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ensely packed, aligned, carbon

nanotube (CNT) forests grown by

chemical vapor deposition (CVD)
have received significant attention of late
because of their potential for applications
in polymer—nanotube composites affording
significantly anisotropic electrical, thermal,
and mechanical properties.’ Other potential
applications include chemical and biologi-
cal sensors,** supercapacitors,® fuel cells,
and thermally conducting interconnects for
cooling electronic circuits® and mechanical
structures.” They are of equal value for fun-
damental studies on semi-infinite, extended
length arrays of nanoscale rods.®® To this
end, numerous attempts have been made
in synthesizing (i) extended single-walled
CNT (SWNT)'°-, double-walled CNT
(DWNT)''-, and multiwalled CNT (MWNT)'2-
dominant films, and (ii) laterally grown, pro-
longed individual SWNTs over flat'? or
trenched® Si wafers. For the latter, lengths
have been reported up to 4-10 cm®'3 of-
ten corresponding to the physical dimen-
sions of the synthesis reactor. In contrast,
vertical films are apparently limited in their
growth by an unknown mechanism that
terminates the process abruptly at a few
tens'*' to hundreds micrometers,'® or
even up to 4.7 mm."? Our interest is in un-
derstanding growth termination of vertical
CNT films with the ultimate goal of circum-
venting it to produce films of infinite thick-
ness. We first rule out both diffusion limita-
tions and spontaneous catalyst deactivation
as dominant mechanisms of growth termi-
nation. We propose for the first time a
chemical-mechanical coupling model to
explain termination and show that it consis-
tently describes several key observations re-
ported in the literature for these systems.
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ABSTRACT Understanding the mechanisms by which vertical arrays of carbon nanotube (CNT) forests
terminate their growth may lead to the production of aligned materials of infinite length. We confirm through
calculation of the Thiele modulus that several prominent systems reported in the literature to date are not stunted
by diffusion limitations. Evidence also suggests that, for many systems, the growth-termination mechanism is
spatially correlated among nanotubes, making spontaneous, random catalytic poisoning unlikely as a dominant
mechanism. We propose that a mechanical coupling of the top surface of the film creates an energetic barrier to
the relative displacement between neighboring nanotubes. A Monte Carlo simulation based on this premise is able
to qualitatively reproduce characteristic deflections of the top surface of single- and doubled-walled CNT (SWNT
and DWNT) films near the edges and corners. The analysis asserts that the coupling is limited by the enthalpy of
the carbon-forming reaction. We show that for patterned domains, the resulting top surface of the pillars is
approximately conic with hyperbolic cross sections that allow for empirical calculation of a threshold force (F,.,,
= 34-51 nN for SWNTs, 25-27 nN for DWNTs) and elastic constant (k, 384547 N/m for SWNTs and 157-167 N/
m for DWNTs) from the images of experimentally synthesized films. Despite differences in nanotube type and
precursor chemistry, the values appear consistent supporting the validity of the model. The possible origin of the

mechanical coupling is discussed.

KEYWORDS: carbon nanotube - vertical film - vertical forest - growth termination
mechanism - mechanical coupling - spatial correlation - covalently tethering

Diffusion Limitations Do Not Account for Sudden
Growth Termination. The argument that diffu-
sion limitations are responsible for the
abrupt reduction or termination of the
growth rate is predicated on the idea that
the carbon precursor must diffuse through
the growing film to the base where reaction
at catalytic nanoparticles extends the car-
bon film upward. The onset of diffusion
limitations in a reacting system is predicted
by calculation of the Thiele modulus ¢-a di-
mensionless measure of the relative rates
of reaction versus diffusion. In this particu-
lar geometry, for a constant growth rater,,,
(mol time™" area™’), the Thiele modulus for
a film grown under pressure P, temperature
T, and thickness z is
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Here, D, is the effective diffusivity of the precursor gas
in the growing film and n_ is the number of carbon at-
oms per precursor molecule that react to create the
film. The reaction rate is controlling as ¢ — . It can
be shown that the maximum growth rate is that for
which ¢ = 1 and that this represents the diffusion con-
trol limit. Using a typical growth rate, 0.1 mm/min and
assuming a 1 nm nanotube pitch, a carbon consump-
tion rate of 1 X 1078 mol s™" m™2 is calculated. Zhu et
al."” have estimated the effective diffusivity of ethylene
in CNT films as 10~ m? s™'; hence at atmospheric pres-
sure and reaction temperature range between 973 and
1173 K, ¢ = 18.8-22.6 for ethylene for a 1 m thick film.
Therefore, typical growth conditions are kinetically con-
trolled, and diffusion does not need to be considered.
Recent experimental verifications of this fact support
this conclusion.’'® It should also be noted that diffu-
sion control, even if operative during growth, does not
predict a complete termination of film growth.
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Termination Is Spatially Correlated among Nanotubes. A criti-
cal observation overlooked in the literature is the re-
port that termination is spatially correlated. Hart and co-
workers'® used an in situ video imaging experiment to
observe that termination does not occur uniformly
across the film but rather in selected regions where
the reaction first slows then stops. Evidence for the spa-
tial correlation between nanotubes at growth termina-
tion is abundant. Figure 1, panels a and b, shows scan-
ning electron microscopy (SEM) micrographs of
patterned DWNT arrays with a characteristic deflection
of the top surface (from ref 11). The same features are
observable on SWNT films (Figure 1, panel ¢) from ref
20. Such surfaces are impossible in the absence of a spa-
tial coupling between growing nanotubes. For ex-
ample, random catalytic deactivation?' cannot result
in spatially correlated termination events. We assert
that a valid termination mechanism must be consis-
tent with this observation of correlated termination.

A Mechanochemical Coupling Model of Growth Termination.
The spatial correlation in growth termination suggests
a physical coupling between CNTs during growth. A

mechanical coupling between independently
growing CNTs can create an energy barrier
that ultimately exceeds the energy available
from chemical reaction at underlying catalyst
particles. Using a simple elastic coupling of
nanotubes at the exposed surface and as-
suming growth termination when the en-
ergy limit is reached, we demonstrate that a
Monte Carlo simulation of the growing film
reproduces the unique shape of the top sur-
faces observed experimentally (Figure 1, pan-
els a-c). This model predicts that the charac-
teristic shape is conic and, therefore, creates a
hyperbolic curve when imaged in cross sec-
tion, as with SEM. A simple geometric relation
can then allow one to estimate molecular
(i+1,j+1) level parameters, such as the coupling spring
constant or maximum vertical force, from
this experimentally observed shape. We find
that parameter values derived in this way for
two different chemical precursors, leading to
two different CNT types, are in agreement,
supporting the generality of the mechanism.
We also speculate about the nature of this
mechanical coupling and note that the forces
involved implicate chemical bonding.

(i+1,))

(i+1,j-1)

Figure 1. (a) Expansive view from side and (b) magnified view from the top of SEM im-
ages of the designed macroscopic rectangular parallelepipeds of 2.2 mm DWNT forests
grown by a water-assisted CVD method using 10-150 sccm C,H, at 750 °C. Reprinted
with permission from ref 11. Copyright 2006 Nature Publishing Group. (c) A SEM image
of 1 mm vertically aligned SWNT forests grown by a hot filament CVD method with
400 sccm H, and 40 sccm CH, at 750 °C. Reprinted with permission from ref 20. Copy-
right 2006, American Institute of Physics. Arrows shown in Figure 1, panels b and ¢, in-
dicate the deflection from center to end on the top surface as well as that on edges of
the side of the film. (d) A schematic picture showing that each nanotube is mechanically
coupled to neighboring members at the ends facing the growth direction, and (e) a pro-
jection view of the lattice of nanotubes modeled as connected springs.
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Literature Evidence Supporting Mechanical
Coupling. There are some recent references to
mechanical forces influencing the growth of
CNT films.?2?3 It is noted that an individual
SWNT possesses a large elastic modulus
(Young’s modulus)®* and tensile strength
close to 1 TPa and 30 GPa, respectively.?® Hart
et al.>® point out that the average force out-
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put is 0.16 nN per CNT having outer diameter of 9 nm
and five walls in their growth experiments, where a me-
chanical force applied to the growth site affected the
morphology and growth rate of CNTs in a densely
packed film. In their recent report, the time evolution
of CNT growth using optical imaging revealed film
cracking presumably due to spatial nonuniformities in
growth rate and the resulting mechanical stresses.®
Such cracking®® or edge bending'®'"?7-8 in the verti-
cal arrays of nanotube films either during or after
growth stoppage appears generic and highly sugges-
tive of mechanical stress in the film as a source of
growth termination.

RESULTS AND DISCUSSION

Theoretical Modeling and Simulation. The Termination
Mechanism of Vertically Grown Nanotube Films. The shape of the
top surface of some films frequently presents corners
deflected upward (Figure 1, panels a-c). We hypoth-
esize that this is a signature of a mechanical coupling
between nanotubes only in or near the plane of this top
surface. Consider the growth of a vertically aligned
film of nanotubes equally spaced with pitch, p, in a
regular, square lattice. Nanotubes grow upward from
catalyst particles at the base, where a carbon-forming
reaction extends the length at some characteristic rate.
If the nanotubes are mechanically coupled to neighbor-
ing members at the ends facing the growth direction,
the difference in height between a nanotube and its
neighbors determines how much potential energy is
stored within the couple. We can model this as a net-
work of connected linear-elastic springs at the top of
each nanotube, with proportionality between force and
displacement equal to k, as depicted in Figure 1, panel
d. The overall coupling scheme is given as shown in Fig-
ure 1, panel e, where the boundaries of the lattice are
fixed (nonperiodic). The force on a nanotube at a posi-
tion, i, j, in the lattice is then given by

1
Fiy=k z Z (/p” + (hij=Pigman)’ = VBp)

n=-1 m=-1

{[321 m=0 or n=0 )

p=2 m=0 & n=0

Here, h,; is the height at position ij and @ is a prefactor
depending on the nanotube position in the lattice.
Mechanical Coupling to the Growth Reaction at the Particle: An
Energy Balance. This mechanical coupling has several impli-
cations. The most important is that there is a finite al-
lowable displacement of one nanotube relative to an-
other. Let us consider an energy balance on a growing
nanotube with a catalyst particle at its base promoting
the carbon-forming reaction. The chemical reaction
provides energy for the physical displacement and up-
ward growth of the nanotube. According to this model,
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without mechanical coupling of any kind, the nano-
tube would grow unbounded. However, the displace-
ment of the nanotube relative to its neighbors requires
the storage of potential energy within the mechanical
couple. Formally, the chemical energy released by the
reaction with the additional growth of one unit cell to
the nanotube must be greater than or equal to the en-
ergy required to push the nanotube upward against the
pull of neighboring nanotubes:

chemical energy released at particle =
energy to extend nanotube i,j upward relative
to neighbors

hij+0
nCNTlAernl z j;’_jl F(X) dX: Fmax6 (3)

Here, ncyr is the number of carbon atoms in a unit
cell, & is the height of the unit cell (m), and AH,,, (in
J/mol) is the heat of reaction at the reaction tempera-
ture per carbon basis of the growth reaction. The maxi-
mum difference in height between a nanotube and its
neighbors is then finite, limited by the chemical energy
driving the growth. The maximum force sustainable be-
tween coupled nanotubes is uniquely determined by
the type of nanotube (the (n,m) chirality) and the
chemical reaction used for its production (Supporting
Information contains an expression for ne/8 in terms
of (n,m) for a SWNT).

We reason that the stress building up in the film
does not apparently influence the growth rate at the
base directly. Any negative feedback between the
growth rate and the accumulated stress would neces-
sarily self-correct (faster growing neighbors would sub-
sequently minimize differences in height, resulting in
no termination). Therefore, by this logic, growth termi-
nation is necessarily catastrophic. When the energy re-
quired to displace the nanotube upward exceeds a
threshold set by the enthalpy of reaction for carbon for-
mation according to eq 3, its growth stops. Neighbor-
ing nanotubes continue to grow but can be displaced
only a finite distance before they too exceed this
threshold F,,,, and terminate growth. A circular wave
of growth termination emanates from the termination
point.

Small Fluctuations in the Growth Rate. Also by this logic, if
all of the nanotube growth rates are precisely equal,
all nanotubes will have a net zero displacement rela-
tive to each other at all times and the film will grow in-
finitely. However, if we assume random variations in the
growth rate * -y, where the parameter v is the frac-
tional variation in growth rate, and we insist that y <<
1, small differences in growth rate when integrated over
time would eventually yield one or more nanotubes ex-
ceeding the energy limit at some point, initiating the
termination mechanism. This then produces a chain re-
action as neighboring nanotubes continue to grow
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Despite these simple rules, we find that
the simulated films resemble those observed
experimentally in several ways. Figure 2
shows the time evolution of growing films
of vertically aligned nanotubes spaced 2 nm
apart in pitch with average growth rate of
100 nm/s in arrays of 10 X 10, 20 X 20, and
50 X 50. The rate variation was chosen as
0.005%. This small variation value results in
termination, occurs with a single nanotube,
and radiates outwardly, creating the charac-

teristic upturn of the film edges observed in
DWNT films."" Increasing the domain size or
increasing -y results in multiple termination
centers (Figure 2, panel d, y = 0.5%), as ob-
served in refs 19 and 20. In cross section, the
convex upward shape of Figure 2, panels a-c,
is similar to SEM images of either patterned
DWNT"" or unpatterned SWNT?° arrays in the
literature. A representative movie is linked in
the HTML version of Figure 3 demonstrating

30‘\40\
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and also reach the critical limit. Formally, the simula-
tion begins by selecting rates for each nanotube j, j

ry =10 +2y(1§—eiJ)) @)

Here, €;; is a continuous, random number between 0
and 1 assigned to the (i) nanotube and 7 is the aver-
age growth rate of the vertical film chosen from litera-
ture values.

Simulation Procedure. The simulation proceeds accord-
ing to a simple scheme. The height of any nanotube is
found by integrating the rate over the growth time, t:

h.=r.t (5)

The algorithm steps in time, t + At, and continuously
checks to see if F;, has exceeded F,.,,. If it does, r;; is set

to 0 for this nanotube. The simulation process is termi-
nated when rates for all nanotubes are zero.

ACINANC) voL.2 = No.1 « HAN ET AL
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the outward radiation of growth termination
that leads to the characteristic surface ob-
served in experiments. An initial disparity in
growth rates, although small, when inte-
grated in time leads to a point or points of
growth termination that spreads outward ra-
dially (Figure 3, panels a—e). Because the
rates are assigned randomly, the epicenter
of the propagation is not always restricted to

Figure 2. Monte Carlo simulations of a growing vertical film as described in the text: (a) the center of the array. This does appear to
simulated 10 X 10 CNT array; (b) 20 X 20 array; (c) 50 X 50 array with resulting contour  be consistent with experiments as a careful
plot (right) showing a single termination site; (d) increasing y to 0.5% creates multiple
termination sites (right, contour plot) as observed for films of larger area. The time of L .
growth termination is shown on the label, and all axes are in units of nanometers. Simu- the minimum in the top surface does not oc-
lations employed a 2 nm pitch between nanotubes with an average rate of 100 nm/s
and a variation, vy, of 0.005%. Mechanical coupling parameters were chosen at F,,,,, =
34 nN and k = 384 N/m (F,,../k = 0.088 nm). (See ref 20.)

examination of Figure 1, panel a, shows that

cur exclusively at the geometric center. The
model predicts that failure at the edge is un-
likely, as nanotubes have fewer neighbors
there and F;; is always smaller.

Relating Film Geometry to Fundamental Mechanical Properties.
The ratio F,,,,/k determines the final shape and height
of the array and is related to both molecular and ther-
modynamic properties. According to this mechanism,
the quantity F,,,, is bounded by the enthalpy of reac-
tion for the carbon forming chemistry and is easily cal-
culated. The quantity k is the spring constant of the un-
known coupling and must be measured directly. Figure
4 shows that F,,,,/k is related to the minimum and
maximum dimension of the top surface of the array.
As the ratio increases, the upward deflection becomes
more prominent.

From geometry, one can show that the surface ap-
proximates a regular cone emanating from the first nan-
otube where growth terminates. The curvature at the
cross section is then a hyperbola. On examination of
this side face of the film, w is the distance from the edge
to the minimum at the center, and a is the difference
in height from this edge to the minimum. The ratio a/w
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can be related to the maximum
height difference experienced by
two neighboring nanotubes before
termination. From geometry, as
shown in Figure 4, this height differ-
ence, h, .. is a function of F,,./k
and the nanotube pitch

max/

Fmax 2 2
hmax= k +p| -p Q)

The ratio a/w can be written in (C)
terms of the fundamental mechani-
cal properties, F,,,./k ——
2805
2802.3
280

_ Frax +P-P°
(£)=(\/2—1)\/( max p) p
w p
7)

Solving for F,,../k versus a/w T

max

=p(V1+ @ +2¥2)a/w)’-1)
® (©)

2820
2810
2800

Hence, one can carefully image
(see Figure 1, panels a—c) the de-
flection of the film in cross section
such that a/w is measured, and via
eq 8 the quantity F,,,/k can be es-
timated. We note that this param-
eter ratio should be temperature

=28.08s

(d)

2810
2805
2800

__

T=2822s 10 20 30 40

50

dependent (via temperature de- Figure 3. Snapshots in time from a simulation of a vertically growing nanotube film (50 X 50 array)
pendences of elastic and thermody- F.ax/k = 0.088 nm, showing an average height of 2.8 um (y = 0.005%, average growth rate = 100

namic properties) and should vary

nm/s) demonstrating the mechanism. The vertical array grows with increasing distances between
neighboring nanotubes until the required work for further displacement exceeds the energy avail-

considerably depending upon on able at the catalyst particle for typically one nanotube (a). The halted growth of one exerts the same

the carbon precursor chemistry em- ~ mechanism on neighbors creating a small fissure in the film (b). The fissure grows and propagates out-
ward radially (c). At subsequent times, the shape is apparent as conic (d) and leads to a final contour

the mimics what is observed experimentally when all growth stops at T = 28.22 s (e). A contour plot de-
max- picts the radial propagation of the initial event near the center of the array (f).

ployed since AH,,, is an inherent
limitation on F,

@ A representative video in avi format demonstrating the outward radiation of growth termina-
DISCUSSION tion that leads to the characteristic surface observed in experiments is available.

In this article, we use literature

images to measure the ratios of a/w for both the grown
DWNT"" and SWNTZ° films. The former yields approxi-
mately 0.126 and the latter 0.17, respectively. With eq 8
shown above, these values allow us to have the corre-
sponding F,,../kas 1.62 X 107'°and 9.05 X 107" m, re-
spectively In order to calculate the upper bound for

Frnax for each case, we used eq 3 and the known val-
ues of ng,y\r and d for a given (n,m) nanotube,?® and
AH,,,, calculated from the thermodynamic properties of
each type of carbon feedstock (ethylene (C,H,) for ref
11 and acetylene (C,H,) for ref 20,° respectively) at the
reaction temperatures (750 °C for both). It must be
noted that the authors of the ref 20 demonstrated that
by turning a tungsten hot filament on during the

www.acsnano.org
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Figure 4. The geometry of the top of the film can be uti-
lized to estimate the extent of mechanical coupling. The
cross section of the film can be shown to approximate a hy-
perbolic function with axes related to the ratio F,,,,/k. A geo-
metric relation (shown) can relate measurable dimensions
to this ratio. Here, w is the distance from the edge to the
minimum at the center and a is the difference in height from
the edge to the center.
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Figure 5. (a) A combined plot of both F,,_, (left axis, indicated by black open circles and crosses)
and k (right axis, indicated by blue asterisks and triangles) vs nanotube outer diameters. Each
black and blue solid rectangle indicates the corresponding actual points of F,,,,, and k for SWNTs
(d = 0.78 and 1.11 nm).?° Also F,,., and k for SWNTs at each diameter are found to be 34 nN

max

and 384 N/m (d = 0.78 nm), and 51 nN and 547 N/m (d = 1.11 nm), respectively. Values for F .,
were estimated from the energy balance of eq 3, and k was then calculated from the hyper-
bolic geometry (eq 8). For two different chemistries published in the literature, producing two
different CNT types (single- and double-walled), it is noteworthy that values cluster within a fac-
tor of 2 indicating similar termination mechanisms. Expanded plots (b) for F, ., and (c) for k vs
nanotube outer diameter for ~3.7 nm diameter DWNTs'" show mean values of F,,,,, (25-27 nN)
and k (157-167 N/m) for ~3.7 nm diameter DWNTs, respectively.

growth period, a small amount of CH,*° was converted
into both acetylene (C,H,) and C,H, (experimentally
confirmed by in situ FT-IR in their system). From their ex-
perimental results with FT-IR, they found that the
SWNTSs growth occurred only when the filament was
turned on hot enough to decompose CH,, into C,H, (re-
garded as main carbon source with ~30% contribu-
tion to growth) and C,H, with possible minority of
methyl radical. These molecules are believed to pro-
duce the active carbon precursors for SWNT growth so
that small diameter SWNT films are formed. Therefore,
in this work, we used value of AH,,, of C;H, (-3.86 X
10* J/mol) for ref 11 and approximated that by just C,H,
(-2.24 X 10° J/mol), instead of CH,> for ref 20, respec-
tively, to estimate F,, .-

With the ratios of a/w measured from literature im-
ages, a combined plot for both F ., and k versus nano-
tube outer diameters can be constructed as in Figure
5.In ref 11, the authors report that DWNT-dominant
films of individual mean diameter of ~3.7 nm were syn-
thesized under the optimized experimental condition.
As shown in Figure 5, mean values of F,,, (25-27 nN)
and k (157-167 N/m) for ~3.7 nm diameter DWNTSs can
be estimated, respectively. In ref 20, the authors ob-
tained small diameter SWNTs films with individual di-
ameters ranging from 0.78 to 1.11 nm. Also F,,,,, and k
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for SWNTSs at each diameter on two
linear plots (designated as open
circles and asterisks, respectively) are
found to be 34 nN and 384 N/m (d =
0.78 nm), and 51 nN and 547 N/m (d
= 1.11 nm), respectively. It is notable
that despite differences in carbon
feedstock and nanotube diameters,
values for both F,,,, and k are similar
(Figure 5, panel a, blue and red rect-
angles). This fact demonstrates that
our qualitative hypothesis asserted in
this article does rationally make sense.
Itis not clear why F, .., and k are larger
for SWNTs than for DWNTSs. One pos-
sibility is the difference in elastic prop-
erties as additional wall layers in-
crease Young's modulus®' (or
bending stiffness®?). Stored mechani-
cal energy from the growing neigh-
boring nanotubes of the higher
Young’s modulus (or bending stiff-
ness) should be greater, leading to
higher F,,., and k. However it is not
clear how the degrees of bundling,
chirality, and structural defects influ-
ence the energetics.

On the Origin of the Mechanical Coupling.
There are several possibilities as to
the source of this coupling. One is that
van der Waals (VDW) contact be-

tween ends near the top surface of the growing film re-
stricts the growth of one nanotube relative to another.
In order to calculate the contribution of the VDW inter-
action along the length of neighboring nanotubes to
the CNT growth termination, we used a continuum
model*33* based on the atomistic Lennard-Jones (LJ)
The potential between two identical, paral-
lel nanotubes is characterized by

¢(R) =0 [ ulx dz, dx, 9)

Here, o is the mean surface density of carbon atoms
and x is the distance between two surface elements d3,,
and dX, on two different nanotubes (see Supporting In-
formation). Following prior work,>> we studied CNTs
for which the VDW interaction is averaged along the
tube surface. Such a model gives the minimum VDW in-
teraction energy per unit length at each equilibrium in-
teraction distance to the SWNT (0.11 to 0.14 nN for d
= 0.78-1.11 nm, respectively)*® and DWNT (0.25-0.26
nN for d = 3.7 nm)"" (see Supplementary Figure S1).
Just beyond this equilibrium distance (e.g., 1.08-1.41
nm for SWNTs (d = 1.08-1.11 nm) and 4.04-4.1 nm for
DWNTs (d = 3.7 nm), respectively), the VDW force in-
creases asymmetrically and rapidly as expected. Note
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that these VDW force values for both SWNTs and
DWNTs are approximately 2 orders of magnitude lower
than F,,,, (34-51 nN for SWNTs, and 29 nN for DWNTs,
respectively). Also it is worth mentioning that from
theory, the minimum VDW interaction energy simply
varies with nanotube diameter, but F,, ,, appears to be
independent of the type of nanotube, its diameter, or
even the feedstock used for synthesis.

Another possibility is simply the sliding resistance
of two parallel nanotubes. Several reports®°~3% de-
scribe the interlayer sliding force of graphene due to
the VDW interaction energy for telescoping DWNT or
MWNT. The force was estimated or experimentally mea-
sured (ca. 9-10 nN) using nanomanipulation (e.g.,
atomic force microscope tip), based on the configura-
tion of the extraction and restoration of inner core-shell
in the coaxial nanotube. Since such force is estimated
basically using the graphene-graphene interlayers (not
intertube) distance (ca. 0.34 nm); however, this force
would become quite small (a few tens to hundreds of
piconewton) if the intertube distance increased.

A third option is covalent tethering at the top of
the nanotube to adjacent nanotubes. In this case, dan-
gling bonds present at the potentially open nanotube
end could cross-link, covalently tethering adjacent nan-
otubes. It is noted that the magnitude of force con-
stants for chemical bond stretching in organic mol-
ecules**—for example, C-H (448 N/m) in CH, C-H (544

METHODS

Materials. In order to reproduce and calculate F,, ., and k, the
cross-sectional images of vertically grown forests of both
DWNTs'" and SWNTs?° from the literature were used.

Simulation. The Monte Carlo simulation of the growing film re-
producing the unique shape of the top surfaces observed experi-
mentally was performed through Mathematica (Ver. 5.2).
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