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ABSTRACT: Weak interfilament van der Waals interactions are
potentially a significant roadblock in the development of carbon
nanotube- (CNT-) and graphene-based nanocomposites. Chemical
functionalization is envisioned as a means of introducing stronger
intermolecular interactions at nanoscale interfaces, which in turn
could enhance composite strength. This paper reports measure-
ments of the adhesive energy of CNT-—graphite interfaces
functionalized with various coverages of arylpropionic acid. Peeling
experiments conducted in situ in a scanning electron microscope
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show significantly larger adhesive energies compared to previously

obtained measurements for unfunctionalized surfaces (Roenbeck et al. ACS Nano 2014, 8 (1), 124—138). Surprisingly, however,
the adhesive energies are significantly higher when both surfaces have intermediate coverages than when one surface is densely
functionalized. Atomistic simulations reveal a novel functional group interdiffusion mechanism, which arises for intermediate
coverages in the presence of water. This interdiffusion is not observed when one surface is densely functionalized, resulting in
energy trends that correlate with those observed in experiments. This unique intermolecular interaction mechanism, revealed
through the integrated experimental—computational approach presented here, provides significant insights for use in the

development of next-generation nanocomposites.

KEYWORDS: Carbon-based nanomaterials, chemical functionalization, adhesive energy, surface energy, in situ SEM testing,

atomistic simulations

arbon nanomaterials such as carbon nanotubes (CNTs)

and graphene exhibit extraordinary mechanical stiffness
(~1 TPa) and strength (~100 GPa), which makes them ideal
candidates as strong, lightwei§ht, load-bearing filaments within
next-generation composites. =7 However, while individual
CNTs and monolayer graphene sheets are robust, interactions
between individual filaments are weak by comparison.® ' The
significant disparity in strengths stems from the molecular
bonds that govern these interactions: while individual CNT and
graphene filaments are held together by sp> bonds, which are
strong, they adhere to each other through van der Waals
(vdWs) interactions, which are weak.® It is thus not surprising
that the mechanical properties of composites derived from
carbon nanomaterials fall short of the properties of their
constituents."' "> van der Waals-driven interfilament inter-
actions thus appear to present a significant bottleneck in the
design of carbon nanomaterial composites.

To address this challenge, developing ways to effectively
transfer load between nanoscale constituents is a necessary
prerequisite for designing strong, lightweight composites from
these materials. Many studies have taken a top-down approach
to this problem by developing and exploring behaviors of
different composites. For instance, integrating soft, extensible
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polymers with CNTs in macroscopic CNT yarns has yielded
significant insights. Espinosa, Nguyen, and co-workers demon-
strated that controlled introduction of poly(vinyl alcohol) into
CNT yarns spun from mats can yield increases in stiffness and
energy to failure."® Vilatela et al. showed, through in situ Raman
characterization of CNT yarns undergoing tensile tests, that
poly(methyl methacrylate) improves load transfer among
CNTs when compared to pristine CNT yarns.'® Beyond the
introduction of polymer alone, chemical functionalization of
carbon nanomaterials has also been envisioned as a means of
enhancing interfilament interactions.!” Indeed, significant
efforts have been undertaken to investigate the properties of
composites with functionalized carbon nanotubes and
graphene.'®™* While top-down studies of macroscopic
composites provide insight into the improvements in perform-
ance upon inclusion of carbon nanomaterials, it is difficult to
compare the properties of composites among differences in
studies to guide materials design due to different processing
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Figure 1. Functionalization of the graphitic surfaces of MWCNTs and HOPG is carried out using diazonium salts.

conditions, system sizes, and other factors. Though interactions
between adjacent filaments certainly contribute to mechanical
behavior, other global design factors, such as filament alignment
and porosity, also play critical roles in performance.'***~%’
Consequently, it is difficult to isolate improvements in
interfilament interactions based on top-down studies of
composites alone.

To complement findings obtained through macroscale
studies, an alternative approach is to isolate nanoscale filaments
and explore ways to make their interfaces more adhesive. Many
types of chemical functionalization have been proposed in the
literature to introduce new interfacial bonding mechanisms that
modify interfilament interactions.'” Among these mechanisms,
hydrogen bonding has proven to be particularly promising, as
hydrogen bonds are approximately one order of magnitude
stronger than vdWs interactions.”® Effective functionalization of
interfaces with structures that can participate in intersurface
hydrogen bonding brings the possibility of continuously
reforming interfacial contacts.”® This is especially advantageous
when attempting to prevent filaments from sliding or
separating. Indeed, the strength and toughness of dragline
spider silk, which utilizes hydrogen bonding to bridge beta-
sheet filaments, make it a convincing natural example of the
capabilities of hydrogen bonding.”” ' Human bones, at the
smallest scale of their hierarchical structure, also rely on
hydrogen-bond breaking and reformation to enable large
deformation of tropocollagen fibrils,*> thus dissipating sig-
nificant energy prior to fracture.””*"**** Considering the high
strength and toughness of natural materials that take advantage
of hydrogen bonding, it is of great scientific interest to further
explore nanoscale behavior of interfaces that utilize this
bonding mechanism.

Here, we explore the effect of chemical functionalization on
the adhesion of nanoscale interfaces between multiwalled
carbon nanotubes (MWCNTs) and highly ordered pyrolytic
graphite (HOPG). We introduce aryl-propionic acid groups
(Figure 1) onto these materials to enable hydrogen-bonding
mechanisms at the interface. We experimentally quantify the
adhesive energy, the reversible work of creating the exposed
surfaces (ie, twice the surface energy), as well as the
irreversible work of separation during peeling by peeling
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MWCNTs from HOPG in situ in a scanning electron
microscope.”> We compare these results with our previous
peeling study of bare nanoscale graphitic interfaces®® to explore
the possibility of improvements in adhesion associated with
chemical functionalization. We also develop atomistic models
to explain changes in surface energy (y) and adhesive energy
(27 + dissipated energy) and provide insights into deformation
mechanisms at the interfaces between these materials. Our
integrated computational—experimental approach comprises a
strategy for screening potentially useful functionalizations
through computational models and then verifying the adhesion
predictions experimentally, enabling the bottom-up design of
strong, lightweight composites that effectively leverage the
exceptional mechanical properties of carbon nanomaterials.
Materials Synthesis and Characterization. Arylpro-
pionic-acid-functionalized MWCNTs and HOPG were pre-
pared using diazonium chemistry (Figure 1, see the Supporting
Information for details).>” ™ Arylpropionic acid was selected
because it is hypothesized to exhibit suitable coverage and
flexibility for introducing hydrogen bonds at the interface
between functionalized MWCNTSs and HOPG. The moderate
flexibility of the propionic acid chain may allow for a variety of
possible conformations in which hydrogen bonds can form
between opposing surfaces (intersurface). Longer chains with
more flexibility could lead to the terminal carboxylic acid
moieties bonding with each other within the same surface
(intrasurface) or folding onto the surface, exposing the
nonpolar alkylic part of the structure rather than the terminal
groups that were designed to yield hydrogen bonds.***" (In our
system such configurations are expected to be limited by the
rigid phenyl part at the base of each propionic group, which
separates polar moieties and restricts intrasurface bonding.)
The coverage formed by phenyl-based groups during
application of diazonium chemistry to graphitic surfaces is
expected to be random, as well-ordered functionalization has
been shown to be impossible for graphitic materials.**~** In
light of these factors, the functional groups used in this study
should effectively introduce well-distributed hydrogen bonds at
these nanoscale interfaces. Recent studies suggest that
covalently bound oligomers** and physisorbed oligomers46
may also be present on HOPG surfaces prepared with
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Figure 2. Characterization data for MWCNTs and HOPG. (a) XPS survey scans of bare and functionalized MWCNTs. (b) XPS survey scans of bare
and functionalized HOPG. Spectra are normalized by the height of the C 1s peak. (c) Noncontact mode AFM topography scans of pristine and
functionalized HOPG. Height profiles of representative line scans are shown below each image. (d) Lorentzian fits of the D peaks for bare,

oligomerized (control), and propionic acid-functionalized HOPG.

diazonium chemistry. Additional details regarding these
findings and their implications for experimental measurements
are included in the Discussion section.

Functionalization density was estimated using X-ray photo-
electron spectroscopy (XPS) (see Figure 2a,b) after subtracting
contributions from the oxygen of strongly adsorbed water, the
carbon from the underlying layers of the MWCNT and HOPG,
the oxygen from the underlying alumina filter membrane, and
small amounts of oxygen present on the bare tubes (see the
Supporting Information for details). Our heavily functionalized
ones had a functionalization density of approximately 1 in 10
surface carbon atoms, while the moderately functionalized
tubes had a density of approximately 1 in 30 carbons. Our
HOPG had a functionalization density of approximately 1 in 35
surface carbons. In subsequent sections, we refer to these ratios
of one functional group per N surface carbon atoms as 1:N
(e.g, 1:10, 1:30, and 1:35).

Raman spectroscopy was used to determine whether or not
functional groups were covalently bound to the graphite
surface. In addition to a prominent G-band (~1580 cm™)
associated with in-plane sp* optical vibrations, a characteristic D
peak (~1350 cm™) is associated with disordered carbon
structures.*’~* Studies have ascribed the presence or increase
of a D peak to sp® bonding induced by aryl group
functionalization.*”**~>> While functionalizations expected to
be physisorbed on the surface of graphene have also exhibited
increased D peaks compared to pristine graphene,%’ss’54 the
magnitude of these peaks is lower than that of covalently
functionalized graphene.*” It is thus hypothesized that the same
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trend would hold for HOPG with a functionalized top surface
such as in this study.

In accordance with the literature,** we prepared control
samples with oligomerized functional groups that are expected
to be physisorbed rather than covalently bound to the surface
(see the Supporting Information). Fits of the resulting D peaks
(see Methods) are plotted in Figure 2, panel d. While the
oligomerized control sample exhibited a slight increase (~30%)
in the integrated area of the peak compared to the pristine
sample, the increase in the peaks of the functionalized sample
was over 140%. Since the relative sizes of these peaks
correspond well with literature reports,** these results suggest
that covalently bound functional groups are present on the
surface of the HOPG used in testing. (Note that the result is
equally consistent with the covalent binding of monomers or
oligomers.)

An atomic force microscope (AFM) was used in tapping
mode to examine the smoothness of the functionalized HOPG
surfaces. Figure 2, panel ¢ shows the topographies of pristine
and functionalized graphite. The pristine samples appeared
atomically smooth, although steps of single graphene layers,
presumably due to the cleavage, were observed. The roughness
was approximately 0.1 nm.*® The functionalized surfaces were
found to be rougher, with the scan over a 1 X 1 um” area
yielding a uniform roughness of approximately 0.7—0.8 nm.
This suggests the functionalization was distributed evenly. The
aforementioned step features remained after the functionaliza-
tion, and they are believed to contribute to the scatter of the
peeling data. However, since the CNT diameters (25—27 nm)
are much larger than the measured roughness, the function-
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Figure 3. Experimental setup and simulation domain. In the experiments, an AFM cantilever (force sensor) with an attached CNT is brought into
contact with an HOPG substrate within an SEM. As the substrate is pulled away, the force F on the CNT and angle € with respect to the substrate
are monitored. In the simulations, graphene bilayers functionalized with propionic groups are used to explore the geometries and energetics

associated with peeling.

Table 1. Experimental Measurements and Calculated Adhesive Energies for Functionalized MWCNT—HOPG Interfaces

peel outer

functionalization  tube angle, force, diameter number

level no. 0 [°] F [nN] [nm] of walls
1:10 on 1:35 1 54 46 25 31
1:10 on 1:35 1 52 59 25 31
1:10 on 1:3§ 2 40 59 26 31
1:10 on 1:35 2 42 94 26 31
1:10 on 1:35 2 42 99 26 31
1:10 on 1:35 2 45 108 26 31
1:10 on 1:35 2 40 114 26 31
1:30 on 1:3§ 1 54 83 26 31
1:30 on 1:35 1 58 81 26 31
1:30 on 1:35 1 S5 96 26 31
1:30 on 1:35 1 54 95 26 31
1:30 on 1:35 2 50 100 27 33
1:30 on 1:3§ 2 44 141 27 33

collapsed contact
width, we [nm]

flattened adhesive
energy, Ri [J m™]

flattened contact

collapsed adhesive
width, wg [nm]

energy, R¢ [J m™2]

14.8 8.0 129 + 0.27 2.37 + 0.80
14.8 8.0 1.56 + 0.33 2.88 + 0.96
14.9 8.1 0.92 + 0.18 1.69 + 0.55
14.9 8.1 1.59 + 031 2.94 + 0.96
14.9 8.1 171 + 0.34 3.16 + 1.03
14.9 8.1 2.13 + 042 3.93 + 1.28
149 8.1 1.77 + 0.36 328 + 1.08
14.9 8.0 2.31 + 0.45 4.28 + 1.39
14.9 8.0 2.56 + 0.49 4.72 £ 1.53
14.9 8.0 2.72 £ 0.52 5.03 + 1.63
14.9 8.0 2.63 £ 0.51 4.85 £ 1.57
15.1 82 2.40 + 0.46 444 + 142
15.1 8.2 2.65 + 0.51 494 + 1.58

alized graphite can be approximated as smooth and flat for the
experimental analysis and the modeling.

In Situ Scanning Electron Microscope (SEM) Testing.
In situ SEM testing was carried out using a methodology
previously employed by us for MWCNT—graphene and
MWCNT—HOPG interfaces.®® A schematic representation
of the experimental setup is shown in Figure 3. Briefly, an AFM
cantilever (of known stiffness) extending from a nano-
manipulator was brought into contact with a MWCNT in
situ in a SEM. The ~5 pum-long CNT was cut using a focused
electron beam and welded to the cantilever via amorphous
carbon deposition. The tube was then brought into contact
with the graphite substrate attached to the SEM stage. Finally,
by retracting the stage, the tube detached from the substrate
through successive small peels (approximately 100 nm in
length). The AFM cantilever deflection and tube profile were
recorded at regular intervals to facilitate the evaluation of the
applied force and pulling angle at the onset of peeling.

The adhesive energies were estimated using an analysis
developed by Kendall.>® Kendall’s formula, which assumes an
energy balance and no dissipation outside the vicinity where the
actual separation occurs (i.e., only local dissipation), states that:

PZ

F(1 — cos(f)) = Rw — Py )
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where F is the applied force, 6 is the peeling angle, R is the
adhesive energy, w is the effective contact width, E is the elastic
modulus of the CNT (taken to be 1 TPa>?*), d is the diameter,
and ¢ is the thickness of the outermost wall (which is expected
to bear the majority of the load*). The term on the left
corresponds to work done by the cantilever, while the first and
second terms on the right denote the energy required to create
new surfaces and the elastic strain energy of the tube,
respectively. Rearranging eq 1 affords the adhesive energy R as:

1 F
R= ;{F(l — cos(0)) + ZﬂEdt} o)

As noted by Kendall,®® the adhesive energy R measured
experimentally includes the work of adhesion as well as local
dissipation. If nonlocal dissipation (e.g, tube or graphite
plasticity) is important in a system, Kendall-based estimates of
the adhesive energy will be too high. In the ideal limit where
free surfaces are created without dissipation, the adhesive
energy can be equated to the work of adhesion, or twice the
surface energy (i, 2y). Additional discussion regarding the
assumptions associated with applying Kendall's model is
included in the Supporting Information.

Atomistic Simulations. A schematic of a representative
system studied with atomistic simulations is shown in Figure 3.
Two 3 nm X 3 nm graphene bilayers were prepared with
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periodic boundary conditions applied in all three dimensions.
Vacuum regions of 3 nm were added above and below the
outermost graphene layers. The inner layers were randomly
functionalized with arylpropionic monomers with high (1:11)
and moderate (1:35) coverages to match the experimental
coverages as closely as possible, while the outermost graphene
layers were added to stabilize the inner surfaces (see Methods).
Simulations were performed using the all-atom optimized
potentials for liquid simulations (OPLS-AA)***” as imple-
mented in Tinker 6.3.°° Systems were analyzed without water
(representing ultrahigh vacuum conditions) and with two
simple point charge (SPC) water molecules per functional
group (corresponding to ~1 X 107> Torr pressure in the SEM).
Molecular mechanics (MM) was used for the stepwise
compression or opening of interfaces. To confirm that the
interface geometries predicted by MM were realistic, systems
were also equilibrated at 300 K using molecular dynamics
(MD) with an NVT ensemble until conservation of energy was
established. Relative energy values reflect the energy required to
open the equilibrated interfaces, equivalent to twice the surface
energy (2y). Additional information regarding simulations is
provided in the Methods section and Supporting Information.

Results and Discussion. Experimental Adhesive Energy.
To evaluate the adhesive energies of arylpropionic-function-
alized interfaces, two CNTs with 1:10 functionalization and two
CNTs with 1:30 functionalization were peeled from 1:35
functionalized HOPG substrates. As noted earlier, multiple
small peels were induced during a given test, which enabled
several data points to be extracted per test. Detailed
experimental results, including forces and peeling angles for
each peel with functionalized materials, are reported in Table 1.

It is important to contextualize and standardize the energy
values obtained with these functionalized surfaces with respect
to (i) previously obtained data for bare MWCNT—graphite
interfaces and (ii) atomistic simulation predictions. For this
purpose, we focus on comparing adhesive energy results
assuming a flattened MWCNT configuration. The term
“flattened” is derived from our previous work®® where it was
determined that MWCNTSs can either be flattened or collapsed
on a surface depending on nanotube diameter and number of
walls. This influences the contact width that is utilized in the
Kendall analysis, leading to ambiguity in the adhesive energy
values. For completeness, contact widths and adhesive energies
are reported using both conformation types in Table 1 (with
subscripts “C” and “F” denoting collapsed and flattened,
respectively). However, while both conformations are possible,
MWCNTSs with the diameters and numbers of walls reported in
Table 1 are not expected to achieve a collapsed configuration,
so adhesive energies assuminég a flattened configuration are the
most appropriate standard.>® These results for functionalized
interfaces, as well as data for the bare interfaces previously
studied by us,*® are shown in Figure 4. (We note that the
amount of flattening or other factors, such as graphitic
deposits,® that increase contact area would lead to smaller
adhesive energies than are reported.)

The eight data points reported in ref 36 for bare graphite and
graphene yielded an average adhesive energy (taken as twice
the y values reported) of 0.73 ] m™* with a standard deviation of
0.30 J m™> By comparison, the 1:10 on 1:35 tube—HOPG
interfaces exhibited an average adhesive energy of 2.89 J m™
with a standard deviation of 0.71 J] m™> Finally, the average
adhesive energy of the 1:30 on 1:35 interfaces was 4.71 J m™>
with a standard deviation of 0.29 J] m™> Unpaired t tests
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Figure 4. Experimental adhesive energies for bare—bare, 1:10 on 1:35,
and 1:30 on 1:35 surfaces. The bare-bare data were taken from ref 36.
For comparison, adhesive energies reported for common metals and
CNT-based gecko tapes (adhered to various substrates) as well as
adhesion energies for common polymers are included>**~"!

between each pair of data sets indicate that there is a statistically
significant difference (p < 0.05) between each of the mean
values.

The role of dissipation in these adhesive energy measure-
ments merits further discussion. In all cases, the energy values
measured are small enough and the tubes and graphite are
strong enough that we expect no significant nonlocal
dissipation. For bare CNT—graphene/graphite interfaces, the
adhesive energy measured was close to twice the surface energy
of graphite reported in the literature, suggesting that energy
dissipation is not significant when separating those inter-
faces.360~62 However, the adhesive energy measured for
arylpropionic-functionalized interfaces cannot be compared
with literature values; this is a novel system. Atomistic
simulations were thus carried out to predict the surface energy
of these interfaces as a function of coverage and, through
comparison with experiments, assess the degree to which local
dissipation contributes to adhesive energy measurements. In
addition, the nature of interfacial interactions predicted via
simulations can elucidate the mechanisms that underlie a
surprise experimental finding: intermediate coverages, not high
coverages, yield the highest adhesive energies.

Theoretical Surface Energy. One may expect that hydrogen
bonds would be the dominant factor defining the adhesive
properties of these surfaces. Therefore, it would seem intuitive
that highly functionalized surfaces would exhibit stronger
adhesion than those with moderate functionalization, as the
former have more potential for intersurface bonds to form.
Indeed, atomistic simulations in ultrahigh vacuum (UHV)
conditions (see the Supporting Information, especially Figure
S8) support this hypothesis. Moderately functionalized surfaces
in UHYV tend to have weaker adhesion due to a smaller number
of intersurface hydrogen bonds compared to more highly
functionalized interfaces.

However, while the simulations under UHV conditions serve
as a useful test case, ambient water is expected to play a critical
role in the behavior of arylpropionic acid functionalized
interfaces. As shown in studies of materials such as spider silk
and aramid single fibers, the presence of water can significantly
alter the performance of interfaces involving hydrogen
bonding.m_65 Our XPS data (see the Supporting Information)
suggest that ambient water content in our in situ SEM peeling
experiments could be as low as two water molecules per
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functional group, so we added this much water to our models as
a first approximation.

The surface structures associated with two choices of
functionalized surfaces are presented in Figure S. Water
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Figure 5. Energy profiles for the stepwise compression of interfaces
formed by 1:35 on 1:35 (black squares) and 1:11 on 1:35 (red dots)
functionalized surfaces in the presence of water. Insets are illustrations
of configurations of interfaces at particular steps.

molecules cannot penetrate the densely packed functional
groups of the 1:11 surfaces, so they mediate hydrogen-bond
interactions with this surface (see the insets in Figure S). The
overall structure of the 1:11 on 1:35 interface is therefore
similar to what was found in the absence of water for the same
coverage. In contrast, for moderate functionalization (1:35 on
1:35), some water molecules move into gaps between groups.
The rest form hydrogen bonds with carboxylic groups within
the polar parts of the interface region and with other water
molecules. Compression of these surfaces leads to an
interdiffused structure of lower energy, with little or no barrier
for formation of a structure with a 1.5 nm separation.

While the picture in Figure S is qualitatively similar to that in
Figure S6 in the Supporting Information, we were unable to
generate well-defined minimum energy structures for the
energy profiles shown in Figure 5 using the stepwise
compression procedure employed in the latter figure. This is
because the energy minimization process for Figure 5 leads to
many local minima corresponding to embedded water cluster
structures of different sizes. As an alternative, we selected
several interface configurations from along the compression
path (see the insets in Figure S) and equilibrated them at 300
K. Examination of the resulting structures revealed that for the
1:11 on 1:35 structure (Figure 6, right panels), the water
molecules are always localized near the carboxylic groups. For
the 1:35 on 1:3S interface (Figure 6, left panels) there are
isolated water clusters and alkyl—alkyl interactions that stabilize
the interacting surfaces. Interactions between two heavily
functionalized surfaces such as 1:11 on 1:11 (not shown in
Figure 6) showed no intersurface hydrogen bonds between
functional groups; instead, water links carboxylic groups bound
to opposing surfaces.

Deep interdiffusion of the arylpropionic acid functional
groups layers was only observed if neither of the interacting
surfaces was heavily functionalized. For deep interdiffusion, the
surface restructuring was complex, even more so than in the
water-free cases. Peeling (or shearing) of such interfaces should
require more force than would be expected for surfaces without
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interdiffusion due to the effective segregation of hydrophobic
and hydrophilic regions as well as a relatively high area of
interacting surface. For example, repulsive interactions that
occur when a hydrophilic region is moved into a hydrophobic
area can result in resistance to pulling the interdiffused layers
apart, thereby acting as a net attraction. This is in contrast to
what happens for surfaces that do not diffuse into one another,
in which case only hydrophilic interactions (hydrogen bonds)
are attractive (Figure 6).

We selected several equilibrium configurations (at 300 K) to
provide a statistically meaningful evaluation of the possible
interaction mechanisms activated during the peeling tests. The
resulting energy-displacement curves, when averaged over
multiple stepwise peeling procedures (Figure 7), provide
insights into these mechanisms. To provide a reference point
and understand trends, we started from identically function-
alized interfaces in vacuum (no water). Under these conditions,
the 1:35 on 1:11 interfaces exhibited a higher relative energy
(~0.08 J/m?) than the 1:35 on 1:35 systems (~0.04 J/m?) (see
Figure 7a,b). This is due to the aforementioned correlation
between the surface energy and the number of intersurface
hydrogen bonds. However, structural transformations in
interdiffused arylpropionic acid layers mean there is an
additional step in the opening mechanism. This step results
in extra energy relaxation that is sufficiently effective to create
an energy barrier of ~0.14 J/m? for the 1:35 on 1:35 systems in
the presence of water. Interfaces where one or both surfaces are
heavily functionalized only operate via hydrogen-bond
interactions. Therefore, the adhesion energies are lower
(~0.11 J/m? for 1:11 on 1:35). The fact that the trends in
adhesion from simulations that include water match the trends
observed experimentally, while those without water do not,
highlights the importance of accounting for the role of water in
these systems. While this is not as critical for surface
interactions governed by vdWs adhesion (e.g.,, bare graphitic
surfaces), the inclusion of water elucidates a unique
mechanism—functional group interdiffusion—that is expected
to contribute to the enhancements in adhesion observed in
experiments.

The arylpropionic acid groups are so sufficiently rigid that
they keep the graphene basal planes well separated. As a result,
they prevent the surfaces from approaching the vdWs minimum
associated with graphite (~0.34 nm), which means that the
vdWs interactions that are present are much weaker than in the
bare case. In addition, the intersurface hydrogen bonds have
too low a density to compensate for the loss of interactions, so
even though the hydrogen bonds are stronger, there are fewer
of them. We also find that interdiffusion, when it occurs,
increases the surface energy by just a small amount compared
to an analogous noninterdiffused case. However, we note that
interdiffusion probably plays a role in the experiments that are
related to what we find. For the 1:35 on 1:35 case, there is the
suggestion of an appreciable average force over ~0.3 nm
between 1.5 and 1.8 nm (see Figure S) that is nearly constant.
Noncovalent bonds are broken and new ones formed, which
are then broken as the surfaces interdiffuse. This is not the case
when atomistically flat surfaces are in contact.

Calculating surface energies accurately is challenging due to,
for example, errors in force fields and difficulties with structural
models. The most serious problem arises from statistical errors
associated with calculating the small difference between two
large numbers (i.e., the energy difference between the
equilibrium and separated surfaces). The simulations we have
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stick representations. Close-up view: Representative interactions are shown for each interface. Outer graphene layers are not shown.

performed have necessarily simplified this issue either by doing
the calculations at 0 K or by studying models in which the
dissociated fragments are assumed rigid rather than being
equilibrated. Ultimately, such calculations are not capable of
providing quantitative results, although they do provide
qualitative insight.

From Surface to Adhesive Energies. While the qualitative
trends between simulations and experiments provide critical
insights into the adhesion of these interfaces, it is also
important to quantitatively compare the results obtained with
each method. The theoretically calculated relative energies for
the functionalized surfaces are smaller in magnitude than the
average experimental values associated with functionalized, and
even bare, surfaces.>

In interpreting the theoretical predictions of surface energies,
we should point out that the lack of quantitative agreement

4510

between the calculated surface energies and experimentally
measured adhesive energies is likely the result of three factors:
dissipation, inhomogeneous surfaces, and computational
problems with determining relative energies. Of the three,
dissipation appears to be the dominant factor. There are many
sources of dissipation that might affect the experiments.
Interdiffusion takes time, and our MD simulations suggest
that 1:35 on 1:35 surfaces interdiffuse in >100 fs (the water
cluster rearrangement time). Interdiffusion for the 1:30 on 1:35
surfaces should be much slower than this, as this also requires
movement of the arylpropionic acid groups. Peeling in the
experiments occurs abruptly; hence, events at the front occur at
close to the speed of sound (~0.1 A/fs, i.e., approximately the
Rayleigh wave speed), so the time scale for these events is
shorter than the interdiffusion time. As a result of the
characteristic velocity at the peeling front being faster than
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the characteristic interdiffusion velocity, equilibrium will not be
maintained during peeling, and irreversible processes (including
covalent bond breakage as we discuss next) will lead to adhesive
energy measurements much larger than twice the surface
energy.*® Indeed, the calculated relative energies imply only
lower bounds to the energy measured for peeling in
experiments.

Ultimately, the significant difference between the surface
energy-based predictions and the adhesive energy measured in
experiments indicates that irreversible energy dissipation
governs the peeling process. On the basis of the energy profiles
shown in Figure S, we believe that the primary dissipation
mechanism is the rupture of covalent bonds at the junctions
between functional groups and the basal planes of CNTs and
HOPG and within the propionic functional groups. For
instance, the energy profiles computed for 1:35 on 1:35
surfaces exhibit abrupt changes in energy at intersurface
distances of approximately 1.64 and 1.58 nm due to sudden
changes of hydrogen-bond distributions. Hence, the average
normal stresses acting on the surfaces, given by the derivative of
the energy (per unit area) with respect to intersurface distance,
are estimated to be as high as 0.6—1.0 GPa. In the simulated 3
nm X 3 nm system (Figure S, bottom right inset), this
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corresponds to a force of up to 9 nN acting over about three
intersurface contact points, or ~3 nN per point. This estimate
offers an approximate lower bound to the forces that operate at
the peeling front in experiments. Since the functional groups on
the surfaces are likely to be inhomogeneously distributed,
localized forces may be even higher in experiments. In addition,
the forces estimated from atomistic simulations correspond to
those under infinitely slow separation with idealized geometries.
Since the characteristic experimental peeling time is shorter
than the characteristic interdiffusion time, additional forces
beyond those estimated from Figure 5 will be required to
separate interdiffused surfaces in the experiments. Furthermore,
for comparison, the strength of sp® carbon bonds has been
experimentally measured to be as low as ~2.5 nN in some
circumstances, which is within range of the approximate lower
bound described previously.”’” Thus, these high transient
normal stresses are expected to cause covalent-bond breakage
of a substantial number of sp® bonds near the joints between
functional groups and basal planes and within the propionic
groups.

To support this hypothesis, we carried out a first-order
estimation of the dissipated energy due to covalent-bond
breakage by assuming that two sp® bonds per pair of functional
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groups ruptured during peelin§. Since the dissociation energy
of sp® bonds is ~367 kJ/mol,*® the additional energy per unit
area required to separate two surfaces with 1:35 functionaliza-
tion density is approximately 1.3 J m™2. This energy value is on
the same order of adhesive energy measurements obtained
from our experiments for the functionalized interfaces. Further,
covalent-bond breakage is more likely to arise with interdiffused
structures and hence with the 1:10 on 1:35 measurements.
Therefore, it is reasonable to suggest that local covalent bond
breakage appears to be the main energy dissipation mechanism
leading to the high adhesive energy values measured in the
experiments, which greatly exceed the values predicted through
surface energy-based atomistic simulations.

In addition to dissipation, quantitative differences between
experimental and theoretical results presented here may arise
from inhomogeneous surfaces in the experiments. Recent
studies suggest that diazonium chemistry leads to covalently
bound oligomers on silicon carbide-supported graphene** and
mostly physisorbed oligomers on graphite.** These studies are
opposed to other reports that suggest monomers are present on
planar surfaces such as HOPG.***°~>* While there is not yet a
consensus on the way functional groups adhere to graphite, we
cannot rule out the possibility that the arylpropionic groups
may also be present as oligomers. Covalent bonding of
arylpropionic monomers is expected to occur on the tubes, as
the curvatures of ~25 nm diameter tubes are greater than those
of the ~50 nm diameter nanoparticles investigated by Wu et
al.* Compared with the systems of monomers studied in our
simulations, oligomers would facilitate additional deformation
mechanisms and bonding interactions that contribute to
adhesion. In addition, while the aforementioned Raman
spectroscopy results suggest that some covalent bonding of
functional groups is present on the graphite surfaces, any
physisorbed material could also be removed during peeling and
thus affect energy measurements. Finally, the surfaces are also
likely to be fouled by other materials from the atmosphere, such
as hydrocarbons, and the tube surfaces are expected to have
some amorphous carbon attached.*” Their presence should also
impact the peeling force, as amorphous carbon is expected to
have a different functionalization ratio than the graphitic
regions.

Finally, with respect to the field of nanocomposites design, it
is important to contextualize these results presented thus far
with respect to surface energy and adhesive energy values for
other materials reported in the literature. While the
aforementioned comparisons with less adhesive interfaces
between bare CNTs and graphene/graphite are the most
direct, many other materials are also incorporated into
composites, so a more complete discussion is warranted. As
one example, flexible polymers typically exhibit low surface
energies. For instance, the work of adhesion of polystyrene
(corresponding to twice the surface energy, y) has been
measured to be ~0.07 J m2>*% Other polymers fall in a
similar range. Metals, in contrast, are strongly adhesive—for
example, the work of adhesion of clean copper (ie., in the
absence of an oxide or surface contaminants) has been shown
to be 4 J m™2.>*”° This is to be expected in light of the strong,
short-ranzge electron exchange interactions that bind metals
together.” Interestingly, the adhesion of macroscopic CNT-
based “gecko tapes”, whose structures are inspired by highly
adhesive gecko feet, is also within this range. Experimental
adhesive energies of CNT tapes on Teflon and mica substrates
reported by Ge et al. are 2.2 J m™> and 5 J m ™, respectively.”*
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Within these contexts, the adhesive energies measured for both
sets of our functionalized materials are well above those of
polymers and bare graphitic interfaces, and within the range of
other highly adhesive materials. These results accentuate the
importance of rational chemical functionalization as a highly
promising strategy for enhancing the surface properties of
carbon nanomaterials for incorporation into future composites.

There are several additional studies that could provide
meaningful insights for adhesion of nanoscale interfaces and its
implications for nanocomposites design. At the nanoscale,
future studies that aim to complement this work should explore
interfilament shearing behavior. While enhanced adhesion leads
to enhanced shear, it is important to account for multiple
modes of interfilament failure, especially in composites such as
CNT yarns, which have great variation in alignment."*”> The
effect of functionalization on nanoscale adhesion of rougher
graphitic interfaces (e.g., graphene-based interfaces in refs 73
and 74) would also be of significant interest, as interfacial
conformations within composites would be expected to vary
considerably. Further nanoscale studies could also explore the
lower operational limits of this interdiffusion mechanism (i.e.,
utilizing lower coverages) through detailed simulations and
additional experiments. Complementing these bottom-up
investigations, additional top-down studies are required to
address macroscopic composite features such as porosity and
misalignment, which diminish mechanical performance.14 For
example, recent investigations demonstrated that functionaliz-
ing MWCNTSs’® and graphene’® with hydrogen atoms leads to
improved filament dispersion by interrupting vdWs interactions
between agglomerated tubes and sheets. Macroscopically, the
improvement in filament distribution within these composites
yields superior mechanical properties compared to what has
been obtained with traditional dispersion techniques. By
developing ways to integrate multiple chemical functionaliza-
tion steps to first disperse these filaments effectively and,
subsequently, improve interfilament adhesion by introducing
additional functional groups onto MWCNT outer walls, even
further improvement in mechanical performance could be
achieved. The interplay between enhanced adhesion and
reduced filament strength (resulting from different concen-
trations of sp® bonds on outer surfaces of MWCNTs due to
varying coverages), and the resulting impact on composite
performance, could also be explored through nanomechanical
experiments* and macroscale statistical models.”” Ultimately,
scaling up these interfaces to the macroscopic level and
incorporating them into efficient composite systems remain
important engineering challenges for the future.

Concluding Remarks. In summary, we have investigated the
effect of arylpropionic acid functionalization on the adhesive
properties of nanoscale interfaces through an integrated
experimental—computational approach. By peeling function-
alized MWCNTs from functionalized HOPG in situ in a SEM,
we measure high adhesive energies that, counterintuitively, do
not scale with the degree of functionalization. We explain this
trend through atomistic simulations that account for ambient
water present in experiments, which reveal a novel
interdiffusion mechanism that is expected to occur at
intermediate coverages. When coverage is too high, hydrogen
bonding alone is primarily responsible for intersurface
adhesion, leading to lower overall surface energy than
interdiffused interfaces with intermediate coverages. The
qualitative correlation between atomistic predictions and
nanoscale experiments suggests that interdiffusion does
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contribute to experimental adhesive energy measurements.
Quantitative differences in measured adhesion energies and
theoretically predicted surface energies reveal that dissipation,
arising from covalent-bond breaking, is the primary source of
adhesion. Hence, the nanoscale measurements reported in this
work support the hypothesis that chemical functionalization of
carbon nanomaterial interfaces can significantly improve
adhesion at their interfaces. Consequently, these findings
provide a unique roadmap for the bottom-up design of
nanocomposites that can effectively transfer load between
carbon constituents (CNTs, graphene, graphene oxide) and,
thus, achieve improved levels of mechanical performance.

Methods. Raman Spectroscopy. Raman spectra of the
oligomerized sample, pristine HOPG, and the functionalized
HOPG used in testing were probed using a Princeton
Instrument/Acton Raman microscope (SOX magniﬁcation,
514.5 nm laser, ~1.9 cm™" resolution, 100 s per spot). All
Raman D peaks were fit with Lorentzian functions.*® A full
representative spectrum is included in the Supporting
Information.

Atomic Force Microscopy. Tapping mode scans were
conducted with a Dimension 3100 (Veeco) atomic force
microscope. All samples were examined in a sealed chamber
under ambient laboratory conditions (~20% relative humidity).

In Situ SEM Experiments. Peeling tests were conducted
within an FEI NovaNano 600 SEM. All CNTs were cut using
highly focused electron beamline scans (S kV, 1.8 nA, >
300 000X magnification for approximately 5 min)”® and left for
at least 2 h prior to testing to allow the ambient pressure to
equilibrate at approximately 1 X 107 Torr. In all tests, the
HOPG substrate was rotated approximately 30 degrees with
respect to the main axis of the AFM cantilever to reduce the
likelihood of peels at high angles, which may introduce
structural changes to the MWOCNTSs that affect energy
measurements (see the Supporting Information for more
details). The diameters of CNTs were estimated by calculating
the full width at half-maximum of multiple transverse line scans
from high-resolution SEM images. The stiffness of each AFM
cantilever (Mikromasch) used in testing was estimated based
on dimensions measured in SEM images as well as the elastic
modulus reported by the manufacturer. Forces applied by the
cantilever on the CNT during peeling were measured through
digital image correlation with corrections for inherent cantilever
drift. In addition, peeling angles and offset angles were
measured directly from SEM images in the frame prior to
each peel. For detailed information regarding uncertainty
analysis, see ref 36.

Force Field Selection. OPLS-AA has been successfully used
to determine densities, enthalpies of vaporization, heat
capacities, surface tensions, isothermal compressibilities,
volumetric expansion coefficients, and dielectric constants of
organic liquids.””® Studies of organic molecules on the
surfaces of water droplets with different water models®" suggest
that density, as well as enthalpy of vaporization, is reproduced
well using the OPLS-AA with SPC.** Consequently, this
combination is thought to be the most appropriate one
currently available for investigating systems such as the
arylpropionic-functionalized surfaces used in this study.

Atomistic Simulations. Because the inner walls of
MWCNTs are of limited relevance to surface interactions, we
restricted the thicknesses of our models. The inner walls
provide rigidity and stabilization (via vdWs forces and Pauli
repulsion) to the outer walls. Simulations indicated that
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functionalized single-graphene layers were not sufficient; the
rigidity and stabilization provided by a neighboring layer is
necessary, and one neighbor provides nearly the same amount
of each, as do multiple layers.

MM was used for the stepwise compression or opening of
interfaces. At each step, the outer layers were fixed after a shift
of 0.01 nm. Geometry minimization of the rest of the structure
was carried out before the next compression or opening step.
These stepwise displacements approximate geometry changes
and associated energies along reversible paths. To produce
accurate descriptions of the interface geometries obtained from
the MM calculations, those systems were also equilibrated at
300 K using MD until conservation of energy was established.

Electrostatic interactions were calculated using Particle Mesh
Ewald sums with a nonbonded cutoff of 1 nm.*’ Bonds
between hydrogen and heavy atoms were constrained at their
equilibrium lengths using the RATTLE algorithm.** During the
initial interface equilibrations, the positions of the carbon atoms
in the functionalized graphene layers were fixed to allow the
aryl-propionic groups and water molecules to approximately
equilibrate. Constraints were then removed. The last 3 ns of the
MD were used for the analysis of the structural features of the
interfaces. Relative energy values reflect the energy required to
open the equilibrated interfaces.

It should be noted that atomistic simulations were not
intended to directly model the complete system probed
experimentally, as a comprehensive characterization of each
peeled region is beyond current computational capabilities.
Rather, we have focused on intersurface hydrogen bonding in
the presence of water as a major factor governing arylpropionic
interfacial adhesion. In spite of the quantitative differences, the
qualitative similarity in adhesion trends suggests that this
mechanism predicted by simulations does contribute to
experimental adhesive energy measurements.
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