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ABSTRACT: Functionalization of single-walled carbon nanotubes
(SWCNTs) using diazonium salts allows modification of their optical
and electronic properties for a variety of applications, ranging from
drug-delivery vehicles to molecular sensors. However, control of the
functionalization process remains a challenge, requiring molecular-level
understanding of the adsorption of diazonium ions onto heteroge-
neous, charge-mobile SWCNT surfaces, which are typically decorated
with surfactants. In this paper, we combine molecular dynamics (MD)

simulations, experiments, and equilibrium reaction modeling to

understand and model the extent of diazonium functionalization of SWCNTs coated with various surfactants (sodium cholate,
sodium dodecyl sulfate, and cetyl trimethylammonium bromide). We show that the free energy of diazonium adsorption,
determined using simulations, can be used to rank surfactants in terms of the extent of functionalization attained following their
adsorption on the nanotube surface. The difference in binding affinities between linear and rigid surfactants is attributed to the
synergistic binding of the diazonium ion to the local “hot/cold spots” formed by the charged surfactant heads. A combined
simulation—modeling framework is developed to provide guidance for controlling the various sensitive experimental conditions
needed to achieve the desired extent of SWCNT functionalization.

1. INTRODUCTION

Selective adsorption of solutes onto a charged solid surface in
an aqueous medium is a generic process utilized across
industries and technologies,1_3 which is often difficult to
predict and control. Conventional continuum-based theories
(e.g, the Langmuir isotherm and the Poisson—Boltzmann
equation*) neglect the atomic-scale properties of the solute and
the surface and, therefore, cannot be used to elucidate and
molecularly predict many important adsorption phenomena.
Among the properties neglected, surface heterogeneity® and
surface-charge mobility® both contribute to the discrete and
dynamic nature of the adsorption process. For example,
amorphous silica (SiO,) substrates present surfaces with high
roughness and nonuniformly distributed charges.” In a more
complex scenario, ionic surfactant-covered solid surfaces exhibit
both surface roughness and charge-mobility, because the
surfactant molecules can diffuse freely on the surface while
adsorbed.”~'* Many solution-phase chemical processes involve
the use of surfactants to disperse and decorate solid
nanoparticles, including single-walled carbon nanotubes
(SWCNTs).!!

The surface roughness of surfactant-covered SWCNTSs
results from the molecular “islands” formed by agglomerated
surfactant assemblies on the surface.*'>" Such a surface is also
charge-mobile (in the case of ionic surfactants), since the
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charged surfactant head groups can move freely on the
surface.>'” Studying these features at the molecular level can
provide insight into useful methods to control the functional-
ization of SWCNTs.'*'® There has been a significant recent
interest in developing methods to functionalize the nanotube
sidewall, such that the nanotube optical and electronic
properties can be modified for a variety of applications,'®
ranging from drug-delivery vehicles'” to molecular sensors.'®"?
Among various functionalization methods used, reaction with
diazonium salts (see Figure 1d) represents a promising route
for the covalent modification of the SWCNT."" Although this
functionalization method involves covalent reaction of the
negatively charged diazonium ion with the neutral sp> carbon
atoms on the nanotube sidewall, it has been proposed that the
step which is selective toward functionalization is the
noncovalent adsorption/binding of the diazonium ion on the
nanotube surface (see Figure le for a schematic of the two-step
functionalization process).”® Recently, we have demonstrated
that, by decorating the SWCNT with different surfactants
(sodium cholate (SC), sodium dodecyl sulfate (SDS), and cetyl
trimethyl ammonium bromide (CTAB) (see a, b, and ¢,
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Figure 1. Chemical structures of the surfactants and the diazonium salt considered in this study: (a) sodium cholate (SC), (b) sodium dodecyl
sulfate (SDS), (c) cetyl trimethylammonium bromide (CTAB), and (d) tetrafluoroborate (BF,~) aryl diazonium. The bile salt SC has rigid steroidal
backbones, which results in hydrophobic and hydrophilic “faces”. Therefore, SC can also be referred to as a “facial” surfactant. The rigidity of the SC
molecules leads them to form a monolayer structure on the nanotube surface.® The flexible linear surfactants, SDS and CTAB, possess less rigid,

hydrophobic chains, which tend to coat the nanotube in a more disordered manner at high surface coverages."

(e) Schematic of the equilibrium

model proposed here, showing the three possible states of the diazonium ion during the functionalization process: (i) free in the surfactant aqueous
solution, (ii) adsorbed on the SWCNT—surfactant complex (with an adsorption constant K,), and (iii) covalently bound to the SWCNT surface
(with a reaction constant Ky). Adsorbed surfactant molecules are shown as blue beads (the hydrophilic surfactant heads) connected with red lines

(the hydrophobic surfactant tails).

respectively, of Figure 1), one can control the extent of
functionalization."

With the above in mind, in this contribution, we combine
molecular dynamics (MD) simulations, experiments, and
equilibrium reaction modeling to understand and model the
extent of diazonium functionalization of SWCNT's coated with
SC, SDS, and CTAB. A combined simulation-modeling
framework is presented that can be used to guide the control
of various sensitive experimental conditions needed to achieve
the desired extent of SWCNT functionalization.

2. METHODS

1. Simulation Methods. Molecular dynamics (MD)
simulations of diazonium ion adsorption onto the SWCNT—
surfactant complex in aqueous solution were carried out using
the GROMACS 4.0 software package.21 The (6,6) SWCNT
was first covered with surfactants (SC, SDS, or CTAB) which
were fully dissociated into surfactant ions and counterions (Na*
in the case of SC and SDS, and Br™ in the case of CTAB). Low
and high surfactant surface coverages, having linear packing
densities of 2.44 and 5.85 surfactants per nm of the SWCNT,
respectively, as utilized in recent simulation studies,">'> were
chosen to investigate coverage effects on binding affinities. For
comparison, the experimentally estimated linear packing
densities of SDS,”> SC,**> and CTAB' are 4.5 + 1.0, 3.6 +
1.0, and 10 + 1.0 molecules/nm, respectively. The equilibrated
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SWCNT —surfactant configurations corresponding to these
surface coverages were generated using the same simulation
method described in our recent simulation work on the
SWCNT—-SC assembly, where each simulation ran for more
than 100 ns.® The simulation parameters used in this study and
the force-field parameters for water, the SWCNT, and SC were
also drawn from ref 8. Note that a thermostat of 45 °C was
utilized for all the simulations in order to match the
experimental conditions. The alkane tails of SDS and CTAB
were modeled using the OPLS-AA force-field,”* with updated
dihedral parameters.”® The sulfate head of SDS and its
connectlon to the dodecyl tail were modeled following Lopes
et al,>® while the trimethylammonium head of CTAB and its
connection to the cetyl tail were modeled following Lopes and
Pidua.’” Note that the surfactant head-related force-field
parameters developed by Padua and co-workers were
specifically developed in a manner that is consistent with the
use of the OPLS-AA force field for each surfactant tail.***’
The tetrafluoroborate anion (BF,”) of the aryl diazonium salt
was modeled using the force-field parameters in ref 26. The
atomic charges of the positively charged diazonium ion were
not previously available in the literature, and were generated
using the quantum mechanics (QM) software package,
Gaussian 03, together with the CHELPG electrostatic
potential-fitting algorithm®® at the MP2/cc-pVTZ(-f)//HE/6-
31G* level of theory. This level of theory was selected for the
purpose of maintaining consistency with the models of Lopes et
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Figure 2. Postequilibrium simulation snapshots of SWCNTSs covered with surfactants, showing the surface structures of the various surfactants
considered here. (a) and (b) for the SC case, (c) and (d) for the SDS case, and (e) and (f) for the CTAB case. Within each row, the side view is on
the left, and the front view is on the right. (a), (c), and (e) correspond to low surfactant surface coverages, while (b), (d), and (f) correspond to high
surfactant surface coverages. Water molecules and counterions are not shown for clarity. Color code: red — oxygen, light blue — carbon, white —
hydrogen, dark blue — nitrogen, and purple — carbon in the SWCNT.

al.>%?”3% The cc-pVTZ(-f) basis set was adapted from the cc-
pVTZ basis set of Dunning,' as provided at the Basis Set
Exchange,**** by removing the d polarization function from
hydrogen and the f polarization functions from heavier atoms.™
All other force-field parameters for the diazonium ion were
drawn from the OPLS-AA force field. The computed partial
atomic charges of the diazonium ion are summarized in Table
S1 in Supporting Information.

The interactions between the diazonium ion and the
SWCNT —surfactant complex were quantified using the
simulated potential of mean force (PMF). The case where no
surfactants are present, corresponding to the bare SWCNT in
water, was also investigated for comparison. To mimic the
infinite dilution of the diazonium salt in the actual experiments,
only one diazonium ion was introduced in the simulation cell.
The diazonium ion was constrained at various radial positions,
r, relative to the cylindrical axis (z-axis) of the SWCNT, and
allowed to move freely on each concentric cylindrical surface
around the nanotube (see Figure 3). We also monitored the
coordinates of the diazonium ion as a function of simulation
time (see Figure SI in Supporting Information), which
confirmed that the diazonium jon can move freely along, as
well as around, the SWCNT for given r values. The simulation
at each r value was equilibrated for 40 ns before recording the
mean force (averaged over another 20 ns), (f(r)), that is
required to constrain the center of mass (COM) of the
diazonium ion at each r value. Note that the 40 ns equilibration
time is necessary to allow the surfactant molecules to diffuse
along the SWCNT surface to form local “hot spots” around the
diazonium ion when approaching the nanotube (see section 3.2
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for details). The PMF, as a function of r, was obtained by
numerically integrating (f(r)) along r. Specifically,"

PME(r) = /d F(r))dr + k,TIn(r/d) W

where d is the largest separation distance along r, kg is the
Boltzmann constant, and T = 318 K is the temperature in
degrees Kelvin. Note that kT In(r/d) accounts for the entropy
loss of the diazonium ion resulting from the decrease in the
area of the concentric surface from 2zdL to 27zrL, where L is
the length of the simulated SWCNT. Different initial
diazonium ion configurations (different molecular orientations
as well as different positions on the SWCNT cylindrical
surface) were tested to ensure that the PMF results were
independent of the initial configuration.

2.2. Experimental Methods. Diazonium—SWCNT func-
tionalizations in aqueous SDS and SC solutions were carried
out by preheating 2 and 3 mL, respectively, of 15 mg/L
SWCNT dispersion samples at pH = 5 to 45 °C, allowing them
to stabilize at that temperature, and initiating the functionaliza-
tion by single additions of diazonium salt to the well-stirred
vessel. The solutions were then allowed to react for 24 h, at
which point there was negligible residual diazonium ions in
solution. Due to the repulsive interactions between the
positively charged SWCNT—CTAB complex and the positively
charged diazonium ion, the diazonium—SWCNT reactions in
the aqueous CTAB solution took significant longer time to
reach completion. The above functionalization was carried out
at 27 °C and pH = § in 2 mL of 15 mg/L SWCNT dispersion
sample, and initiated by a single addition of diazonium salt.

dx.doi.org/10.1021/ja301635e | J. Am. Chem. Soc. 2012, 134, 8194—8204
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Figure 3. Simulated PMF profiles between the diazonium ion and the SWCNT—surfactant complexes corresponding to SC, SDS, and CTAB for
both low and high surface coverages. The no surfactant case (that is, the bare SWCNT in water) is also shown for comparison. The error bars in
green, corresponding to the simulated no surfactant case, represent the typical errors in our PMF calculations for the surfactant cases simulated here
(<2kgT). The inset shows a schematic drawing of the cylindrical axis (z-axis) of the SWCNT (the black arrow), the constraint distance, r, between
this axis and the diazonium ion (the red arrow), and the cylindrical surface on which the diazonium ion can move freely (the black dashed lines). The
simulation snapshot of the high surface coverage SWCNT—SC complex is used here. Water molecules and counterions are not shown for clarity.

The color code is the same as the one used in Figure 2.

Samples were allowed to react for 2.5 weeks, at which point
there was little residual diazonium ions in the solution.
Photoluminescence (785 nm excitation) data were acquired
using a home-built near-infrared fluorescence microscope which
has been described elsewhere.** Deconvolution of the photo-
luminescence (PL) spectra allowed for more accurate analysis
of the fractional quenching behavior of the (7,5) nanotube
considered in this study (see Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Free-Energy Calculations of Diazonium lon
Adsorption. The surface self-assembly structures formed by
several surfactants (e.g,, SDS, SC, and SDBS (sodium dodecyl
benzene sulfonate)) on SWCNTs have been studied previously
using all-atomistic MD simulations.*'>'** The simulated
surface structures of the SWCNT—surfactant complexes
considered here (SC, SDS, and CTAB which is simulated for
the first time) are shown in Figure 2. Our simulated surface
self-assembly structures are consistent with those reported
earlier for both the flexible surfactant (SDS)'* and the rigid
surfactant (SC)® at low and high surface coverages on a (6,6)
SWCNT.

The simulated potential of mean force (PMF) profiles
between the single diazonium ion and the SWCNT—surfactant
complexes are shown in Figure 3. For r > 1.8 nm, where the
diazonium ion has very weak interactions with the SWCNT—
surfactant complex through short-range van der Waals (vdW)
forces (reflected in the Lennard-Jones model),® the long-range
electrostatic interactions between the diazonium cation and the
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charged SWCNT—surfactant complexes dominate. Note that
the interaction force between the diazonium ion and the
SWCNT —surfactant complex is related to the slope of the PMF
along r, because it is equal to the derivative of the PMF along r
(see eq 1). By convention, the attractive force is related to a
positive slope and the repulsive force is related to a negative
slope. As expected, the electrostatic forces exerted on the
diazonium cation by the negatively charged SWCNT—
surfactant (SC and SDS) complexes are attractive, with the
PMF profile exhibiting a positive slope (see the red solid and
dashed lines for SC, as well as the blue solid and dashed lines
for SDS in Figure 3). On the other hand, these forces are
repulsive in the case of the positively charged SWCNT—
surfactant (CTAB) complex, with the PMF profile exhibiting a
negative slope (see the purple solid and dashed lines in Figure
3). For comparison, the force exerted on the diazonium ion by
the uncharged, bare SWCNT in water is almost zero, with a
horizontal PMF profile (see the green dashed line in Figure 3).
The different surface charge densities corresponding to the low
and high surface coverages affect the strength of the long-range
electrostatic interactions; however, these differences are
negligible for large r values where the electrostatic interactions
are relatively weak.

As the diazonium ion approaches the SWCNT —surfactant
complex before establishing direct contacts with the complex
(1.2 nm < r < 1.8 nm), the strong vdW attraction between the
diazonium ion and the SWCNT—surfactant complex comes
into play, and favors adsorption of the diazonium ion. Note that
the adsorption of the diazonium ion first occurs onto the
coated surfactant layers rather than directly onto the nanotube

dx.doi.org/10.1021/ja301635e | J. Am. Chem. Soc. 2012, 134, 8194—8204
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Table 1. Summary of Parameter Values for A = POy, 01,, and K in eq 9 by Fitting to the Experimental Values of C, and f("mj,,)
(see Figure 6a) with constants ! and K, using the simulated AG, values in eq 4

surfactant type I (nm) AG, (kT)
sC 226 % 10' —4.8 + 2.0
SDS 1.505 x 10'¢ —74 +20
CTAB 1.505 x 10'¢ 1.5+ 1.0

K, A = POy 01 Ky
1.22 X 10? 0.105 7.49 x 1072 9.35 x 10%
1.64 x 10° 1.000 1.05 x 107Y 9.22 X 10%
223 x 107! 0.292 7.65 x 107% 124 x 107

surface. This results in a local free-energy minimum at r = 1.2
nm (for SDS and CTAB, with a vdW radius of ~0.25 nm for
the cross-sectional area of the linear alkyl tail) or 1.4 nm (for
SC, because of its larger molecular size as a rigid surfactant,
with a thickness of ~0.45 nm for the bean-like molecule®).
Note that the adsorption discussed here is clearly seen only at
high surfactant surface coverages, because at low surfactant
surface coverages the attractive and the repulsive forces are
both weak. Indeed, the PMF profiles for SC and SDS
corresponding to the low surfactant surface coverages are
very similar (see the red and the blue dashed lines in Figure 3),
reflecting a lack of molecular discrimination between different
surfactants of the same charge when the diazonium ions adsorb
on low surface coverage SWCNT—surfactant complexes.
Interestingly, however, one observes a much larger increase in
the attraction between the positively charged diazonium ion
and the high surface coverage, negatively charged SWCNT—
SDS complex than in the case of the high surface coverage,
negatively charged SWCNT—SC complex (see the red and the
blue solid lines in Figure 3). This stronger attraction is
surprising because the electrostatic contribution to the PMF
profile is expected to be similar for the same surfactant surface
coverage (or surface charge density), as expected from the
conventional Poisson—Boltzmann equation® for SWCNT—
surfactant complexes with similar radii (discussed further in
section 3.2). The resulting local free-energy well depth is —7.4
+ 2.0 kT at r = 1.2 nm in the case of SDS, and —2.4 + 2.0 kzT
at r = 1.4 nm in the case of SC. This clearly shows that the
binding affinity of the diazonium ion on the surfactant layer of
the SWCNT—SDS complex is much stronger (by —5.0 kgT)
than that on the SWCNT—SC complex.

For r < 1.2 nm (for SDS and CTAB) and r < 1.4 nm (for
SC), the diazonium ion begins to push away the adsorbed
surfactant molecules in order to contact the SWCNT surface
directly, which results in the free-energy barrier for all the
surfactant cases considered within the range 1.0 nm < r < 1.2
nm (see Figure 3). Direct contact of the diazonium ion on the
SWCNT surface results in the local free-energy minima
observed at r = 0.8 nm (again, for all the surfactant cases
considered). For r < 0.8 nm, the repulsive force between the
diazonium ion and the SWCNT increases sharply, as clearly
seen in Figure 3.

A quantitative measure of the free energy associated with the
diazonium ion adsorption (prior to any covalent reaction),
AG,, corresponds to the lowest PMF value at which the
diazonium ion adsorbs stably onto the surfactant layer (for SDS
and CTAB, both at r = 1.2 nm) or directly onto the SWCNT
(for SC, at r = 0.8 nm). This difference in the stably adsorbed
positions may be due to the competing effects between
electrostaticc vdW, and steric interactions for the different
surfactant cases. Experimentally, surfactants are typically added
into the SWCNT solution at saturation levels. Consequently,
we utilized the simulated PMF profiles corresponding to the
high surface coverage SWCNT—surfactant complexes to
determine the value of AG, for SDS, CTAB, and SC. Although
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it has been proposed that the covalent reaction of the
diazonium ions with the sp* carbons on the nanotube sidewall
occurs directly on the SWCNT surface, contact of the
diazonium ions with the surfactant layers may still affect the
reaction with the SWCNT. In fact, the actual reaction pathway
corresponding to the SWCNT—surfactant complex functional-
ization by diazonium salts is still unknown, and therefore, the
definition of the free energy of diazonium adsorption presented
here should be viewed as an approximate quantitative measure,
with additional reaction-pathway studies required in the future.
The simulated AG, values are listed in Table 1 for the SC,
SDS, and CTAB cases. The negative AG, values for SC (—4.8
+ 2.0 kgT) and SDS (=74 + 2.0 kzT) indicate preferential
adsorption of diazonium ions onto SWCNTs. On the other
hand, the positive AG, value for CTAB (1.5 + 1.0 kzT)
indicates preferential desorption of diazonium ions from the
SWCNTs. Overall, the binding affinity (K, see eq 3 in section
3.3) of the diazonium ions on various SWCNT—surfactant
complexes ranks as follows: SDS > SC > CTAB, while the
experimental extent of diazonium functionalization (see section
3.3 for the definition) is ranked as follows: SDS > CTAB > SC
(see Figure Sa). This discrepancy (the switch between CTAB
and SC) indicates that covalent reactions between diazonium
ions and SWCNTSs, in addition to noncovalent adsorptions,
may also be affected by the surfactants used, and will be
discussed further in section 3.3.

3.2. Understanding the Synergetic Binding Affinity.
To better understand the role of surfactants in determining the
ranking of the AG, values using the simulated PMF profile, we
calculated the interaction potential energies between the
diazonium ion and the SC, SDS, and CTAB molecules
adsorbed onto the SWCNT surface at high surfactant surface
coverages as a function of . The calculated potential energy
profiles in Figure 4a capture the main feature of the PMF
profile in Figure 3, showing that the SDS curve (blue line) lies
below the SC curve (red line), which reflects the stronger
interaction (having a more negative potential energy value)
between the diazonium ion and the SDS molecules than
between the diazonium ion and the SC molecules. In addition,
the CTAB curve (green line) lies above both the SC and the
SDS curves, which reflects the weakest interaction (having
more positive potential energy values) between the diazonium
ion and the CTAB molecules. This ranking of the magnitudes
of the potential energies (SDS > SC > CTAB) is fully
consistent with that of the predicted binding affinities based on
the free energies of adsorption. This indicates that the potential
energy contribution to the free energy of adsorption is
dominant, compared to other contributions such as the solvent
effect (e.g, the confinement of water molecules between the
diazonium ion and the SWCNT—surfactant complex), or the
entropic effect (e.g, the orientational entropy of water
molecules around the diazonium ion and the surfactant
molecules, and the orientational entropy of the diazonium
ion itself). Note that the various minima and maxima observed

dx.doi.org/10.1021/ja301635e | J. Am. Chem. Soc. 2012, 134, 8194—8204
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Figure 4. (a) Interaction potential energy between the diazonium ion
and SC, SDS, and CTAB molecules adsorbed on the SWCNT surface
at high surfactant surface coverages, as a function of r. (b) The
Lennard-Jones (LJ) contribution to the potential energy in (a), which
reflects both the vdW and the steric interactions between the
diazonium ion and the surfactant molecules. (¢) The Coulombic
(Coul) contribution to the potential energy in (a), which reflects the
electrostatic interactions between the diazonium ion and the surfactant
molecules.

in Figure 4a are consistent with those in Figure 3, with similar
features being observed in b and ¢ of Figure 4.

The potential energy was further decomposed into Lennard-
Jones (LJ) and Coulombic (Coul) contributions, as shown in b
and c of Figure 4, respectively. Note that the vdW and steric
interactions are reflected in the LJ contribution, while the
electrostatic interactions are reflected in the Coul contribution.
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As shown in Figure 4b, the L] contributions to the potential
energies for SC, SDS, and CTAB are relatively close (within $
kT from each other), exhibiting various overlaps for the three
curves. On the other hand, in Figure 4c, the Coul contributions
are quite different from each other, with positive values for the
positively charged CTAB molecules (which repel the
diazonium ion) and negative values for the negatively charged
SDS and SC molecules (which attract the diazonium ion). The
clear ranking of the binding affinities due to the Coul
contribution (SDS > SC > CTAB) is fully consistent with
that of the predicted binding affinities based on the free
energies of adsorption. This finding confirms that the primary
contribution to the binding affinities of the diazonium ions with
the SWCNT—surfactant complexes is electrostatic.

We would like to better understand the unexpected, strong
binding affinity between the diazonium ion and the SWCNT—
SDS complex relative to that corresponding to the SWCNT—
SC complex, with particular emphasis on the role of the
electrostatic interaction which, as shown above, are the
dominant ones. As discussed earlier, SWCNT surfaces covered
with surfactants are heterogeneous, with mobile charges carried
by the surfactant heads. It is therefore important to monitor
how these mobile charges distribute as a diazonium ion
approaches the SWCNT—surfactant complex. A useful way
developed here to visualize the charge distribution involves
using simulated density maps of the charged surfactant head
groups (carboxylate for SC, sulfate for SDS, and trimethy-
lammonium for CTAB) projected onto an unrolled, two-
dimensional, flat SWCNT surface. The simulated density maps
are shown in Figure 5, where each map has been centered at the
position of the charged diazo group (—N'=N) of the
diazonium ion, as projected on the SWCNT surface.

For r = 3.3 nm, the density maps are very similar for the
three surfactants considered, demonstrating a homogeneous
distribution of the surfactant head groups. This is expected,
since the diazonium ion is not close enough to the SWCNT
surface to affect the surface organization of the surfactant
molecules via electrostatic interactions. For r = 1.7 nm, the
diazonium ion begins to interact with the surfactant molecules
directly through the formation of ionic bonds (attractive for SC
and SDS, and repulsive for CTAB)," similar to the formation
of a salt bridge in the case of counterion binding.* The ionic
bonding is even stronger when the diazonium ion can approach
the SWCNT —surfactant complex closer to make direct contact
at r = 1.1 nm, as reflected by the increase in the extents of both
the “hot spots” (high surfactant head density) and “cold spots”
(low surfactant head density). This reflects the increase in the
synergistic electrostatic interaction (attractive for “hot spots”
and repulsive for “cold spots”) between the diazo group and the
surfactant heads. Note, however, that ionic bonding is only
apparent for the linear surfactants (SDS and CTAB, see the r =
1.1 nm column in Figure S), and not for the rigid surfactant
(SC, see the r = 1.1 nm column in Figure S). Indeed, as shown
in the r = 1.1 nm column in Figure S, the cationic diazo group
attracts anionic SDS sulfate groups (brighter ring), while it
repels cationic CTAB trimethylammonium groups (appears as a
dark hole in the plot, since the origin of the density map is
always occupied by the diazo group itself at small r values).

In the case of SC (see the middle row in Figure S), for r = 1.7
or 1.1 nm, we did not observe any “hot spots” for the
carboxylate head groups around the diazo group, although one
can observe a small extent of ordering of the carboxylate groups
at r = 1.1 nm. Synergistic electrostatic attractions between the

dx.doi.org/10.1021/ja301635e | J. Am. Chem. Soc. 2012, 134, 8194—8204
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Figure S. Projected density maps of charged surfactant head groups on the unrolled SWCNT surface (tube length X tube circumference) for: SDS
(top row), SC (middle row), and CTAB (bottom row). Within each plot, the diazonium ion approaches the SWCNT—surfactant complex gradually
from the left to the right, where the left subplot, » = 3.3 nm; middle subplot, r = 1.7 nm; and right subplot, r = 1.1 nm. The y-axis measures the
circumference of the SWCNT, and the z-axis measures the length of the SWCNT. Density maps are shown as contour plots with arbitrary units.
Color bar code: lighter color corresponds to high surfactant head densities, and darker color corresponds to low surfactant head densities. The origin
of each plot at y = z = 0 denotes the projected position of the charged diazo group (—N*=N) of the diazonium ion. Each density map was averaged
over the last 20 ns of each simulation. Representative simulation snapshots showing the binding of the diazonium ion (the blue arrows) to the
charged surfactant layer on the SWCNT surface are shown at the bottom of the density maps corresponding to r = 1.1 nm. The color code is the
same as the one used in Figure 2. Note that the diazonium ion and the various SWCNT—surfactant complexes are drawn in the “Licorice” and the
“Surf” representation in VMD,** respectively, to facilitate distinction between the two.

cationic diazo group and the anionic SDS and SC head groups diazonium ion, and giving rise to the local “hot spots”. This
lead to the rearrangement of these surfactant molecules on the surface rearrangement can maximize the contacts of the anionic
SWCNT surface, leading to their localization around the SDS and SC molecules with the cationic diazo group, thereby
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lowering the free energy of the system. On the other hand,
antagonistic electrostatic repulsions occur between the cationic
diazo group and the cationic CTAB head groups, giving rise to
the local “cold spots”. Our finding that the linear, flexible SDS
molecules can rearrange on the SWCNT surface more readily
than the bulkier, rigid SC molecules and thereby generate a
greater extent of “hot spots” formation is consistent with our
recently reported numbers of ionic bonds formed between the
diazo groups and the head groups of SDS (~2.4 at r = 1.1 nm)
and SC (~15 at r = 1.1 nm),"® which can serve as a
quantitative measure of the local “hot spots”. The three
representative simulation snapshots at the bottom of Figure S
show the close binding of the diazonium ion to the charged
surfactant layer (SDS, SC, and CTAB) on the SWCNT surface
at 7 = 1.1 nm. The diazonium ion lies in parallel to the SWCNT
surface when closely bound to the surfactant layer. Its
orientation relative to the SWCNT axis is not fixed, and it
depends on the detailed self-assembly structure of the
surfactant layer.

3.3. Model for the Extent of SWCNT Functionalization.
We have recently modeled kinetic properties, such as reaction
rates associated with the diazonium—SWCNT functionalization
process, by combining a diffusion-limited model and the
Poisson—Boltzmann equation."”® Here, we focus on modeling
the equilibrium (steady-state) extent of diazonium—SWCNT
functionalization using our simulated free energies of
adsorption and experimental data. It is noteworthy that the
simulated free energy of adsorption may be used to replace the
Poisson—Boltzmann equation when combined with the
diffusion-limited model in order to predict kinetic properties,
such as the aggregation rate, as we have shown recently.”*
Specifically, we propose the following two-step adsorption—
reaction model for the diazonium—SWCNT functionalization
process (see Figure le), a description that is more general than
that presented in ref 20. Specifically,

KA
C + O, < 0,(Adsorption Step) ()

KR

0, + Ogz < Oz(Reaction Step) (3)
where C denotes the bulk concentration of the diazonium salt
(in units of diazonium/water molar ratio), 05, denotes the
number of empty adsorption sites available to the diazonium
ions on the nanotube surface (in units of diazonium/water
molar ratio per nm, which is a linear packing density on the
SWCNT surface), 6, denotes the number of sites occupied by
the adsorbed diazonium ions, € denotes the number of empty
reaction sites available to the diazonium ions, and 6 denotes
the number of sites occupied by the reacted diazonium ions
(where the units of 0, Ogp, and Oy, are the same as that of Og,),
K, is the adsorption constant, and Ky, is the reaction constant.
Unlike the previous model,"”> we assume that the adsorbed
diazonium ions can react with the carbon atoms on the
SWCNT sidewall reversibly in order to investigate the
equilibrium reaction properties (e.g,, Ogg, O, and Kg).

Knowing AG,, the simulated free energy of adsorption (i.e.,
the free-energy difference between the adsorbed and the
desorbed states), which can be obtained from the PMF
calculations, the adsorption constant, K,, can be determined
using Arrhenius’ law, in order to relate C, 6, and 6,

Specifically,
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O

YA _ AG/kT
COpa

* (4)

The total number of available adsorption sites on the
nanotube, @r,, is given by O, = g, + 0,. Since the reaction is
carried out at infinite dilution of the diazonium salt, it follows
that O, > 0,, which leads to 0, & Or,. Using this result in eq
4, it follows that:

Oy = Ky0r,C (8)

Note that eq S is the celebrated Henry’s adsorption isotherm,
where K, is Henry’s constant. Note also that the bulk
concentration of the diazonium salt, C, decreases as the
number of adsorbed diazonium ions, 6,, increases. This
observation can be expressed as follows: C = Cy, — [ 0,
where C, is the initial concentration of the diazonium salt
added to the SWCNT solution, and [ is the total length of the
SWCNTs in the solution. Note that the effect of adsorption on
the value of C cannot be neglected, because ! is typically quite
large. Using the expression for C in terms of Cy and ! in eq 5,
and rearranging results in:

KAGTA C0

A1+ K00

(6)

The total number of available reaction sites on the nanotube,
Ory, is given by Oy = Ogy + Og. Unlike the adsorption step, Oy is
not negligible relative to @py. Therefore, the reaction step
associated with the reaction constant, Kz, may be modeled
using a Langmuir isotherm. It is important to recognize that the
incorporation of a ceiling for reaction, @y, is essential in order
to capture the quenching saturation phenomenon as C,
increases.”> Indeed, this saturation phenomenon cannot be
simply explained by the diazonium adsorption process, as
described using the linear relationship in eq 6. Specifically,

_ HR _ 9R
9A9ER HA(QTR - QR)

_ Krby
1+ Kgb,

R R TR

™)

Experimentally, the equilibrium extent of functionaliza-
tion,f(,,,y , as a function of both the carbon nanotube type
(i.e., chirality), (m,n), and the surfactant type, i, was estimated
from the fractional quenching data in the PL spectra (the
change in the PL intensity after functionalization, normalized
by the original intensity)."> Here, as proof-of-concept, we have
only investigated one carbon nanotube species (7,5), with
diameter d = 0.81 nm, and i = CTAB, SDS, and SC. Since we
are only considering a single nanotube species, differences in
electronic structure, across nanotube species, are not relevant to
the physical adsorption of the diazonium ions. As a result, K,,
Ky, 014, and Oy are only functions of the nanotube diameter, d,
and the surfactant type, i. Note that the simulated (6,6)
SWCNT has almost the same tube diameter as the (7,5)
SWCNT, and therefore, can be utilized to approximate the
(7,5) SWCNT disregarding the difference in chirality. This is
suggested in a recent simulation study showing that surfactants
adsorbed on a graphite surface are highly disordered without
any orientation preference for chirality angles."® Assuming that
each diazonium ion contributes the same extent of PL
quenching to the total extent of PL quenching, we can relate
the extent of functionalization considered herelf(é,s) , to the
reacted diazonium surface coverage, O, through a simple
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function of the diazonium/carbon molar ratio. The solid lines were predicted using eq 9, and the corresponding fitting parameters are listed in Table
1. (b) Predicted diazonium ion surface coverage (adsorption isotherm), 6, (in units of number of diazonium ions per nm of a SWCNT), as a
function of the diazonium/carbon molar ratio, using eq 6 and the fitting parameters listed in Table 1.

proportionality relationship, with a proportionality constant P
(in units of nm per diazonium/water molar ratio). Specifically,

f (i7,5> (8)

By substituting eqs 6 and 7 into eq 8, we can obtain a master
equation that relates f75) to various parameters. Specifically:

PO 01 AKr K\ Co
1 4+ 0, KK, Cy + 01,K,1
_ AKRKACO
T 1/6p, + KK, Cy + K

= PO,

fo.s =

©)

where A = POrg, which is equal to the saturated (or maximum)
extent of functionalization, max(f/s) ), as C, approaches
infinity. Note that K, can be predicted using the simulated AG,
values for each surfactant type, and C is tuned experimentally.
On the other hand, estimates of A, 61, and K are not available
directly from either simulations or experiments. Fortunately, we
can obtain these three unknown parameters by fitting eq 9 to
the available experimental data for the diazonium-function-
alized (7,5) SWCNTs in SC, SDS, and CTAB solutions (3%,
1635, and £55'®), respectively. The resulting fitting curves for
various C, values are shown in Figure 6a. Note that, in Figure
6a, the C, value was converted into diazonium/carbon (one
carbon atom in the SWCNT) molar ratio, according to the
carbon/water molar ratio of 2.25 X 107 (for the 15 mg/L
SWCNT solution used here). Specifically, the ! values were
estimated from the total mass of the SWCNTs (see section
2.2), and the number of carbon atoms in the SWCNT per unit
length (~100 atoms/nm for the (7,5) SWCNT as a rough
approximation).

3.4. Modeling Results and Discussions. The deduced
fitting parameters, A, 05, and Ky are listed in Table 1,
demonstrating the ability of eq 9 to model the concentration-
dependent extent of functionalization shown in Figure 6a. The
nonlinear minimization algorithm for the least-squares fitting
was carried out utilizing the interior-reflective Newton method
subroutine in the MATLAB numerical library. The fitted A
values (i.e, max(f{;s) )) are ranked as follows: SDS > CTAB >
SC, consistent with the experimental extents of functionaliza-
tion shown in Figure 6a. The higher A value for CTAB than for
SC indicates that, although the anionic surfactant SC yields a
larger diazonium binding affinity than the cationic surfactant
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CTAB, diazonium ions adsorbed and subsequently reacted on
the SWCNT—CTAB complex can quench the PL intensity
more effectively. This effectiveness may be due to the fact that
the diazonium reaction can occur randomly along the nanotube
for the linear surfactant CTAB, while it occurs very close to a
preoccupied reaction site for the rigid surfactant SC. As shown
in Figure 5, CTAB (or any other linear surfactant) molecules
are more likely to restructure for the diazonium ion to adsorb
randomly on the nanotube surface. On the other hand, this is
less likely for SC molecules, which leads to multiple diazonium
reactions occurring within the same PL-quenched region along
the nanotube (i.e., less effectiveness per reacted diazonium ion).
This leads to the discrepancy in the rankings of the simulated
K, values and the experimental extents of functionalization for
the different surfactant cases considered, as stressed in section
3.L

The fitted O, values are ranked as follows: SDS > SC >
CTAB, consistent with the ranked K, values in section 3.1. The
fitted K values for the two anionic surfactants (SC and SDS)
are very similar (~10%*), while the Ky value for CTAB is much
larger (~10”). This Ky difference suggests that cationic
surfactants may modify the electronic structure of the
SWCNT upon adsorption, which in turn, would enhance the
reactivity of the SWCNT with the diazonium ions. The fitted
Ky value corresponds to the free energy of diazonium—
SWCNT reaction (determined using Arrhenius’ law similar to
eq4), AGg = =55 kgT (—1.40 V) for SC and SDS, and AGg =
—62 kT (—1.59 eV) for CTAB, which are consistent with the
QM simulated binding energy for the desorption process of
phenyl from bare (5,5) SWCNT (—1.42 V).’ In addition,
note that Ky is much larger than K,, which indicates that the
reaction of the diazonium ion with the SWCNT sidewall is
highly favorable, a finding which is consistent with the
previously proposed irreversible reaction step.>’

Although estimates of A = POrp are not available
experimentally, there is experimental evidence that each
individual reacted diazonium ion on the nanotube sidewall
(referred to as a quenching site) can quench the PL intensity
(excitons generated upon photon excitation) of every 100—300
nm of nanotube.>*™*° This length along the nanotube, A, is
referred to as the effective mean quenching range of a single
reacted diazonium ion.>” Fundamentally, A can also be referred
to as the exciton diffusion range for the functionalized
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SWCNT, a range for which an exciton can travel during its
lifetime.® Experimental evidence based on time-dependent PL
intensities (exciton kinetics) have shown that the value of A
depends on both the SWCNT chirality*® and the surfactant
(e.g, SC, SDBS, SDC (sodium deoxycholate), and STC
(sodium taurocholate)) utilized to disperse the SWCNT.*
From the experimentally estimated value of A = 178 & 20 nm
per reacted diazonium ion for (7,5) SWCNTs dispersed in an
aqueous SC solution,” we can estimate the corresponding
proportionality constant P in eq 8. Specifically,

P = AN,

water

(10)
where N, is the number of water molecules in the SWCNT
solution, which is about 10* for the 3 mL aqueous SC solution
(see section 2.2). In addition, based on the relation that A =
POy, we can estimate the corresponding value of Org.
Specifically,

A

P

A
AN,

‘water

Org =

(11)

Using the values of A and N, given above in eqs 10 and
11, we find that: P = 1.78 X 10® nm per diazonium/water
molar ratio, and fg = 5.90 X 107 diazonium/water molar
ratio per nm (or ~6 reacted diazonium ions per 10* nm of the
SWCNT). The predicted 61y value is 7 orders of magnitude
smaller than the 01, value (7.49 X 107 diazonium/water
molar ratio per nm), which reflects the fact that very few
physically adsorbed diazonium ions will eventually react with
the nanotube sidewall to form covalent bonds. If experimental
values of A were available for SDS and CTAB, we would also
be able to accurately predict the corresponding P and Opy
values. As an order of magnitude estimation, the values of P and
Org should be ~10% nm per diazonium/water molar ratio, and
1 to 10 reacted diazonium ions per 10° nm of the SWCNT,
respectively, regardless of the surfactant type and the SWCNT
species.

Using the fitted values of A, Oy, and Ky in eq 6, we can
independently predict the surface coverage (adsorption
isotherm) of the diazonium ions on the various SWCNT—
surfactant complexes (see Figure 6b). The predicted surface
coverage profiles are consistent with the ranked K, and Or,
values for SDS, SC, and CTAB. As can be seen, the predicted
surface coverages span S orders of magnitude (from 0.0001 to
10 diazonium ions per nm of the SWCNT). This clearly shows
the ability of the various surfactants considered to modify the
adsorption of diazonium ions. In addition, it implies that the
functionalization process is extremely sensitive to the use of
surfactants. In general, the theoretical framework developed
here can also be utilized to model other surfactant types, i,
SWCNT chiralities, (mn), and experimental conditions (e.g,
SWCNT and diazonium salt concentrations, ionic strengths,
pHs, and temperatures). This would require establishing a large
database that contains K, values as a function of i and (m,n)
from simulations, as well as A, O1,, and Ky values as a function
of i and (m,n) obtained by fitting the model to the available
experimental data.

4. CONCLUSIONS

In this contribution, we combined molecular dynamics (MD)
simulations, experiments, and equilibrium reaction modeling to
both understand and model the extent of diazonium
functionalization of SWCNTSs coated with various surfactants.
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The free energy associated with diazonium adsorption
determined from the PMF calculations using simulations can
be used to rank surfactants in terms of the extent of
functionalization upon their decoration on the nanotube
surface. The distinct binding affinities between linear and
rigid surfactants were further investigated in detail, and
attributed to the synergetic binding of the diazonium ion to
the local “hot spots” formed by the accumulated, charged
surfactant heads. Finally, a general theoretical framework was
developed, which explicitly takes into account the reversibility
of the diazonium reaction and the extensive diazonium
adsorption on SWCNTs. This combined simulation-modeling
framework can provide molecular-level information on
quantities involved in the adsorption and reaction of diazonium
ions with SWCNTs, which are very difficult to obtain or
quantify through experiments. In addition, it can help
understand the complex functionalization process, and guide
the various sensitive experimental procedures to achieve the
desired extent of SWCNT functionalization.

It is important to note that the theoretical framework
presented here is not restricted to diazonium functionalization
of SWCNTs, but can be extended, in general, to model solid
surfaces (e.g, §righene,4l’42 graghene oxide,*** silicon,*
silica,”* metal,®~* metal oxide,* etc.) functionalized by any
agent with complex molecular structures. The heterogeneous
nature of many solid surfaces (e.g, those with surfactant/
polymer coatings,”*’ having amorphous structures,”** or
having random defects’®>") can be modeled very well by
molecular simulations. The proposed modeling framework that
combines simulations with theoretical models can be utilized in
a creative way to understand, at the molecular level, phenomena
which involve physical adsorption, chemical adsorption, or
both.>>*?
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