurements should directly represent the aggregation state of
the SWCNT in dispersion. In our SWCNT samples the diameter (i.e. the AFM profile height) distributions for
all concentrations of surfactants fitted well with LogNormal distributions, however, with different widths and

positions of maximum, as shown in Figures 7 and 8.

50 — a) 35 | iy - c)
] 30 |
40 _| i 0
_ 25 |
30 | 20 ] M
. SDS05 1 N\ SDS3
20 | 15 _|
® . 10 |
Q10— .
2 " H
n 0 =3 0 Dﬂr—w—\
“6 1 ‘ 1 1 ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ 1 ‘ 1 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘
©  go 000510 1520 2530 3540 45 50 00 05 10 15 20 25 30 35 40 45 50
QL 7 ]
g 70 | 35 | B
, b . d
S 60 ) 30 | )
50 _| 25 | A
40 _| 20 |
30 | 15 ] [
20 | SDS1 10 m SDS10
10 | 5 _|
0 1 ‘ 1 ‘ I ‘ 1 ‘ 1 ‘ T ‘ T ‘ T ‘ T ‘0 T ‘ 1 1 ‘ 1 ‘ T ‘ 1 ‘ 1 ‘ T ‘ T ‘

0.0 0510 15 2.0 25 3.0 35 40 45 50 0.0 05 1.0 1.5 20 25 3.0 3.5 4.0 45 5.0

diameter of species, nm

Figure 7. Diameter distribution of SWCNT species in centrifuged SDS dispersions prepared at different
surfactant concentrations: a) 0.5 mg SDS /ml of solution, b) 1 mg SDS /ml, ¢) 3 mg SDS /ml and d) 10 mg
SDS/ml.
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Figure 8. Diameter distribution of SWCNT species in centrifuged SDBS dispersions prepared at different
surfactant concentrations: a) 0.2 mg SDBS /ml of solution, b) 1 mg SDBS /ml, ¢) 3 mg SDBS /ml and d) 10
mg SDBS /ml.

The AFM data (Figures 7 and 8) clearly exhibit a decrease in diameter values in dispersions with surfactant
concentrations below the CMC as follows from a shift of distribution maxima and its narrowing towards
lower numbers. Additionally, the root-mean-square of the diameter distribution (D, = (\/<D2>) of tubes in
dispersion, previously used by Coleman et al. *"*>**#% for estimation of the fraction of individual tubes per
volume, also shows a significant decrease for dispersions produced in surfactant solutions below the CMC
(Table 2). The difference in experimental conditions during preparation of dispersions (centrifugation carried

out at 3000xg by Sun et al *

and 20000%g in our case) resulted in our dispersions showing D, values <2
(and even <1 for the solution SDS05), contrary to Sun’s data % where D, stabilized at values of ~2.4 nm.
Although still significant, the mass fraction (concentration) of SWCNT in surfactant solutions below CMC is
lower than in solutions above CMC, in general correspondence with literature data *. It is interesting to note
that the w/w ratio of surfactant-to-SWCNT shows the tendency to decrease along with the decrease of the

surfactant concentration (Table 2).
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The HiPco individual SWCNT have diameters in the range 0.7 — 1.4 nm ***°. Simple geometry considerations
show that an AFM height profile of 1.3 nm may be the result of a bundle consisting of three tubes with
diameter of 0.7 nm. Bundles composed of thicker tubes and/or greater number of tubes should have larger
diameters. Therefore in further analysis of dispersions we assume that the species with heights < 1.3 nm are
individual carbon nanotubes. (This could also include agglomerates of two carbon nanotubes lying flat on the
substrate surface). Thus, from AFM based height distributions it follows that for dispersions SDBS02 and
SDS1 (0.53 CMC and 0.43 CMC respectively) the content of individual tubes in dispersion is around 65% at a
fairly high concentration of tubes of approximately 0.01 mg/ml. The dispersion SDS05 (~0.2 CMC) consists
practically completely of individual tubes (98%) with a CNT concentration of 3*10~ mg/ml. The SWCNT
dispersions prepared from surfactant solutions above CMC exhibit an individual tube content of only 22 -

52% (Table 2).

Additional information on the bundle size distribution in SWCNT dispersions below CMC may be extracted
from the maximum diameter value of deposited species. It is obvious from diameter distributions in our
samples (Figures 7 and 8) that centrifugation of dispersions at 20000xg completely removes the species with
diameters >5nm. If it is assumed that the sedimentation velocity of SWCNT aggregates in surfactant solution
depends on the number of tubes in the bundle (i.e. bundle size)®, then all examined dispersions should contain
species with diameters of no more than 5 nm. Indeed, a significant amount of species with diameters 3.5<d<5
nm is observed for all dispersions with surfactant concentration above CMC, except for SDS10 with a
maximum diameter value of 3.3 nm (Table 2). It is, however, interesting that for SWCNT dispersions,
prepared in below-CMC surfactant solutions, the maximum diameter values are 2.8 nm for SDS1, 2.25 nm for
SDBSO02 and 1.5 nm for SDSO05 dispersions. Thus, only small aggregates are stabilized in dispersions with
surfactant solutions below the CMC. There are two possible explanations for this: (i) surfactant adsorption is
insufficient to prevent the reagglomeration of small to larger bundles or (ii) it is insufficient to stabilize the
small bundles in the suspension against the centrifugal force. In any case, our results suggest that adsorption
on individual tubes and bundles might follow different surfactant concentration dependencies and possibly

different mechanisms.

Summary and Conclusions

In this manuscript we present the results of an experimental/theoretical study of the physical processes
relevant to the dispersion of CNTs. In particular we have investigated the dispersive capabilities of surfactant

solutions below the CMC.

The experiments were carried out on HiPco SWCNTs with two surfactants SDS and SDBS, with different
CMC values Ccemc(SDS) = 6 Comc(SDBS). The results obtained for both surfactants are remarkably similar if

the concentration scale is normalized by the respective CMC. In both systems we find:

Page 15 of 24



1) CNT may be dispersed in surfactant solutions below the CMC.
2) A relatively small but significant fraction of tubes is suspended in below-CMC dispersions.

3) SWCNT in surfactant solutions below CMC show a tendency to be dispersed as individual tubes and

small bundles.

4) Diameter distribution of SWCNT species in above-CMC surfactant dispersions is significantly

broader and is shifted to larger diameters, compared to in below-CMC dispersions.

Using computer simulations of a coarse-grained model we studied the concentration dependence of surfactant

adsorption on a small individual SWCNT. The simulation results show:

1) Adsorption is essentially complete at approximately 0.5 CMC.

2) Above the CMC only minimal changes in the adsorbed amount and the radial head density profile are
observed.
3) Adsorption is dominated by surfactant self-assembly.

To develop an understanding of the experimentally obtained diameter distributions it is important to realize
that the experimental results are influenced by three processes: (i) ultrasonication, (ii) relaxation to
equilibrium and (iii) centrifugation. The latter, centrifugation, is also the last processing step before the

samples are measured and might, therefore, dominate the results.

Centrifugation separates objects with higher density (larger agglomerates of SWCNT) out of solution. In the
present case these objects are CNT/surfactant composites. Although it is difficult to determine the boundaries
of these CNT/surfactant composites as they are soft and have attractive interactions with water, it is clear that
a higher number of adsorbed surfactant molecules reduces the over all density of the complex and makes them

more hydrophilic. Both effects support the dispersibility of the CNT/surfactant composite.

The simulation results show that surfactant adsorption on small tubes is essentially complete well below the
CMC. This means that increasing the concentration beyond the CMC should not further improve the
dispersibility of individual CNTs. This is consistent with our experimental observation of dispersed individual

tubes below the CMC.
There remain a number of key questions that need further clarification:

1) Why are small bundles dispersed only at higher concentration? This indicates a different adsorption
mechanism compared to individual tubes which might be caused by the different surface morphologies and

interaction energies of bundles compared to individual tubes.
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2) Why does the number of dispersed individual tubes increase with concentration? This can only

happen if the number of exfoliated tubes depends on the concentration.

3) What is the actual surfactant concentration in the sample? Surfactant adsorption on all available
surfaces, including CNTs as well as the containers, decreases the number of molecules in solution and thus the
concentration. However, for detailed interpretation and comparability of the experimental results knowledge

of the actual concentration is essential.

Further experimental and simulation studies are in progress to provide answers.
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