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A fully collapsed multiwalled carbon nanotube (MWCNT1) section and a different twisted and fully
collapsed MWCNT were observed with tapping-mode atomic force microscopy. The collapsed section
of MWCNT!1 was significantly more flexible than the uncollapsed sections, and advanced 120 nm within
1 month. The collapse of MWCNT1 was most likely initiated by its interaction with the surface, and
possibly a water meniscus. The ability of carbon nanotubes to radially deform under the influence of
surface interactions is in striking contrast with their extremely high axial rigidity.
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Carbon nanotubes (NTs) have been predicted to have
high modulus and strength [1-3], and experiments con-
firm this [4-9]. NTs appear to be excellent candidates
for reinforcement in composites. The high in-plane rigid-
ity of graphene sheets contrasts with their out-of-plane
flexibility, which is responsible for the considerable ra-
dial deformability of carbon NTs [10]. NTs in various
states of radial deformation, including the collapsed (rib-
bonlike) state, have been observed in transmission electron
microscopy (TEM) [11-14]. The radial deformability of
NTs has been recently studied quantitatively with the aid
of atomic force microscopy (AFM) [15-17], and radial
deformation has also been found to prominently affect NT
electrical properties [18,19]. The susceptibility of NTs to
collapse should be relevant to their future applications as
components in molecular devices.

We present the results of AFM observations of multi-
walled carbon nanotubes (MWCNTs), which clearly show
that radial deformation and collapse can be induced, and
stabilized, by substrate-nanotube interactions.

The MWCNTs used in the experiments were synthe-
sized by the arc method, purified by oxidation in air, and
had diameters ranging from 2—50 nm [20].

Figure 1 shows a 2.8-um-long MWCNT (MWCNT1)
with a ~800-nm-long interior section (between the two
arrows) of distinctly different appearance. Both the height
image [Fig. 1(a)] and the corresponding amplitude image
[Fig. 1(b)] show that this section of MWCNT1 has a flat
ribbonlike shape—it is collapsed. (Additional AFM im-
ages showed that most MWCNTs crossing the substrate
trenches were essentially straight, which emphasizes their
mechanical stiffness.) A height profile [Fig. 1(c)] along
MWCNTI [between points 1 and 2 as marked in Fig. 1(a)]
shows that the collapsed section drops by ~8 nm over the
trench. Figure 2(b) shows a typical height profile across
the collapsed section; it has an average height of ~2.3 nm
and a “pillow” shape. In contrast, the height of the uncol-
lapsed section of MWCNT1 [section profile, Fig. 2(a)] is
equal to ~6.5 nm.
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The shape of MWCNT1 can be reconstructed from the
AFM image as follows [21]. The profile of the tip in the
direction perpendicular to the long axis of MWCNT1 was
obtained by eroding the profile of the uncollapsed section
shown in Fig. 2(a) with the expected profile of MWCNT1.
Subsequently, the obtained tip profile was eroded from
the profile of the collapsed section, and the height of un-
certain parts of the reconstructed profile was set to zero
[Fig. 2(b)]. The tip reconstruction was performed with
a range of elliptical shapes for the profile of MWCNT1
while seeking consistency between the perimeter length of
the reconstructed profile of the collapsed section, P,., and
the perimeter length of the uncollapsed section, P,,, for the
assumed shape (see Ref. [22] for further details). It is
clear that even the “uncollapsed” section is significantly
flattened; since the perimeter consistency (P,./Pp, = 1)
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FIG. 1. Collapse of a MWCNT (MWCNT1) deposited on a
patterned silicon wafer as visualized with tapping-mode AFM.
The height in this and all subsequent images was coded in
grayscale, with darker tones corresponding to lower features.
An 800-nm-long collapsed section is evident in MWCNT1 as
marked by the arrows. Two-dimensional height (a) and ampli-
tude (b) images of the same area are shown. (c) Height profile
taken between point 1 and 2 along MWCNT1 marked in (a).
(d) MWCNT1 was reimaged after a period of one month stor-
age at ambient conditions. Notice that the collapse propagated
another ~120 nm (indicated with an arrow). The inset in (d)
shows the surface plot of the enclosed square region in (d).
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FIG. 2. Reconstruction of MWCNT1 from the AFM images.
(a) Height profile taken across uncollapsed MWCNT1 in (a) and
the obtained elliptical cross section of MWCNTT1 following the
reconstruction procedure explained in the text. (b) Height profile
taken across collapsed MWCNT1 in (a), and the reconstructed
height profile and approximate cross section of the collapsed
MWCNT]1 following the reconstruction procedure explained in
the text. (c) Perimeter fit for nanotube ellipses having different
axis ratio a/b. (d) Area fits for three layer ((J) and four layer
(O) nanotube ellipses having different axis ratio a/b.

was achieved for a/b = 1.35 [Fig. 2(c)], where a/b de-
notes the ratio between the horizontal and vertical axes of
the ellipse.

The cross-section areas of reconstructed profiles of the
collapsed section, Syec, were compared with the geometri-
cally calculated values. The cross-section area of a fully
collapsed MWCNT!1 can be calculated as Sesy = 7R2,, —
7(Rexe — nd)?, where Rex; = (ab)'/? denotes the external
radius of the uncollapsed section in its undeformed (cylin-
drical) shape, n is the number of walls, and d = 0.34 nm is
the interlayer spacing. Figure 2(d) shows the results in the
form of plots of Srec/Sest Vs a/b, for values of n = 3 and
n = 4. For n = 4, consistency between cross sections is
achieved for a/b = 1.2, whereas forn = 3, a/b = 1.35.
Since only the latter value agrees with the perimeter analy-
sis, MWCNT]1 is determined to be a 3-cylinder MWNT,
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consistent with the height of the collapsed section (2.3 nm)
being close to the thickness of six graphene sheets (thick-
ness 0.34 nm). In a perfectly cylindrical state, the inner
diameter of this 3-walled NT would be 5.5 nm.

For a given number of walls, full collapse of a MWCNT
can occur only above some critical radius of the innermost
tube. According to simulations based on TEM analysis
of a collapsed MWCNT, the critical radius for a stable
3-cylinder MWCNT is between 4 nm and 7 nm [23].

The transition from the partially flattened to collapsed
state requires external energy to overcome the barrier sepa-
rating these two states. One of the pathways along which
the necessary energy can be supplied may involve bending
of the NT beyond the point of buckling. In the case of
MWCNTI this event might have been triggered upon
adsorption on the surface, when MWCNTI1 crossed
MWCNTA [Fig. 1(b)]. Subsequently, the collapse ex-
tended up to the second trench on the left [Fig. 1(b)],
where it was arrested due to the sudden decrease of the
attractive substrate force (the trench is 17 nm deep).
Because of this energy barrier, the physical boundary
between these states ought to be metastable, and the
collapsed state might advance. Such was indeed observed
in the case of MWCNT1, when it was imaged one month
later. As shown in Fig. 1(d), the zone of collapse advanced
to the right by ~120 nm (see arrow).

The importance of surface-NT interactions in main-
taining the collapsed state of MWCNT1 was assessed by
calculating the energy balance between the mechanical
deformation and surface interactions. The total increase of
strain energy upon flattening (per unit length per NT layer)
was calculated as AE, = E;, — E,;, where E,; = wk/R
denotes the strain energy of a cylindrical shell of radius
R and curvature modulus k [13], and E;, = 7k/r; is the
strain energy of high-curvature bulbs at the edges of a col-
lapsed NT. The bulbs were each assumed to have a semi-
circular shape with the radius r; = [(2i — 1)d]/2, where
i is the shell number (counting from the inside) and
d = 0.34 nm is the interlayer distance in the NT. The
total decrease of the surface free energy (per unit length),
due to the closure of the hollow core and due to the
increase of the contact area with the substrate, was
calculated as AE, = E,, + E,,, where E,, = —2v,L
and Eg,, = —Wg,L, vy, is the surface free energy of
graphite, W, is the work of adhesion between silicon
and graphite surfaces, and L is the contact width and
is equal to 7 (R + d/2 — r1) (Rine = 2.75 nm is the
internal radius of undeformed MWCNT1). Collapse is
favored if the overall energy change AE; + AE, < 0.
For MWCNT1, which has three layers, an inner diameter
of 5.5 nm, and an outer diameter of 7.5 nm, the results are
AE, =36 eV/nm and AE, = —18 ¢V/nm + E,,,. In
the calculation, k = 1.4 eV [13] and y,, = 1.05 eV /nm?
[24]. These estimates indicate that the stability of the
collapsed state of MWCNTI1 requires the contribution
due to adhesion between MWCNT]1 and the substrate to
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satisfy the condition Ey,, = —18 eV/nm. Based on this
condition, the work of adhesion between MWCNT1 and
substrate has to be greater or equal to 2.1 eV/nm? (or
330 mJ/m?). This condition is essentially satisfied here,
since the typical surface energy value for silicon dioxide,
Ysio,» 18 in the range of 115-200 mJ/m? [25] and for
graphite, ,, is reported as 165-200 mJ /m? [24]. Note
that the surface energy of bare silicon is much higher
(1400 mJ /m2, Ref. [26]), but we used a silicon substrate
with a thick oxide layer. Using 165 mJ/m? for the sur-
face energy of graphite and, conservatively, 115 mJ/m?
for SiO,, the work of adhesion, Wy, = 2(y5iozyg)1/2,
can be estimated to be 275 mJ/m? [26]. W,, is thus
reasonably close to the “threshold” work of an adhesion
value of 330 mJ/m? obtained from the energetics analysis
presented above.

Experiments have shown that a water layer might be
present on a SiO, surface depending on the relative hu-
midity. The thickness of the water layer is ~0.2 nm at
50% humidity and ~0.4 nm at 90% humidity [27]. It is
possible that water could slightly wet a MWCNT. Water
condensing into the small cavities between the MWCNT
and the substrate surface by the capillary effect could then
form a concave meniscus. The resulting Laplace pressure
would provide an extra attractive force on the MWCNT
in the region in contact with the meniscus. The menis-
cus curvature (r.) can be estimated from the Kelvin equa-
tion, and is about 0.78 nm at 50% relative humidity [26].
The Laplace pressure (Ppp) can thus be estimated to be
YVwater/ Te [28], which is about 100 MPa. (The force due to
the surface tension of the meniscus circumference can be
ignored since its radius is much larger compared to r.. The
surface energy Ywawer of water is 72 mJ/ m2.) The bind-
ing energy between the surface and the MWCNT cylin-
der in the absence of capillary forces can be expressed as
W = ALVR/(12+/2 D3/%), where L is the length and R
is the radius of the MWCNT, A is the Hamaker constant
(a typical value of 107! J is used), and D is the typical
Lennard-Jones distance of ~0.2 nm for the zero force con-
dition. The resulting value of the binding energy is about
one-sixth of the binding energy between the fully collapsed
NT and the substrate. The van der Waals (vdW) interac-
tion contribution in this uncollapsed N'T/substrate setup is
thus ignored.

An estimation of the contract pressure (Pyqw) between
the flattened MWCNT and the substrate surface is also
relevant. Pqw can be estimated from considering two pla-
nar surfaces attracted to each other through vdW interac-
tions (Pygw = A/67D?). Pygw is thus estimated to be
about 700 MPa.

The energetics analysis shows that the vdW interac-
tion between the flattened MWCNT and the substrate con-
tributes significantly to the collapse of the MWCNT, and
that the Laplace pressure Py p is of the same order of mag-
nitude as Pyqw. Thus, depending on the wettability of the
MWCNT, the presence of water on the surface could have

one of two diametrically opposing effects. If the MWCNT
as well wetted by water, the Laplace pressure could sig-
nificantly contribute to triggering and stability of collapse.
In contrast, if the MWCNT was totally hydrophobic, due
to the high dielectric constant of water (~80), the wa-
ter layer would screen the energy of vdW interactions
between the MWCNT and the substrate surface to approxi-
mately one-tenth of its value in air, precluding the de-
formation and collapse observed in our study. Thus, we
may conclude that either MWCNTs are well wetted by
water and their collapse was assisted by capillary forces
or that a water layer was not present on the surface in
our experiments and the collapse was mainly due to vdW
interactions.

The observed 8-nm downward deflection of the col-
lapsed section of MWCNT1 suspended above the trench in
Fig. 1 was analyzed using a simple clamped-beam model
[29]. The estimated value of the force necessary to cause
the observed deflection was ~1 nN, comparable to the tap-
ping force in our experiments, so the deflection could have
been, in part, caused by the force applied by the tip. In
any case, the observation clearly demonstrates the greater
flexibility of the collapsed MWCNT section in comparison
with the uncollapsed parts [Fig. 1(a)].

Another illustration of mechanical properties of col-
lapsed NTs was provided by the observation of twists in the
collapsed section of a different MWCNT (MWCNT?2). As
shown in Fig. 3(a), the 730-nm-long section of MWCNT?2
extending out from the bottom left had a pillow shape and
was collapsed all the way to the free end. The thick-
ness (3.4 nm) of this section corresponds to a fully col-
lapsed 5-cylinder MWCNT. Its inner and outer diameters
in the undeformed cylindrical state were conservatively es-
timated to be equal to 5 and 8 nm, respectively. The esti-
mated inner diameter of 5 nm for MWCNT?2 is less than
the critical diameter value for the collapse of a 5-cylinder
MWCNT, which is between 8 and 16 nm according to
Ref. [23]. Figures 3(b) and 3(c) show, respectively, the
surface plots of the regions 1 and 2 marked by squares
in Fig. 3(a). Figure 3(b) shows a twist that changed the
orientation of the collapsed MWCNT2 with respect to
the substrate surface as indicated by the gradual shift of
the peak height in the surface height profiles of the pil-
low. Figure 3(c) shows the second twist that gradually
changes the orientation. Remarkably, upon traveling from
the substrate to the top of the deposit, the twisted section of
MWCNT?2 follows a straight line [Fig. 3(d)], in sharp con-
trast with the collapsed section in MWCNT]1 that crosses
the trench (Fig. 1). This strong anisotropy in flexibility of
collapsed MWCNTs is quite intuitive and can be partly ex-
plained as a consequence of the differences of moments of
inertia centered along different directions and mostly be-
cause of the high rigidity of the basal graphene sheet.
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FIG. 3.
(MWCNT?2). (b) Surface plot of the square region 1 in (a)
showing one twist. (c) Surface plot of the square region 2 in
(a) showing another twist. (d) Three-dimensional side view
of MWCNT2 where it extends from the deposit. The inset
in (d) showing the three-dimensional top view of the twist in
MWCNT?2 where it extends from the deposit.

(a) AFM image of a twisted and collapsed MWCNT
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useful comments, and Mark Dyer for help.
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