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Deformation of carbon nanotubes by surface van der Waals forces
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The strength and effect of surface van der Waals forces on the shape of multiwalled and single-walled
carbon nanotubes is investigated using atomic-force microscopy, continuum mechanics, and molecular-
mechanics simulations. Our calculations show that depending on the tube diameter and number of shells, the
van der Waals interaction between nanotubes and a substrate results in high binding energies, which has also
been determined experimentally. Nanotubes on a substrate may consequently experience radial and axial
deformations, which significantly modify the idealized geometry of free nanotubes. These findings have im-
plications for electronic transport and the tribological properties of adsorbed nanotubes.
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In the past few years carbon nanotubes have attracteldolecular-mechanics calculations were performed with the
growing interest due to their exceptional mechanical andrinker program employing the MM3 force fiefd-?Param-
electrical properties. Their high-tensile strength, flexural ri-eters based on alkene species were used to describe the in-
gidity, and high-aspect ratio make them potentially interestteratomic interactions within the carbon nanotubes. These
ing materials for strong fibets® and tips in scanning-probe Were found to accurately reproduce 8¢, and Cs; elastic
microscop)ﬁvs The electrical properties WhiCh, depending on constants of nanotubé%.The surface van der Waals interac-
the diameter and helicity of the nanotulfesan be either tion parameters were obtained by summing atomic van der
metallic or semiconducting, also make them candidates foyVaals interactions for asp” hybridized carbon atom inter-
nanowire$™**and electronic device$ °However, the fab- acting with a graphite slab. Energy minimization was based
rication of carbon-nanotube/metal connections so as to estaBn @ Newton method: Tube-surface binding energies and
lish electrical contact to the outside world and to performgeometries were found to converge rapidly with tube length.
electrical measurements remains a major challenge. The The atomic-force microscop}AFM) image of a surface
characterfOhmic or Schottky typeand “quality” of nano-  region densely covered with nanotubes, most of which are
tube substrate junctions depends upon the geometry of tHéraight and undeformed, is reproduced in Fi@).1A closer
contact region, which depends on the nanotube substrate {20k at such images reveals that nanotubes that cross surface
teraction. Electronic transport through carbon nanotubes if¢atures such as other tubes are not entirely straight, but bend
generally discussed in terms of the idealized geometry ofnd deform elasticalljsee Fig. 1)]. The strain energy that
free nanotubes, unperturbed by interaction with the environthereby builds up in the tubes is compensated by a gain in
ment. Experimental studies, however, are mostly performe@inding energy as the tubes maximize their contact area with
using nanotubes that are dispersed on a substrate with whi¢he substrate. Profiles like the one in Figc)lcan actually be
they therefore interact. Here we investigate the consequencé§ed as unique probes of the nanotube-surface binding en-
that this interaction can have on the geometric structure o'gy. provided the Young's modulus of the tubes is kndtvn.
carbon nanotubes using atomic-force microscopy and he total energy of the system can be written as an integral
molecular-mechanics simulations. Even though nanotube@f the strain energy(c) and the adhesion energy over the
only interact through van der Waals forces with the sub-entire tube profile:
strate, the resulting elastic deformations are substantial. We
find that the extent of the observed axial and radial elastic E:f [u(c)+V(z)]dx, (1)
deformations depends on the nanotube diameter and number
of tube shells. Radial deformations of carbon nanotubes have

been studied previously only in nanotube bundles or WMW“Z \ e
previously only BT, A
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Finally, the effects the elastic deformations may have on the /" ' ""
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The multiwalled carbon nanotubes used in our experimen-
tal studies were dissolved in methylene chloride using an
ultrasonic bath to agitate the solution. Once dispersedona h
passivated $100) surface, nanotubes could be imaged inair g, 1. Multiwalled carbon nanotubes on an H-passivated
with an atomic force microscope operating in the noncontacs;j(100 substrate imaged with the AFM. When nanotubes cross
mode(M5, Park Scientific InstrumentsThe commercial tips  obstacles such as other tubes on the surface they bend and deform
(Park Scientific Instrumentsised for noncontact imaging in elastically, as shown in pané). Profiles like the one in panét)
our experiments had relatively low-force constants of 0.16—for a nanotube with 90 A diameter can be used to determine the
0.24 N/m and resonance frequencies near 25-30 kHainding energy of nanotubes to the substrate.
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with ¢(x) being the local-tube curvature ané(z(x)) the
nanotube-substrate interaction potential at a distarat®ove

the surface(in eV/A). The interaction potentia¥ may de-
pend on short-ranged chemical and long-ranged van der
Waals interactions. However, the shape of profiles calculated
from Eq. (1) was found to depend only on the depth and not
the particular form of the interaction potentf4l.

From a fit of calculated profiles to the experimental pro-
file of a 90 A-diameter tube in Fig.(@), for example, we
obtain a binding energy o£1.0 eV/A. The average value for
the binding energy of tubes with approximately 95 A diam- - : a
eter was obtained from about a dozen such profiles and is 2 shells 4 shells 8 shells
0.8+0.3 eV/A. Compared to smaller molecules interacting
with surfaces, these binding energies are high but can be FIG. 2. Radial deformations of adsorbed carbon nanotubes cal-
attributed entirely to van der Waals interactions as we diseulated using molecular mechanics. The deformations shown are
cuss later on. As a consequence of these large binding endrue representations of the resulta) The radial compressions of
gies, the forces between nanotubes and perturbing featuregdsorbed single-walled nanotubes with respect to the undistorted
such as defects, steps, or other nanotubes on the surface dege tubes are: 0%, 2%, 13%, and 42%, for 6.7-, 13.5-, 27.1-A, and
be extremely high. Using Eq1) to calculate the force with 54.2-A tubes, respectivelyb) When the number of inner shells is
which a 100 A-diameter tube is pressed against an obstacigcreased the compressions are reduced from 42% to 25%, 5% and
of similar height, we obtain a value of 35 nN. We have t_o less than 1% fof40,40 tubes with 1, 2, 4, and 8 shells, respec-
previously reported that direct evidence for such high forcedvely:
can be found in profiles along crossing tubes, which clearly
show a compression of the lower tube in the contact reffion. crease of the tube’s contact area with the substrate should
We also find that the total height at the top of such profiles atiave consequences for the tribological properties of adsorbed
in Fig. 1(c) is occasionally up to 30% smaller than the sumnanotubes. The computed binding energies for both, opti-
of the two individual tube heights. This suggests that one omized single and multiwalled nanotube geometries repro-
both of the tubes may be compressed at the crossing poimduce these trends and are summarized in Fig. 3. The open
However, unlike the obvious axial deformations discussedquares give the binding energies obtained for the optimized
above, the AFM is not ideally suited to investigate cross-geometries based on the MM3 force field. The lower bound-
sectional deformations of nanotubes. We have shown prevary of the gray area gives the van der Waals binding energy
ously that only in extreme cases—when tubes are collapseef a perfectly circular tube, i.e., when no elastic deformations
entirely—may the AFM, be used to study their structffre. are allowed. The results in Fig. 3 clearly indicate that the net
The effect of such a compression on the measured nanotulggin in adhesion energy as a consequence of elastic defor-
profiles along the tubes axis can safely be neglected. In prirmations can easily reach 100%. The upper boundary of the
ciple, van der Waals interaction potentials, and thus the forcgray area gives the van der Waals contribution to the binding
gradients measured in noncontact AFM do depend on thenergy. The difference between the latter and the binding
shape of the interacting objects, e.g., the shape of the tip arghergies for the optimized geometries thus reflects the strain
tube. But even for fundamentally different objects interactingenergy that develops within the tube due to bond bending
with a surface such as a sphere or cylinder, for example, thend bond stretching. When the number of inner shells in-
observed change in force gradients should be small with areases, as illustrated for t(#0,40 tube, the cost for elastic
pronounced distance dependencezof and z” 3%, respec- deformation cannot be compensated as much by the gain in
tively. Since height differences along the axis of crossingadhesion energy that results in a smaller flattening of the
nanotubes are of the order of 100 A, we conclude that smatube and a lower binding energy. Eventually the binding en-
variations of the tube diameter along such profiles will notergy for the solid tube with eight shells is very close to that
have a significant effect on the measured topography, i.eqf a solid tube with no elastic deformation at all. The binding
force gradient images should match the tube topography. energy for a solid tube thus givesl@ver boundto the ex-

To explore radial and axial deformations in more detailpected adhesion energy. This dependence can be approxi-
we have, therefore, performed molecular-mechanics calculanated by the empirical fit to our calculated binding energies
tions on single and multiwalled carbon nanotubes. The reEg=(—0.053+0.08&l) eV/A, where the diameter of the
sults of calculations on isolated nanotubes shown in Rig). 2 tubesd is expressed in A. For solid tubes with around 100 A
indicate that the extent of the cross-sectional deformatioliameter we calculate a van der Waals binding energy of 0.8
increases dramatically with increasing tube diameter. ThigV/A, which agrees very well with the experimental value
trend can be reversed, however, if inner shells are added for the passivated silicon surface. This agreement of the cal-
the nanotubgsee Fig. 2b)]. The driving force behind these culated van der Waals binding energy to a graphite surface
elastic deformations is provided by the gain in binding en-and the measured binding energy to a passivated silicon sur-
ergy as the contact area with the substrate increases. Tli@ce is not all that surprising due to the similarities of Ha-
addition of more shells inside a tube increases its rigiditymaker constants observed for dissimilar me&dia.
makes these elastic deformations energetically more costly The radial distortions may also have an effect on the
and, therefore, reduces the observed flattening of the tubebes’ bending properties due to the coupling of the cross
wall in contact with the substrate. Such a decrease or insection to the flexural rigidit =Y | of nanotubes, wher¥
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FIG. 4. Results from the molecular-mechanics calculation of
two crossing(10,10 nanotubes with axial and radial deformations.
b) Panel(b) gives a perspective closeup of the crossing point. It shows
15 that both tubes are deformed elastically near the contact region. The

force acting on the lower tube is about 5 nN.
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have a diameter of 13 A and the longer one has a length of
about 350 A. The axial profile of the upper tube seen in Fig.
4(a) is very similar to the profiles of multiwalled tubes im-
aged by the AFMsee Fig. 1c)]. The molecular-mechanics
calculations, however, give a more detailed account of the
forces and resulting elastic deformations, in particular at the
point of contact between the two tubes. We find that the
force of 5.5 nN with which the upper tube is pressed against
Number of shells the lower one leads to a cross-sectional compression of both
tubes by almost 20% near the point of confaete Figs. &)

FIG. 3. Binding energies of adsorbed nanotubes as a function cind 4c)]. Further analysis of the molecular mechanics simu-
their diameter{panel (8)] or number of inner shell§panel (b)]. lations shows that the local strain associated with these de-
Open squares in the middle of the shaded areas give the bindinfgrmations can be as high as 5-10 meV per atom. Such
energies as obtained from the molecular-mechanics calculation. Thgtrains will lead to a modification of the electronic structure
lower side of the shaded areas gives the van der Waals bindingf adsorbed nanotubes and—at small enough temperatures—
energies when no relaxation of the nanotubes is allowed. The upp&hould have implications for electronic transport properties
boundary of the shaded areas gives the van der Waals contributiqﬁrough nanotubes. Experimeﬁfaand theoreticadl studies
to the binding energy of the deformed tubes. The difference bey|so indicate a coupling between tube distortions and their
tween this and the results from the MM3 (;alculat(open squares  glectronic transport properties.
thus reflects the cost for elastic deformations. our findings suggest that perturbing features on the

surface—such as defects or steps—can induce substantial
is Young’s modulus antithe geometrical moment of inertia. distortions in adsorbed nanotubes due to their strong adhe-
We may easily estimate the effect of radial distortions on thesion to the substrate. The strain associated with such defor-
nanotubes’ flexural rigidity if we assume that the compres-mations is very likely the cause for the obserfguerturba-
sion leads to an elliptical deformation. The change in flexurations of the electronic transport properties. This poses a
rigidity for deformed tubes is then calculated from the geo-serious challenge for the control required for processing of
metrical moment of inertid = [ [y?dx dy over the cross nanotube devices if they are not to be affected by surface
section of the tubé® This estimate reveals that the flexural roughness. On the other hand, there is an opportunity to uti-
rigidity of tubes is reduced almost linearly with compressionlize the surface topography as a tool for tailoring the nano-
according toB=1.9Bja/a, where a, and a are the outer tube’s transport properties. In this context we have estimated
tube radii for undistorted and elliptically compressed tubesthe critical surface roughness—expressed in terms of a criti-
respectively. Thus, tubes that have undergone significant raal surface curvature.—up to which the tube will smoothly
dial compression can be bent much more easily than pefollow the substrate topography. This can be done by calcu-
fectly circular tubes. lating the smallest curvature at which the axial strain energy,

Adsorbed on a substrate, where nanotubes are likely twhich develops as the nanotube bends, can still be compen-
encounter obstacles or defects, they will be subject to botlsated by the adhesion energy. We found that since the strain
radial and axial deformations. We have, therefore, simulateénergy increases more rapidly with tube diamet¢han the
such a situation using molecular mechanics where one tubsdhesion energy{d* and=d, respectivelythis critical cur-
crosses another one lying on a surface. The results of thigature is only about (1® ! for a tube with 13 A diameter
optimization for two crossind10,10 nanotubes with alto- and decreases te(50d) ! for tube diameters around 100
gether 6800 atoms are reproduced in Fig. 4. These tubék. Thus, a substrate with surface features having a curvature
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higher thanc, provides perturbing obstacles that lead to thetact area and shear forces the larger contact area of deformed
kind of elastic deformations seen in Fig. 4. tubes allows to stabilize highly strained tube configurations
In summary, we found that the van der Waals interactiorlike those observed recently with the AFM? In fact, we
between nanotubes and a substrate can lead to substanfi@ynd that collapsed tubes with the highest possible contact
axial and radial deformations of adsorbed nanotubes destro@/€a could not be pushed around on the surface by the tip of
ing the idealized shape of free tubes. This has importang? AFM—unlike their inflated “cousins.™ The elastic de-
implications for tribological and electronic transport proper-formations and the resulting strains that we observe when
ties of adsorbed nanotubes. Experimentally determined adh82n0tubes interact with surface features are likely respon-

sion energies for nanotubes bound to a passivated silico?l'ble for irregularities in the electronic transport properties of

27
surface could be attributed entirely to van der Waals interac‘:"dsorbed nanotubes:
tions. The observed flattening of adsorbed nanotubes on the we thank H. Dai for providing us with a sample of mul-
side facing the substrate can lead to a substantial increase ivalled carbon nanotubes. T.H. acknowledges financial sup-
the contact area and binding energy with respect to undeport by the Alexander von Humboldt foundation and the
formed tubes. Owing to the linear relationship between conMax-Planck-Society.
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