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ABSTRACT: Semiconducting single-walled carbon nanotube (s-CNT)
arrays are being explored for next-generation semiconductor electronics.
Even with the multitude of alignment and spatially localized s-CNT
deposition methods designed to control s-CNT deposition, fundamental
understanding of the driving forces for s-CNT deposition is still lacking.
The individual roles of the dispersant, solvent, target substrate
composition, and the s-CNT itself are not completely understood
because it is difficult to decouple deposition parameters. Here, we study
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-[2,2′-{bipyridine}])]
(PFO-BPy)-wrapped s-CNT deposition from solution onto a chemically
modified substrate. We fabricate various self-assembled monolayers
(SAMs) to gain a greater understanding of substrate effects on PFO-BPy-
wrapped s-CNT deposition. We observe that s-CNT deposition is
dependent on both the target substrate and s-CNT dispersion solvent. To complement the experiments, molecular dynamics
simulations of PFO-BPy-wrapped s-CNT deposition on two different SAMs are performed to obtain mechanistic insights into
the effect of the substrate and solvent on s-CNT deposition. We find that the global free-energy minimum associated with
favorable s-CNT adsorption occurs for a configuration in which the minimum of the solvent density around the s-CNT
coincides with the minimum of the solvent density above a SAM-grafted surface, indicating that solvent structure near a SAM-
grafted surface determines the adsorption free-energy landscape driving s-CNT deposition. Our results will help guide
informative substrate design for s-CNT array fabrication in semiconductor devices.

■ INTRODUCTION

Semiconducting single-walled carbon nanotubes (s-CNTs) are
attractive candidates for use in next-generation semiconductor
electronics and field-effect transistors (FETs) due to their
unique electronic properties including high charge mobility,
high-current-carrying capacity, and excellent electrostatic
characteristics.1−3 Even though expectations for s-CNT-based
electronics forecast favorable electronic and thermal con-
ductivity properties, s-CNT-based FETs have largely under-
performed conventional Si- and GaAs-based FETs. This is due
to issues with purity of the s-CNTs, as well as in scaling up
from a single s-CNT device to s-CNT arrays while maintaining
control over both alignment and location of the deposited
CNTs. The ideal morphology of s-CNTs in array FETs
consists of perfectly aligned s-CNTs (i.e., 0° orientation
difference between all s-CNTs in the array) with a regular
pitch of 5−10 nm.4 Performance limitations are accredited to
nonidealities within the s-CNTs array. Additionally, deleterious
effects from nanotube crossings result in lowered on/off ratios
in s-CNT-based FETs.5

The modification of s-CNT surfaces with small molecules or
polymer wrappers is an essential aspect of preparing s-CNT
films via solution processing. These surface agents are
necessary to overcome strong van der Waals and π−π
interactions, individualize and deaggregate the s-CNTs, and
therefore disperse them into solution.6−8 Organic solvents are
preferred over water because of the need to reduce ionic
contamination, which adversely affects device performance.9

Moreover, dispersants that interact via noncovalent inter-
actions are preferred over covalent functionalization to
preserve the sp2 structure of the s-CNTs and hence their
electronic properties. It has been discovered that the
interactions of certain classes of dispersants, such as conjugated
polymers, with s-CNTs can be chirality and electronic-type
specific, enabling the production of high-purity electronic-
grade semiconducting nanotube inks. For example, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-[2,2′-{bipyridine}])]
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(PFO-BPy), a commercially available polymer, can isolate s-
CNTs to greater than 99.9% purity in organic solvents.10

s-CNT alignment on substrates via solution deposition has
been achieved through various methods including Langmuir−
Blodgett/Schaefer,11−13 vacuum filtration,14 electric fields,15,16

shear,15,17,18 evaporation,19 and liquid/liquid interfaces.20,21

Solution deposition methods offer flexibility with respect to the
choice of the substrate, as well as the use of highly pure s-CNT
solutions. Spatially localized s-CNT deposition has been
demonstrated in the literature by mainly altering the substrate
chemistry. s-CNTs suspended by nitric acid refluxing have
been shown to preferentially bind to an amine-terminated
surface compared to that of a methyl-terminated surface22 due
to Coulombic interactions between negatively charged side
chains and positively charged surfaces. Subsequently, spatially
localized s-CNT deposition methods involving covalent
bonding,23,24 s-CNT functionalization,25 and substrate wett-
ability differences have been reported.18,26

Simultaneously achieving high-degree s-CNT alignment,
facile processability, and spatial control of s-CNT deposition is
still an outstanding challenge in the field. This is, in part, due
to a lack of a fundamental understanding of the driving forces
for polymer-wrapped s-CNT deposition. The individual roles
of the polymer wrapper, solvent, target substrate composition,
and the s-CNT itself are not completely understood because it
is difficult to decouple the deposition parameters. Additionally,
the large parameter space resulting from a variety of s-CNT
dispersants, deposition methods, and target substrates in the
literature makes experimental elucidation of the s-CNT
deposition mechanisms challenging. This knowledge gap
prevents the informed design of the substrate and s-CNT ink
to facilitate both s-CNT alignment and spatially localized
deposition. To address this challenge, molecular-scale simu-
lation methods can yield mechanistic insight into the behavior
of polymer-wrapped s-CNTs. For example, molecular dynam-
ics (MD) simulations have been used to study the
conformation of the polymer wrapper around the s-CNT in
solution,27 while time-dependent density functional theory has
been shown to model the electronic and optical absorption
properties of PFO-BPy-wrapped s-CNTs.28 However, there are
minimal simulation studies pertaining to s-CNT deposition
behavior onto target substrates.
Here, we study PFO-BPy-wrapped s-CNT deposition

through a combination of experiments and MD simulations.
We first probe PFO-BPy-wrapped s-CNT deposition through
experimental methods on chemically modified planar surfaces.
Self-assembled monolayers (SAMs) with different chemical
head groups and chain lengths are fabricated to explore
substrate chemistry effects on PFO-BPy-wrapped s-CNT
deposition. PFO-BPy-wrapped s-CNTs dispersed in two
solvents, chloroform and toluene, are used to better under-
stand solvent interactions with the PFO-BPy-wrapped s-CNT
during deposition. Finally, MD simulations coupled with
umbrella sampling of PFO-BPy-wrapped s-CNT deposition are
performed to obtain mechanistic insights into s-CNT
deposition behavior. We find that solvent structure near the
substrates plays an important role in determining the affinity of
an solvent mediated affinity (SAM) surface for PFO-BPy-
wrapped s-CNTs.

■ METHODS
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-[2,2′-{bipyri-

dine}])]-Wrapped s-CNT Ink Preparation. s-CNTs are isolated

from CNT soot using a previously established procedure.29,30 Briefly,
a 1:1 ratio by weight of arc-discharge CNT soot (698 695, Sigma-
Aldrich) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-[2,2′-
{bipyridine}])] (PFO-BPy) (American Dye Source, Inc., Quebec,
Canada; #ADS153-UV) is each dispersed at a concentration of 2 mg/
mL in ACS-grade toluene. This solution is sonicated with a horn tip
sonicator (Fisher Scientific, Waltham, MA; Sonic Dismembrator 500)
for 30 min and then centrifuged in a swing bucket rotor at 3 × 105g
for 10 min to remove undispersed material. After centrifugation, the
supernatant is composed of individualized, polymer-wrapped s-CNTs.
The top ∼90% of the supernatant is collected and centrifuged for 18−
24 h to sediment and pellet the s-CNTs, while excess PFO-BPy
remains in the supernatant. The collected s-CNT pellet is dispersed in
toluene with horn tip sonication and again centrifuged. This process
of centrifugation and sonicating the s-CNT pellets in toluene is
repeated a total of three times to remove as much excess PFO-BPy as
possible. The final solution is prepared by horn tip sonication of the
rinsed s-CNT pellet in either chloroform (stabilized with ethanol) or
toluene. Concentrations of s-CNT ink are determined using optical
cross sections from the S22 transition.

Silicon Wafer Functionalization with Self-Assembled
Monolayers. Silicon [100] wafers with native oxide were purchased
from Addison Engineering, Inc. Self-assembled monolayers were
fabricated using 3-aminopropyltriethoxysilane (APTES) (440140,
Sigma-Aldrich), hexamethyldisilazane (HMDS), octadecyltrichlorosi-
lane (OTS) (104817, Sigma-Aldrich), and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFOTS) (448931, Sigma-Aldrich) as precur-
sors. Silicon wafer substrates approximately 1 × 1 cm2 in size were
immersed in a 3:1 by volume H2SO4/H2O2 piranha solution for 1 h at
85 °C. After piranha treatment, substrates were rinsed with copious
amounts of deionized (DI) water and dried with N2. Substrates were
functionalized immediately after piranha treatment with the desired
SAM.

APTES-functionalized silicon substrates were fabricated by
submerging the silicon substrate in a 1 mM APTES in toluene
solution at 70 °C in a N2 environment for 1 h, bath sonication of the
substrate for 10 min in methanol, and drying the substrate with N2.
HMDS-functionalized silicon substrates were fabricated by baking
silicon substrates in a vacuum chamber (Solitec VBS200 HMDS
prime oven) set to 205 °C for at least 5 min. Substrates were exposed
to HMDS vapor for 15 s after baking. OTS-functionalized silicon
substrates were fabricated by first preparing a 5 mM OTS solution in
toluene in a N2 glovebox. Silicon substrates were submerged in the
OTS solution in the glovebox and sealed under a N2 environment.
After OTS deposition for 3 h, substrates were sonicated in toluene for
30 min and dried with N2. PFOTS-functionalized silicon substrates
were fabricated by submerging silicon substrates in a 1 mM PFOTS
solution in heptane for 15 min, sonicating substrates for 5 min in
isopropyl alcohol, and annealing the substrates on a hot plate at 150
°C for 1 h.

Self-Assembled Monolayer Characterization. Static water
contact angle measurements were obtained using a Dataphysics
OCA 15 optical contact angle system. A 7 μL DI water droplet was
slowly dispensed on the SAM surface. Once the water droplet was
fully formed, the static water contact angle of the droplet was
immediately measured. Root-mean-square (RMS) surface roughness
values were obtained from atomic force microscope (AFM) images
using a Bruker Multimode 8 AFM. Ellipsometry measurements were
performed with a Rudolph AutoElII-VIS-3 three-wavelength ellips-
ometer assuming a refractive index of 1.45 for all SAMs for
measurement consistency.31

s-CNT Deposition on Self-Assembled Monolayers. Immedi-
ately prior to s-CNT deposition, s-CNT ink was sonicated with a horn
tip sonicator to ensure s-CNT dispersion in solution. The silicon
substrate functionalized with a SAM was placed on a spin coater set at
a 2000 rpm spin speed. A 100 μL droplet of s-CNT ink was placed on
the substrate, 10 s were given for s-CNT interactions with the SAM
surface, and then the substrate was dried by spin coating for 30 s.
Quantification of the number of s-CNTs deposited was performed by
taking six scanning electron microscope (SEM) images of a given
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SAM at a specific ink concentration and solvent. Analysis of each SEM
image was over an area of 30 μm2 for chloroform ink and 120 μm2 for
toluene ink. The number density s-CNT deposition was normalized
to 10 μm2 for easy comparison between solvents.
Molecular Dynamics Simulations of PFO-BPy-Wrapped s-

CNTs. The simulation system contained a single (6,5) s-CNT
wrapped by three chains of PFO-BPy, an amorphous silicon oxide slab
grafted with a SAM (HMDS or OTS), and solvent molecules
(chloroform or toluene). The s-CNT had a length of 6 nm and a
diameter of ∼0.75 nm. To match the length scale of the s-CNT, each
chain of PFO-BPy was composed of five monomers in a cis
configuration. The amorphous silicon oxide surface had dimensions of
∼12.10 × 12.43 × 3.0 nm3. The amorphous silica surface and s-CNT
were modeled with the INTERFACE force fields.32,33 Force field
parameters for OTS, HMDS, and PFO-BPy were obtained from
literature values based on the AMBER force field.34,35 The atomic
changes for HMDS and PFO-BPy were derived from quantum
mechanical (QM) calculations with the restrained electrostatic
potential (RESP) charge-fitting method36 using Gaussian16.37 The
missing angle (C−Si−C) and torsional (C−Si−C−H) parameters for
HMDS were also derived from QM calculations. Since it is technically
challenging to quantify the surface coverage of SAMs in experiments,
we chose surface coverages for both HMDS (3.5 mol/nm2) and OTS
(3.7 mol/nm2) rationalized based on the general agreement between
interfacial properties computed from the simulations and exper-
imental measurements reported in this and previous work (see
Supporting Information (SI) Table S1). Details on the selection of
simulation parameters, force field parameters, and validation against
prior results are presented in SI Sections S1−S3.
Potential of Mean Force (PMF) from Umbrella Sampling.

We performed umbrella sampling to obtain the potential of mean
force (PMF) for the adsorption of a single s-CNT on a SAM-grafted
silica surface. We defined the reaction coordinate as the distance,
projected onto the z-axis, between the center of mass (COM) of the
s-CNT and that of the SAM-grafted silica surface slab. Simulation
windows (17−20) for umbrella sampling were separated by 0.1 nm
along the reaction coordinate. Initial configurations were generated
using steered MD by applying a harmonic potential to pull the s-CNT
both toward and away from the substrate. Initial configurations were
equilibrated for 2 ns with the s-CNT restrained to its initial position,
and then umbrella sampling was performed for 20 ns for each
window. All umbrella-sampling calculations were performed at 298 K
and in the NVT ensemble (constant number of particles, constant
volume, and constant temperature) using the Nose  −Hoover thermo-
stat38 with a relaxation time of 0.5 ps. Equations of motion were
integrated using the leapfrog algorithm using a time step of 1 fs. The
long-range Coulomb interactions were calculated using the smooth
particle mesh Ewald method with a real-space cutoff of 1 nm and a
Fourier grid spacing of 0.12 nm. The same cutoff was used for
Lennard-Jones interactions. PMFs were constructed from the
umbrella histograms using the weighted histogram analysis method.39

The program GROMACS 2016 was used for all simulations.40 More
details about the umbrella-sampling calculations are included in
Section S4 of the SI.

■ RESULTS AND DISCUSSION

s-CNT Deposition on SAMs. Five surfaces were chosen
due to their differences in water contact angles and chemical
moieties that can potentially interact with PFO-BPy-wrapped
s-CNTs: 3-aminopropyltriethoxysilane (APTES), hexamethyl-
disilazane (HMDS), octadecyltrichlorosilane (OTS), trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (PFOTS), and piranha-
treated SiO2 (Figure 1). Prior to s-CNT deposition, SAM
formation was characterized using static water contact angles,
root-mean-square (RMS) surface roughness, and thickness
from ellipsometry measurements (Table 1). Water contact
angles of each SAM are in good agreement with those reported
in the literature.41 The RMS surface roughness shows that

SAM formation was well defined and relatively uniform across
the entire substrate. The measured SAM thicknesses
correspond to approximately a monolayer SAM coverage
indicating a fully functionalized surface for all SAMs studied.
PFO-BPy-wrapped s-CNT ink was deposited by spin coating

onto the substrates. A spin-coating procedure was developed to
minimize variations in s-CNT deposition conditions. A droplet
of PFO-BPy-wrapped s-CNT ink large enough to cover the
entire 1 × 1 cm2 substrate was dropped onto the substrate. s-
CNTs were allowed to interact with the substrate for 10 s,
allowing sufficient time for interactions between the substrate
and the s-CNT, but long enough to allow all s-CNTs to
deposit on the substrate due to solvent evaporation.
Two different solvents, chloroform and toluene, were used

to examine solvent effects on s-CNT deposition behavior. Both
solvents are capable of dispersing s-CNTs but have different
properties including relative polarity and surface wettability.
Additionally, chloroform is known to dope PFO-BPy-wrapped
s-CNTs during the dispersion procedure. A previous study
using s-CNTs dispersed in chloroform quantified s-CNT
chlorine doping at 1 Cl atom per 160 C atoms of an arc-
discharge s-CNT,10 approximately one Cl atom per 4 nm of a
(6, 5) s-CNT. Chloroform- and toluene-based s-CNT inks
were prepared at 0.5, 1.0, and 2.0 μg/mL concentrations for
analysis. The maximum concentration, 2.0 μg/mL, results in
under a fully covered layer of s-CNTs on favorable deposition
surfaces. Higher concentrations result in multilayer deposition,
which mask the influence of the surface chemistry. These
concentrations are still high enough to get meaningful
deposition trends from the number of s-CNT deposited.

Quantification of Deposited s-CNTs. The quantification
of the density of deposited s-CNTs was done primarily by
SEM image analysis. Although Raman spectroscopy is typically
utilized for s-CNT quantification after deposition, the presence
of SAMs modulates the intensity of the s-CNT G-band leading
to erroneous results. Hence, manual counting of s-CNTs in a
deposited area from SEM images is a more accurate
representation of s-CNT number density than Raman
spectroscopy quantification when analyzing across different
SAMs. Figure 2 shows a representative SEM image of PFO-
BPy-wrapped s-CNTs deposited on each of the five surfaces
from chloroform- and toluene-based inks. Qualitatively, the
number density of s-CNTs on HMDS, PFOTS, and SiO2 was
higher than on APTES and OTS. Notably, OTS showed
extremely low s-CNT deposition compared to that on the
other surfaces tested. The density of s-CNTs deposited was

Figure 1. Chemical structures of the polymer PFO-BPy and of SAMs
grafted to silicon oxide substrates.
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also significantly higher from chloroform compared to that
from toluene-based inks.
The density of s-CNTs deposited on these surfaces from

both chloroform- and toluene-based inks is quantified in Figure
3a,b, respectively, at ink concentrations of 0.5, 1, and 2 μg/mL.
We quantify s-CNT deposition by counting the number of s-
CNTs in a given area and normalizing to the number of s-
CNTs per 10 μm2. Larger area SEM images for s-CNT
deposition from toluene inks were used to ensure that s-CNT
deposition trends were statistically significant. In general,
irrespective of the surface or solvent used for deposition, the s-
CNT number density increases with the concentration of the
ink used for deposition. With increasing ink concentration, the
difference between the high- and low-number-density s-CNT
deposition surfaces is also accentuated.
A comparison of the deposition trends from chloroform and

toluene (Figure 3c) shows no obvious correlation with the
substrate characteristics, such as water contact angle or surface
head groups. For example, both PFOTS and OTS have only a
2° water contact angle difference (Figure 1) but very different

s-CNT deposition behavior: bundles of s-CNTs persist on
PFOTS but there is no deposition on OTS. Likewise, both
HMDS and OTS present a methyl-terminated surface, but the
s-CNT number density on HMDS from chloroform ink is
almost 2 orders of magnitude higher than on OTS. The
number density of s-CNTs is ∼ 0.5−1 order of magnitude
lower for deposition from toluene ink than that from
chloroform ink at the same concentration, though trends
with respect to the substrate are unaffected. In addition to the
s-CNT-substrate interactions, the interaction between s-CNTs
adsorbed on the surface is likely to be influenced by the
substrate itself during the evaporation of the solvent. This is
specifically seen in the SEM images (Figure 2) on PFOTS
substrate where the s-CNTs seem to roll on the surface to
create rope-like aggregates, which leads to higher deposition.

Free Energy of s-CNT Adsorption. These experimental
results indicate that both the specific properties of the surfaces
and the solvent might play an important role in driving s-CNT
deposition. These effects are complex and challenging to probe
with experiments alone because deposition involves inter-

Table 1. Self-Assembled Monolayer (SAM) Characterizationa

surface static water contact angle (deg) root-mean-square surface roughness (nm) thickness (nm)

APTES 50.8 ± 2.9 0.28 0.80 ± 0.18
HMDS 63.2 ± 2.1 0.27 0.55 ± 0.08
OTS 110.8 ± 0.4 0.21 2.85 ± 0.10
PFOTS 112.1 ± 0.9 0.33 1.50 ± 0.21
SiO2 <10 0.18 N/A

aRoot-mean-square surface roughness of these SAMs was measured by analyzing 25 μm2 area AFM images. SAM thicknesses were measured using
a three-wavelength ellipsometer with a 70° angle of incidence assuming that the refractive indices of all SAMs were 1.45. All errors reported are
standard deviations across 10 substrates. Static water contact angles were measured using a 7 μL droplet of water.

Figure 2. SEM images of PFO-BPy-wrapped s-CNTs deposited on five different planar surfaces from (top row) chloroform and (bottom row)
toluene ink at a 2 μg/mL concentration. Scale bar is 1 μm.

Figure 3. Number density of PFO-BPy-wrapped s-CNTs deposited on five SAM surfaces as a function of s-CNT ink concentration for s-CNTs
dispersed in (a) chloroform and (b) toluene. (c) Number density of s-CNTs deposited on five surfaces using a constant 2 μg/mL ink concentration
to illustrate surface and solvent effects on s-CNT deposition from chloroform versus toluene s-CNT ink. Columns are ordered from left to right by
increasing the water contact angle (Table 1).

Langmuir Article

DOI: 10.1021/acs.langmuir.9b02217
Langmuir 2019, 35, 12492−12500

12495

http://dx.doi.org/10.1021/acs.langmuir.9b02217


actions between the modified surfaces and the solvent,
between the s-CNTs and the solvent, and between the s-
CNTs and the modified surfaces. Hence, we turn to atomistic
MD simulations coupled with umbrella sampling to elucidate
the driving forces for PFO-BPy-wrapped s-CNT deposition.
We simulated the adsorption of a single s-CNT to OTS- and
HMDS-modified surfaces because these surfaces exhibit a large
contrast in the number density of s-CNTs deposited
experimentally from chloroform (Figure 3a). We first
calculated the potential of mean force (PMF) for the
interaction between a s-CNT and each modified surface in
both toluene and chloroform to compare the adsorption free
energy with experimental deposition trends. We then examined
the solvent structure near each surface in the absence of a s-
CNT and near a polymer-wrapped s-CNT in the absence of a
substrate to elucidate the influence of solvent-mediated
interactions on s-CNT adsorption.
We calculated the PMF as a function of the distance along

the z-axis between the COM of the s-CNT and that of the
SAM-grafted surfaces (illustrated using the simulation snap-
shot in Figure 4a) to determine the adsorption free energy of
the s-CNT on each surface. The PMF reports the free-energy
change of a system projected along a reaction coordinate. A
negative free-energy minimum in the PMF indicates
thermodynamically favorable adsorption; we define the
adsorption free energy as the depth of the global free-energy
minimum. To avoid hysteresis in the PMF results, the PMF
curves are obtained from simulations in which initial
configurations were generated by pulling the s-CNT both
toward and away from the substrate (see SI Section S4 for
details).

Figure 4b shows PMFs for the adsorption of a s-CNT on an
OTS-grafted surface in both toluene and chloroform. In both
solvents, the PMFs are positive and monotonically increase as
the distance to the surface decreases, indicating that s-CNT
interactions with the surface are uniformly repulsive and
adsorption is not thermodynamically favorable. This finding
agrees with the results in Figures 2 and 3, which show that no
s-CNT deposition is observed on OTS-grafted surfaces
experimentally. Figure 4c shows PMFs for the adsorption of
a s-CNT on a HMDS-grafted surface in both solvents. The
PMFs exhibit oscillations with a global minimum located near
the surface. In toluene, the global free-energy minimum is
negative and located at ∼3.38 nm with an adsorption free
energy equal to 0.62 kcal/mol. We note that the s-CNT
modeled here is only 6 nm long due to the computational
expense associated with modeling longer s-CNTs. If the
adsorption free energy is assumed to scale linearly with s-CNT
length, then the corresponding adsorption free energy is ∼51.7
kcal/mol for the ∼500 nm long s-CNTs studied experimen-
tally. This strong adsorption free energy agrees with the
experimental observation of significant s-CNT deposition on
HMDS-grafted surfaces. In chloroform, two comparable
minima are located at ∼3.36 nm (−0.24 kcal/mol) and
∼3.86 nm (−0.30 kcal/mol). At ∼2.8 nm, a local minimum
with a free energy of −0.45 kcal/mol exists in toluene, while
only a shallow well is observed in chloroform. Thus, adsorption
on HMDS is favorable in both solvents, and the PMFs exhibit
similar oscillations.

Solvent Structure by MD Simulations. We next seek to
understand why distinct adsorption behavior is observed for s-
CNTs on HMDS and OTS in both simulations and
experiments even though both surfaces have methyl-terminal

Figure 4. (a) Simulation snapshot illustrating a PFO-BPy-wrapped s-CNT in chloroform near a HMDS-grafted silica surface. Each of the three
PFO-BPy chains is colored uniquely. The black line illustrates the reaction coordinate for umbrella sampling, which is defined as the distance along
the z-axis between the COM of the s-CNT and that of the SAM-grafted surface. (b) Potential of mean force (PMF) curves for s-CNT adsorption
on an OTS-grafted surface in chloroform (black) and toluene (red). (c) PMF curves for s-CNT adsorption on an HMDS-grafted surface in
chloroform (black) and toluene (red).

Figure 5. Solvent density as a function of the distance along the z-axis from the COM of the (a) OTS- and (b) HMDS-grafted silica surfaces. The
density of chloroform is shown in black and the density of toluene is shown in red. (c) Density of chloroform (black), toluene (blue), and PFO-
BPy (red) as a function of the radial distance from the COM of the s-CNT assuming cylindrical symmetry with respect to the long axis of the s-
CNT. All densities are normalized to their respective bulk densities.
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groups. Examination of the PMFs reveals that the separation
between free-energy minima in both solvents is approximately
0.5−0.6 nm, which is consistent with the kinetic diameter of
toluene42 or chloroform.43 Based on this length scale and the
oscillatory behavior of the PMFs, we hypothesized that the
solvent structure could drive adsorption to HMDS and not to
OTS. To investigate this hypothesis, Figure 5a,b presents the
solvent density (in chloroform and toluene) as a function of
the distance along the z-axis from the COM of the OTS- and
HMDS-grafted silica substrates, respectively. The bulk toluene
region has a density of ∼0.87 g/cm3 and the bulk chloroform
region ∼1.48 g/cm3. Near the OTS-grafted surface, the density
of each solvent decreases with minimal oscillations, which is
similar to solvent behavior at a vapor−liquid interface. In
contrast, the solvent density near the HMDS-grafted surface
exhibits large oscillations with at least two peaks (at ∼1.65 and
2.1 nm) and two depletion regions (at ∼1.85 and 2.4 nm).
These oscillations are consistent with oscillations exhibited by
structured solvents, such as water. The separation between the
minima is similar to the separation between the minima in the
HMDS-grafted surface PMFs.
Figure 5c presents the solvent density as a function of the

radial distance from the COM of the s-CNT in chloroform or
toluene. The density of the PFO-BPy wrapper is also included
as a reference. The densities of both toluene and chloroform
again display similar oscillations. Within 1.2 nm of the s-CNT,
both solvents are depleted compared to the bulk density with a
local maximum at ∼0.8 nm and a minimum at ∼0.90 nm (for
chloroform) or ∼0.97 nm (for toluene). This depletion region
is caused at least, in part, due to steric exclusion by the PFO-
BPy wrappers as suggested by the overlap of the PFO-BPy
peak and the solvent peak at ∼0.8 nm.
Attractive Solvation Force Drives Adsorption. Analysis

of the similar oscillations in the PMFs, the solvent structure
near the HMDS-grafted surface, and the solvent structure near
the s-CNT reveals a relationship between the locations of
solvent density minima and the PMF minima. We define Dmin

PMF

as the location of the global minimum in the PMF (∼3.38 nm
in both solvents as shown in Figure 4b), Dmin

sol as the location of
the second minimum in the solvent density near the HMDS−
surface (∼2.4 nm as shown in Figure 5b), and Rmin

CNT as the
location of the minimum in the solvent density near the s-CNT
(∼0.97 nm as shown in Figure 5c). These values are indicated
schematically by vertical dashed lines in Figures 4c and 5b,c.
Comparison of these values indicates that Dmin

PMF ≈ Dmin
sol + Rmin

CNT.
If Dmin

sol is instead taken as the location of the first minimum in
Figure 5b, then Dmin

PMF instead coincides with the location of the
local free-energy minimum at 2.86 nm.
This relationship suggests that the adsorption free energy

measured from the PMFs on HMDS-grafted surfaces is related
to the solvent structure as follows. Figure 5 shows that
introducing either an isolated s-CNT or a HMDS-grafted
surface into solution leads to a change in the solvent structure
to form layers (corresponding to the oscillatory density),
which is unfavorable thermodynamically. By aligning the
minimum in the solvent density around the s-CNT with the
minimum in the solvent density near the surface, the total
disruption of the solvent is minimizedthe system does not
have to pay the free-energy penalty to disrupt solvent twice,
leading to an attractive solvation (or structural) force.44−46

This behavior explains why the oscillations of the PMF mirror
the oscillations in the solvent density. This effect is similar to
hydrophobic attraction or hydration repulsion between

solvated surfaces of both soft materials47−49 and crystalline
mineral surfaces50,51 in water. Since both toluene and
chloroform are roughly spherical and rigid solvent molecules
that can form ordered layers like water molecules, this
observed oscillatory solvation force is not unexpected.
However, the attractive or repulsive nature of this interaction
depends on the detailed surface−solvent interactions,48 as
demonstrated by the ability of HMDS to induce the solvent
structure while OTS does not. Figure S4 of the Supporting
Information shows that both APTES- and PFOTS-grafted
surfaces, as well as bare silica, display oscillatory solvent
structures. Based on these findings, the adsorption of s-CNT to
bare silica or APTES- or PFOTS-grafted surfaces should also
be thermodynamically favorable, which is consistent with the
experimental observations in Figure 3. While the analysis of the
solvent density alone cannot quantify adsorption, this analysis
indicates that all surfaces for which deposition occurs also
exhibit oscillatory solvent density profiles in both toluene and
chloroform. Thus, we conclude that solvation forces, which
arise due to the layering of solvent molecules around s-CNTs
in solution and near SAM-grafted surfaces, give rise to
attractive interactions that thermodynamically favor deposi-
tion.
Overall, our simulations capture the right trend for s-CNT

adsorption on different SAM-grafted surfaces and show
consistent trends in both chloroform and toluene. Analysis of
the simulations reveals the important role of the solvation force
in determining the adsorption free-energy landscape. However,
the PMF curves show that adsorption in chloroform is less
thermodynamically favorable than adsorption in toluene. This
finding is seemingly inconsistent with the increased deposition
of s-CNTs from chloroform ink observed on all surfaces
(Figure 3). The difference in the adsorption free energy also
cannot be attributed to differences in macroscopic van der
Waals interactions, which we estimated based on the Lifshitz
theory, as described in Section S6 of the SI. One possible cause
of the difference may be the chlorine doping of the s-CNT,
which could be a non-negligible effect that increases s-CNT
deposition from chloroform ink. It is also possible that
inaccuracies with the chloroform force field, which less
accurately reproduces experimental measurements than the
toluene force field,52,53 could account for these differences.
Other factors such as the presence of water molecules at the
substrate−solvent interface due to the uptake of moisture from
the air, and the exposure of the silica substrate due to imperfect
SAM coverage might all result in small changes to chemical
properties that might influence adsorption.
We also emphasize that the simulations consider the

adsorption of a single s-CNT, whereas the experiments
measure the deposition of many s-CNTs. The simulations
thus do not account for behavior emerging from interactions
between s-CNTs that may affect the quantification of
deposition in the experiments, such as bundling of s-CNTs
in solution or on the surface (as is apparent in the SEM images
shown in Figure 2). Specifically, atomic force microscopy
images show that the height of s-CNTs deposited on the
surface is larger when s-CNTs are deposited from toluene ink
compared to those from chloroform ink (SI Table S2). This
hints that s-CNT bundles may form in toluene more often than
in chloroform, which may suppress s-CNT deposition from
toluene ink on all surfaces examined in this work. It is thus
unclear if the larger adsorption free energy for a s-CNT in
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toluene should necessarily correspond to greater deposition if
interactions between s-CNTs are considered.

■ CONCLUSIONS
In this work, we examined the adsorption behavior of PFO-
BPy-wrapped s-CNTs on various SAM-grafted silica substrates.
Experimentally, we show that changing the substrate
functionality via SAM functionalization impacts the number
density of s-CNTs that deposit on the surface from solution.
Changing the PFO-BPy-wrapped s-CNT dispersion solvent
also affects s-CNT adsorption. To understand these effects, we
perform MD simulations to model s-CNT adsorption on
HMDS- and OTS-grafted SAMs, which represent two
extremes of s-CNT affinity based on the experimental
measurements. These simulations highlight that solvation
forces determine the adsorption free-energy landscape driving
s-CNT deposition. Specifically, the global minimum of the
adsorption free energy coincides with a configuration where
the minimum of the solvent density around the s-CNT
coincides with the minimum of the solvent density near the
SAM-grafted surface. The oscillatory solvent structure that
arises near the HMDS-, APTES-, and PFOTS-grafted surfaces
thus leads to thermodynamically favorable s-CNT adsorption,
whereas the lack of the solvent structure near the OTS-grafted
surface leads to uniformly repulsive s-CNT interactions,
explaining the experimentally observed trends. The insights
gained here show the importance of solvent and substrate
functionalities when depositing polymer-wrapped carbon
nanotubes. Our data will help guide rational substrate design
for controlling PFO-BPy-wrapped s-CNT deposition for next-
generation semiconducting electronics.
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