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Capillary-force-driven self-assembly of carbon
nanotubes: from ab initio calculations to modeling
of self-assembly

Stefania Carapezzi, i 1* Gabriele Boschetto ()  and Aida Todri-Sanial (2 *

In elasto-capillary driven self-assembly of arrays of carbon nanotubes (CNTs) different factors play a role,
from the mechanical properties of CNTs to the array geometry. In this work, we provide a multi-scale
investigation where we first use density functional theory (DFT) to predict fully ab initio relevant
mechanical properties such as Young's modulus, Poisson’s ratio, and surface energy. To the best of our
knowledge, we are the first to report DFT calculations of the surface energy of CNTs. Then, we feed the
computed DFT parameters into a model for capillary-force-driven self-assembly of CNTs. By doing so,
we are able to derive and predict cross-correlation between material parameters and array architecture.

1 Introduction

The rational design of micro-/nano-scaled material architec-
tures has recently attracted huge interest as a means to engineer
their physical properties. For instance, vertically aligned nano-
wires (NWs) modulate the optical properties of surfaces because
their geometry (diameter, height, pitch) can tailor light
confinement and absorption. The consequent enhancement of
light harvesting is greatly demanded in photovoltaic applica-
tions.* Arrays of carbon nanotubes (CNTs) allow to build highly-
dense 3D integrated circuit architectures. The unprecedented
increase in connectivity between different functional layers (e.g:,
sensing, storing, processing)? is ideally suited to be exploited in
data-intensive technologies like Internet-of-Things (I0T). For all
the implementations mentioned above and others, the preser-
vation of the vertical direction during processing of densely-
packed arrays of 1D nano-structures is fundamental. However,
different fabrication steps may deflect such a desired direction.
The exposure to an electron beam, for instance, during char-
acterization through scanning electron microscope, has been
reported to bend semiconductor NWs with subsequent forma-
tion of NW bundles.*® Procedures involving wet etching or
cleaning also result in reshaping of the vertical arrangement of
NWs”? and CNTs. In all these cases, a drying step occurs where
capillary menisci between adjacent nano-pillars induce lateral
forces that may bring these in contact’™' and eventually
assemble together.
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Although self-assembly could have a detrimental impact, its
purposeful exploitation can also drive the fabrication of
aggressively scaled devices. More specifically, self-assembly
stands for a large family of bio-inspired strategies, where
components organize autonomously into desired patterns or
structures with no human intervention.*** The concept origi-
nated from the chemistry of molecular assemblies mediated by
intermolecular bonds to build up supramolecular systems,"®
and it has subsequently broadened its meaning to indicate
programmed aggregation of non-molecular parts whose size
ranges from nano to macroscopic scale. Indeed, the current
extreme shrinkage of the operative regime in various techno-
logical fields can be severely hindered by material and engi-
neering limitations at such scales, especially when the
fabrication of non-planar 3D structures is involved. Thus, new
paradigms such as self-assembly may become a game-changer
to enable 3D small scale manufacturing.™

A key aspect of both avoiding undesirable sticking effects
and, on the contrary, harnessing them to build smart archi-
tectures and/or devices is the ability to engineer and control
such effects. In particular, the elasto-capillary driven self-
assembly of arrays of 1D nano-structures is a multi-faceted
phenomenon where many different factors play a role: (1) the
mechanical properties of the involved nano-structures, (2) the
geometry of the array (inter-distance, aspect-ratio), (3) the
evaporation rate and the surface tension of the fluid in which
the nano-scaled beams are immersed. Although a wealth of
literature exists concerning the mechanism of clustering in
arrays of 1D nano-structures, usually its analysis is mainly
based on the elasticity theory alone,'**>*"** whereas the mate-
rial properties are commonly taken from experimental litera-
ture. A multi-scale investigation able to integrate a rigorous
calculation of mechanical properties into the established
theoretical modeling of the phenomenon is still as yet missing.
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This is the more important when dealing with clustering of 1D
nano-structures, where the techniques for experimental char-
acterization of mechanical properties are still under develop-
ment and the measured values are often prone to rather large
experimental errors. Thus, in this work, we use density func-
tional theory (DFT) to predict fully ab initio the relevant
mechanical properties of CNTs, such as Young's modulus,
Poisson's ratio, and surface energy. We also investigate the
impact of both diameter and chirality on such properties. Then,
we avail of such physics-based parameters to carry out a theo-
retical analysis of the self-organization of CNT arrays induced
by capillary forces.

CNTs are on the forefront among 1D nano-structures for
ground-breaking nano-technological implementations.'**
CNT field-effect transistors promise to improve the energy effi-
ciency of current communication systems, due to their high
charge carrier mobility, linearity, current carrying capability
and low noise.” The good thermal conductivity of CNTs is
beneficial for the fabrication of low power consumption
sensors.”®?* Overall, their exceptional electronic, optical,
thermal, and mechanical properties make CNTs an ideal choice
for flexible and printed electronics.”® In particular, CNTs have
demonstrated excellent suitability as active layers in energy
autonomous wearable sensors>~*° for control of health risk
factors and achievement of lifelong health monitoring. A way to
improve the signal-to-noise ratio is to fabricate devices based on
CNT ensembles. In such a case, the alignment of CNTs affects
their performance. Additionally, novel applications can be
achieved by engineering the 3D organization of CNTs structures
obtained using capillary aggregation methods.

Our paper is organized as follows: the first section is dedi-
cated to predicting the relevant mechanical parameters of CNTs
via DFT simulations; here, we describe the details of our
simulations and present the results. Then, in the following
section, the mechanism of capillary-force-driven self-assembly
of CNTs is expressed through a simple model. The previously
computed DFT parameters (Young's modulus, Poisson's ratio,
and surface energy) are fed into such a model. Finally, infer-
ences regarding the occurrence of self-assembly are conse-
quently derived.

2 Ab initio simulations on Young's
modulus, Poisson's ratio, and surface
energy of CNTs

2.1 Simulation details

In this work, we considered CNTs with different radii (from
~2.5 A up to ~10 A) and with different chiralities, i.e., armchair
and zigzag. Atomistic simulations were carried out in the
framework of density functional theory (DFT) with Quantu-
mATK atomic-scale modelling software.>*> We performed the
calculations in vacuum using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional,®® and to model core
electrons, we used norm-conserving pseudopotentials from the
PseudoDojo library.** The LCAO approach was used throughout
this work with a density-mesh cut-off of 150 Ry and the
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QuantumATK-optimized Medium basis set. We used a k-point
mesh defined by a 1 x 1 x 11 Monkhorst-Pack (MP) grid.*
When performing geometry optimizations, we enforced
a0.01 eV A~ threshold for the residual atomic forces. Finally, to
avoid any spurious interaction between periodic images, we
included a vacuum padding of 10 A along the x and y directions.
See Fig. 1 for a representative example of one of our CNT
models.

To simulate strain () along the tube (that is, along the z
direction), we stretched the simulation cell and the C atoms
contained therein at steps of 1%, and between —5%
(compressive strain) and +5% (tensile strain). Then, at each
step, we carried out a full geometry optimization in order to
relax the position of the C atoms in the presence of strain, and
we computed the total energy of the system. The mechanical
properties of CNTs used throughout this study were extracted
fully ab initio, i.e., without the use of any empirical parameter.
The Young's modulus (Y) can be computed via the following
equation:

yo L )
o Vo de?
which is the second order derivative of the energy/strain curve at
& = 0.%° In this equation, E is the total energy of the system as
computed by DFT and Vj, is the equilibrium volume defined as:

: (1)

e=0

V() = 27'5}’0105, (2)

where r, and [, are the radius and the length of the CNT,
respectively, at ¢ = 0. ¢ is the thickness of the tube. As per

37

convention,” we chose 6 = 3.35 A, which is the interlayer

10A

/

Fig.1 Optimized structure of a representative zigzag (14,0)CNT, front
and side views. On the left, r and § are the radius and the thickness of
the nanotube, respectively. On the right, [ is the tube length. The unit
cell is also shown, highlighting the vacuum padding around the tube.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distance in graphite as obtained by our DFT simulations. We
computed the Poisson's ratio (v) as:

== (") "

where r, is the radius of the CNT at each percentage of strain.*
Finally, we extracted the surface energy per unit area (y) by
adapting the equation discussed by Medasani et al.:***

n Ecoh

graphene EgNT (4)

7= ZTCV()IO
where Eg‘r’;‘phene is the cohesive energy of graphene, n is the
number of atoms, E2yr is the total binding energy of the CNT,

and the denominator is the surface area of the CNT.

2.2 Results and discussion

We computed the mechanical properties of CNTs as a function
of both radius and chirality (armchair and zigzag). The results
are shown in both Table 1 and Fig. 2.

First, our simulations predict Y to increase with respect to
the tube diameter and to converge to ~1.02 TPa when d = 12-13
A. However, we note that even at smaller diameters, Y is still
reasonably close to 1 TPa. Our computed value of Y compares
well with both experimental and theoretical data, although it is
worth pointing out that there exists a rather large variability
reported in the literature. Regarding experimental data, such
variability is due to the employed measurement technique and
the quality of the CNT samples, as it is known that defects can
have a non-negligible effect. On the other hand, in theoretical
models, the variability is primarily due to the CNT thickness (as
previously mentioned, here we use § = 3.35 A). Overall, typical
values of Y for single-wall CNTs oscillate around 1 TPa.***!
Chirality does not seem to have a major effect on Y, although the
increasing trend with respect to the tube diameter is somewhat
less smooth in armchair CNTs. Overall, our results suggest the
stiffness of CNTs to slightly increase with respect to their
diameter.

Table 1 Computed mechanical parameters of the CNT structures
considered in this work by DFT. d is the tube diameter, Y the Young's
modulus, v is the Poisson’s ratio, and v is the surface energy

Structure d (A) Y (TPa) v y(Jm?
(6,0) 4.84 0.948 0.165 2.042
(8,0) 6.38 0.992 0.157 1.167
(10,0) 7.92 1.004 0.126 0.744
(14,0) 11.06 1.012 0.163 0.377
(16,0) 12.61 1.015 0.127 0.287
(20,0) 15.76 1.015 0.152 0.182
(26,0) 20.46 1.015 0.147 0.106
(4,4) 5.54 0.973 0.144 1.568
(5,5) 6.88 0.985 0.145 1.003
(6,6) 8.23 0.997 0.146 0.694
(7,7) 9.59 1.016 0.146 0.509
(8,8) 10.94 1.009 0.146 0.386
(12,12) 16.37 1.016 0.147 0.167
(15,15) 20.45 1.019 0.152 0.105

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Mechanical properties of the CNT structures considered in this
work (armchair and zigzag) as a function of the tube diameter, as
obtained via DFT simulations.

The Poisson's ratio (») is the second parameter that we have
computed. Interestingly, we observed that the chirality of the
tube appears to have some effect on this quantity. As can be
seen from Fig. 2, armchair CNTs possess roughly the same value
of v (0.14-0.15) regardless of the tube diameter, whereas, in
zigzag CNTs, such a value oscillates between 0.125 and 0.165.
However, for d > 15 A, we observe that for both zigzag and
armchair CNTs, the Poisson's ratio converges to ~0.15. Once
again, we point out that our results are consistent with pub-
lished experimental data, in which » was found to range
between 0.149 and 0.340.*

Finally, we computed the surface energy (y) of CNTs, which,
to the best of our knowledge, has never been previously
computed via DFT simulations for this class of materials. As per
its definition, surface energy is the energy required to create one
unit of surface area. In this work, we computed v by considering
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graphene as the reference structure from which CNTs are
derived (see Simulation details). Therefore, ¥ can be seen as
a measure of the excess energy induced by the curvature of the
C-C bonds in the structure of CNTs. Indeed, our results predict
a decrease of y with respect to the diameter of the tubes,
regardless of the chirality. For d = 5 A, we found a rather high
value of ~2.0 ] m™2, which reduces to ~0.1 ] m~? for diameters
larger than 2 nm. It is worth noting that there exists a large
variability in the experimental value of the surface energy of
CNTs, although on average vy = 0.26 ] m ™2, larger and smaller
values have also been reported.*® Nevertheless, our results
appear to be within the accepted range of values. The
decreasing trend of y with respect to the CNTs diameters can be
easily explained by the amount of strain induced by the curva-
ture to the sp> C-C bonds, which should normally be planar.
Smaller diameters would lead to a larger distortion of the
planarity of C-C bonds and, thus, increase the surface energy.

3 Elastocapillary self-assembly of
carbon nanotube arrays

The self-assembly of CNTs mediated by elasto-capillary forces is
due to the combination of two different mechanisms (Fig. 3).
First, (A) the process of bending the CNTs to favor the contact
between their surfaces (Fig. 3a). To this aim, the CNTs are
immersed in a liquid, whose evaporation induces their bending,
provided that the capillary forces acting during the drying step
defeat the elastic forces that would reset them back to the
original vertical alignment. Second, (B) the process of CNT
bundling (Fig. 3b). This occurs if the adhesion forces acting
between the touching surfaces of CNTs are larger than the
elastic forces that would tend to set them apart. In the
following, we model the elasto-capillary self-assembly of CNTs
by considering the simplest possible bundled unit composed of
two CNTs. For simplicity's sake, we assume that both CNTs have
the same geometry and physical properties. It has been
demonstrated™ that the lateral forces resulting from capillary
menisci interaction are those responsible for the clustering of
micro-sized pillars after liquid evaporation. The capillary force
between two cylindrical structures (Fc) when they are partially

View Article Online

Paper

immersed in a liquid can be estimated through Kralchevsky's
asymptotic solution™ as:

Ty R? cos?(6)
ViR

where vjiq is the liquid surface tension, ¢ is the equilibrium
contact angle between the cylindrical surface and the liquid, R is
the cylinder's radius, and 2x is the inter-distance between axes
of two structures (Fig. 3a). Regarding the elastic force that would
restore each pillar to the original straight position, this can be
estimated from the Euler-Bernoulli elementary beam theory**
as the elastic force deflecting a beam clamped at one end, of
height £, such that the free end is deflected of w:

3EIw
Fa=—5, (6)

Fc = (5)

where E is the pillar's Young modulus and [ is its area moment
of inertia.

We determine F¢ from eqn (5) for all the CNTs considered,
whose radii Ryt are listed in Table 1. We use values of w
ranging from 1 to 100 nm. We consider water as the liquid
catalyzing the coalescence of CNTs, as frequently reported in
literature. Consequently, we use 6 equal to 86°* and yy,0 = 72
mN m . Fig. 4 shows the behavior of calculated F¢ vs. w for
CNT armchair (4,4) (Fig. 4a; green dotted line) and for CNT
armchair (15,15) (Fig. 4b; green dashed line). w is X — Ry, for
Rext = Rent + 0 being the external radius of CNT, where 6 =
0.335 nm is CNT thickness. The magnitude of F decreases from
8.36 t0 0.124 pN for CNT armchair (4,4), and from 31.8 to 0.6 pN
for CNT armchair (15,15), within the probed interval of w. We
determine F, from eqn (6) for all the CNTs, where the corre-
sponding Young's moduli are reported in Table 1. We calculate
Icnr as the area moment of inertia of a tube, 7T X (Rext” — Rinc')/
4, with R;, = Renr- Fig. 4 shows calculated F; vs. w for different
values of CNT height Zcyr (from 24 nm to 10 pm). By comparing
Fc and F, values, we can assess when capillary forces are
stronger than elastic forces. In case of CNTs armchair (4,4)
(Fig. 4a) and hcnr equal or smaller than 24 nm, F, is larger than
F¢ for all probed w values. This means that CNTs are not
brought into contact by capillary forces. For hAcnr larger than
24 nm and smaller than 500 nm, it exists a threshold value of w

0, Fdiawib
‘ . drying _
1 38 A
1 B3
95 08
= e
2 bt 3
— I 1 —
1 B -
:7:~ :7.= { 5 -4
T L 2x ” o :
(a) s (b)

Fig. 3

(a) Capillary meniscus between two CNTs, the distance between whose axes being 2x. In the inset is magnified the interface vapor/liquid

close to the CNT surface, where 6 is the contact angle. (b) Lateral collapsing between two adjacent CNTs.
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Fig. 4 Behavior with w of Fc from eqn (5) (green lines) and of F¢ from
egn (6) (symbols), for (a) armchair (4,4) CNT and (b) armchair (15,15)
CNT.

above which F: becomes smaller than F. Finally, for CNTs
taller than 500 nm capillary forces are stronger than elastic
forces for all considered w values. The same analysis is quali-
tatively applicable to other armchair CNTs (results of armchair
(15,15) are shown in Fig. 4b) and to zigzag CNTs (Fig. ESI1 of the
ESIY).

Once the conditions for capillary-forces-driven contact of
CNTs are established, we also need to assess when the adhesion
forces between their surfaces are such to keep them self-
assembled. In this respect, we avail of a theoretical model ob-
tained studying the contact behavior of fibrillar interfaces.”»*¢
Such model has been validated against experimental results for
a variety of material interfaces, like arrays of poly(-
dimethylsiloxane) fibrils'” and gallium arsenide nanowires.? It
is important to note that fibrillar interfaces are intensively
investigated to mimic the efficiency of adhesiveness of some
natural contact surfaces, for example, the ones of lizards. These
interfaces are simply modeled as arrays of pillars (called fibrils)
extruding from a substrate. The surfaces of two next-neighbor
pillars may stick together, once they are brought to touch
each other, due to the influence of van der Waals forces. In this
case, the elastic strain energy U, of the system is concentrated
into the noncontact region of length H, which is deformed by
the bending (Fig. 3b). The increase of H by a small amount dH
implies a consequent strain energy variation of (9EAw*) x dH/
H'. If the system is in equilibrium, then it must be equal to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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work dW necessary to shrink the contact area. For cylindrical-
shaped pillars, the contact radius r. is smaller than cylinder's
radius. Also, some elastic deformation occurs near the contact
region'’ (inset of Fig. 3b). JKR theory'® allows to calculate the
equilibrium contact width ¢, = 2r,, and thus the energy to
separate the two surfaces is determined to be (2vsupco — Uc) %
dH, where U, is the elastic energy stored into the deformed
region of contact'” and v, is the surface energy. ¢, and U, are"”

as follows:
1/3
32R?
GOy = (2w )
2 TE*
TE*R® (ro\4
Ve= "% <E) (8)

respectively, for E* = E/(1 — v*), v being the Poisson's ratio. The
consideration of energy balancing yields a criterion of critical
height for lateral collapse that reads as:

9EIw? 14
hcrit = 27 (9)
'YsupCO - Uc

where CNTs bundle if their height is larger than A It is
noteworthy to observe that A, increases monotonically with w.
Then, a stable bundling is obtained with taller and taller CNTs
for arrays with larger and larger inter-distance between CNTs.
Fig. 5 shows A, as determined from eqn (9) for all armchair
CNTs considered, plotted against w. It can be seen that 7
ranges from 5.7 to 57 nm for CNT armchair (4,4), up to from 25
to 255 nm for CNT armchair (15,15). The ranges in which CNT
self-assembly is predicted to occur can be assessed by
comparison between Fig. 4 and 5. Thus, in the case of CNT
armchair (4,4), for hcny below i, = 24 nm, capillary-force-driven
self-assembly does not occur, given that capillary forces are not

100+

hcrit (nm)

104

0 50
w (nm)

Fig. 5 Critical height h,;; of lateral collapse by egn (9), from armchair
(4,4) CNT to armchair (15,15) CNT.
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able to overcome elastic forces. For hcnt above 5, and below fg
= 500 nm, capillary forces are able to bring CNTs into contact
only for w below a threshold wy,, which depends on Acyr. In this
latter case, hcnr results to be above A, thus, the CNTs brought
into contact form a bundle. For hcyr above hg the capillary-
force-driven bundling of CNTs occurs for every value of w, and
the adhesion forces are always able to keep the CNT bundle
stable. The above discussion can be repeated for the other
armchair (and zigzag) CNTs, where Rcnr modulates the value of
hy and hg: for example, i, = 40 nm for CNT armchair (15,15).

4 Conclusions

In this work, we show a rigorous approach integrating ab initio
calculation of CNT mechanical properties into theoretical
modeling of capillary-force-driven self-assembly of CNTs, with
the purpose of providing guidelines to exploit this phenom-
enon. We use DFT to predict Young's modulus, Poisson's ratio,
and surface energy of CNTs. We investigate the impact of both
diameter and chirality on such properties. We find that (1)
Young's modulus increases and (2) surface energy decreases
with respect to CNT diameter. To the best of our knowledge, we
are the first to report DFT calculations of CNT surface energy.
Then, we feed the relevant DFT parameters into a model for
capillary-force-driven self-assembly of CNTs. We find that there
exists height values h, and Ay such that (A) for Acnr < fia
capillary-force-driven self-assembly does not occur, (B) for A, <
henr < hp capillary forces bend CNTs into contact only for w
below threshold values wy,, and (C) for zcnr > A the capillary-
force-driven bundling of CNTs occurs for every value of w.
Finally, we find that such values %4, hg depend on Rcnr-.
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