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Self-Assembly of Single-Walled Carbon
Nanotubes into a Sheet by
Drop Drying**

By Rajat Duggal, Fazle Hussain, and Matteo Pasquali*

Single-walled carbon nanotubes (SWNTs) are currently the
focus of extensive interdisciplinary studies because of their
unique physical and chemical properties and potential elec-
tronic applications, for example, in making sensors and field-
emission devices.[!! Processing of SWNT-based materials into
engineered macroscopic materials is still in its infancy; the
most successful methods so far have been based on adapting
techniques that had been developed in other areas of material
science such as colloids and polymers. Recent successes in-
clude preparing fibers and ribbons of SWNTs; films of pure
SWNTs,P4 polymers doped with SWNTs,>®l and growth in
situ of SWNT arrays.”! Evaporation of drops on substrates has
been used for patterned deposition of solutes onto non-porous
substrates, such as in DNA microarrays,® nanolithography,!
protein crystallization,'”! and stretching DNA for hybridiza-
tion studies.'"'?! Shimoda et al.'"*! prepared continuous self-
assembled films of SWNT bundles on glass near a receding
contact line by solvent evaporation. The moving contact line
of a drying drop could be similarly used to form aligned pat-
terns of SWNTs on substrates for making films or for nano-
fabrication.

Drops of a solution on a substrate follow one of two drying
mechanisms: either the drop maintains a constant contact an-
gle by de-pinning the contact line (e.g., water on non-wetting
substrates!'), or the contact line gets pinned and the drop
maintains a fixed contact area (e.g., colloidal dispersions!').
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MATERIALS

Deegan and co-workers!> 7 have studied the drying of drops
of colloidal dispersions and found that the particles deposit in
a ring at the periphery of the drop due to capillary flow in
which the pinned contact line causes the solvent to flow
towards the edge. Recent investigations have also shown the
formation of a skin or crust at the free surface of drops of poly-
mers and colloidal suspensions."®! Pauchard and Allain!*")
found that the crust may collapse and evolve into different
shapes as the surface area remains constant while the drop vol-
ume decreases due to solvent evaporation. “Crusting” on the
surface of spin-cast films®?*?! is a well-known phenomenon.
De Gennes!?? suggested a transport model for crust formation
in spin-cast films. Because the glass-transition or gelation tem-
perature of a pure polymer/colloid is higher than that in solu-
tion,""] at any temperature below the glass transition there is a
critical particle concentration at which the system transitions
from fluid to glassy or gel-like. Evaporation of solvent from
the free surface leads to a local increase in concentration of
the polymer/suspension at the free surface, and a very thin
glassy or gelled crust is formed at the free surface. Here, we in-
vestigated drying of a sessile drop of individually suspended
SWNTs in an aqueous solution of F68 Pluronic. We found
that, instead of assembling on the substrate, the SWNTs self-
assemble into a crust at the free surface. This entangled mesh-
like crust was characterized by various microscopy techniques.
The “crusting” phenomenon could be used as a potential route
for making thin coatings and films of SWNTs.

Video microscopy showed that the initial drying progressed
by de-pinning of the contact line, i.e., the radius of the base
decreased with time. Figure la shows the drop radius (nor-
malized by the initial radius) as a function of time. The diame-
ter of each drop was measured at four different angles and
then averaged. After about 360 s the drop attained a fixed
base radius and a foot started appearing. Drops of pure water
on the same substrate dried by maintaining a fixed base ra-
dius, in agreement with the findings by Birdi et al.®! Assum-
ing quasistationary conditions, if diffusion of water in air is
rate controlling, then in a sessile drop receding with a constant
contact angle the square of the base radius is linear with
time.” While the drop radius shrunk, the contact angle be-
tween the drop and the glass substrate was about 10-15 °C (in-
ferred by video microscopy). Up to t~210 s, we find that the
assumption that diffusion is rate controlling is fairly accurate
(Fig. 1b). We recorded the variation of weight of the drop
with time (Fig. 1c) and found that the initial evaporation rate
Jo was Jo~2x10° cm’s™. As the drying progressed further,
the drop attained a constant base radius at ~360 s, and a sur-
face undulation appeared at the top of the drop. A thin crust
appeared at the free surface, with a convective flow toward
the foot underneath. The formation of the crust slowed down
the solvent loss from the initial evaporation rate J, (Fig. 1¢c)
by reducing the diffusion of water from the core of the drop
to the free surface. Loss of the solvent decreased the volume
enclosed by the thin crust, and the crust thus inverted, form-
ing an undulation similar to a collapsing dome. The drying
process is summarized schematically in Figure 2.
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Figure 1. a) Normalized drop radius R versus time ¢, for five SWNT-F68
drops (1 pL) deposited on glass. After ~360 s the drops attain a fixed
base radius. Time-lapse video microscopy images are also shown.
b) 1—R? versus time for four drops for t<240 s. c) Variation of drop
weight versus time for SWNT-F68 (@) and water (). Water drops dry
with a constant drying rate (broken line). SWNT-F68 drops dry at a con-
stant drying rate for t<360 s (solid line). For t>360 s the evaporation
rate slows down. Averages are for 5 sets of 16 drops (SWNT-F68) and
3 sets of 16 drops (water). The error bars are the standard deviations.
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Figure 2. Schematic of the drying process. 1,2) The drop maintains a
fixed contact angle as the base radius shrinks. 3) The contact line is
pinned and a gelled foot appears. A crust is formed at the free surface, re-
ducing the evaporation rate. 4) The volume that the crust envelops de-
creases as evaporation proceeds, and a surface undulation appears.
5) The crust sits on the surfactant-SWNT deposit on the substrate as the
drying reaches completion.

In contrast to the drying drops of SWNT-F68 suspension,
when aqueous drops of a SWNT-SDS suspension were dried
under similar conditions, a crust did not form and the SWNT's
deposited in the center of the drop. Both SDS and F68 are sur-
face-adsorbing molecules which arrange at the free surface
with the hydrophobic part at the air/water interface and the
hydrophilic part suspended in water. The hydrophobic
poly(propylene oxide) (PPO) chain in Pluronic surfactant
arranges itself at the air/water interface, and the hydrophilic
poly(ethylene oxide) (PEO) chains extend as brushes in the
water. Sodium dodecylsulfate (SDS)—a small molecule —
cannot form a mesh to support the SWNTs, while F68—a
long-chain polymer—can form an entangled network entrap-
ping the SWNTs. Evaporative loss of the solvent, advection-
driven transport of SWNT-F68, and preferential adsorption
of the surfactant at the air/liquid interface lead to a local in-
crease in the concentration of the SWNT-F68 complex at the
free surface, leading to the formation of a crust.

The inhomogeneities (due to SWNTs) in the thin crust
served as nucleation points for fractures. “Volcanic land-
scapes” appeared when the crust ruptured at isolated points
(Fig. 3a (panel 2), Fig. 3b). Aligned liquid-crystalline domains
(observed under polarization, Fig. 3a (panels 3-6), Fig. 3c)
were formed as the evaporation front moved across the drop
from the rupture sites. Defect planes appeared over time
when two evaporation fronts met, akin to the formation of
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Figure 3. Dried drops of SWNT-F68 on glass. a) Progression of drying under crossed polarizers. 1) Contact line is pinned and the drop forms a gelled
foot. Note the undulation of the free surface in the middle. 2) Crust ruptures at a point and birefringent patterns start appearing. 3) Crust ruptures at
another point and the drying fronts move radially. 4) The drying fronts meet to form a grain boundary. 5) The drying fronts move across the whole
drop. 6) A circular crack appears around the rupture site (at the top). b) Bright-field image showing the foot of the drop, volcanic landscape, and
cracks. A) Rupture sites, B) cracks, C) grain boundaries, D) foot. Scale bar is 100 um. c) Under crossed polarizers. The birefringent fan-like arrange-
ments of the micelles, characteristic of hexagonal liquid-crystalline domains. Scale bar is 100 pm.

grain boundaries and defects in crystals (Fig. 3a (panel 4)).
Further water loss occurred with the horizontal dimensions
remaining fixed, and the extremely thin crust came under in-
creasing tension (as it tried to shrink) and then fractured,
forming cracks (Fig. 3a (panel 6)). The direction of the cracks
at the surface may depend on the packing of the SWNT-F68
micelles. Islam et al.?*?"! recently reported similar surface
cracking in dried samples of SWNTs stabilized by sodium do-
decyl benzene sulfonate and trapped in nematic aqueous gels
of crosslinked N-isopropylacrylamide. They conclude that
cracking occurs because of generation of high internal stress
at the surface that originates from coupling of the nematic di-
rector (packing direction) and the elasticity of the SWNT-sur-
factant network. The fan-like arrangement (Fig. 3c) observed
(which occurred even if the SWNTs were not present, though
only in the foot of the drop) is typical of hexagonal liquid-
crystalline order where the solute is cylindrical in shape.!
F68 forms only cubic liquid-crystalline phasespg] and thus
should have no birefringence. Eiser et al.B% have reported
strain-induced orientation transitions in the lyotropic cubic
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crystalline phase of F68. Here, the convective flow in the drop
aligned the micelles into columns, yielding a hexagonal ar-
rangement. Drying drops of F68 alone did not develop a sur-
face undulation, but a gelled foot appeared at the contact line,
and a crust was formed. Structures similar to those on glass
were formed on mica; Figure 4a shows an atomic force mi-
croscopy (AFM) image of aligned SWNT-F68 micelles near
the edge of the drop. The striations (also seen in Fig. 3b, the
spokes originate from the rupture sites (A)) are the assembled
surfactant micelles. The presence of SWNTSs on the surface of
the dried drop was found by imaging at the cracks by scanning
electron microscopy (SEM). The long rod-like structures
are the SWNT-F68 micelles and not the Pluronic micelles
(Fig. 4c). Such structures are particularly prominent in cracks
which they bridge.

In order to investigate the structure and arrangement of the
SWNT-F68 micelles in the crust, we first suspended the crust
in water and floated it on aluminum SEM posts to obtain
SEM images. The crust looked like a mat of entangled strands.
Monolayer thin regions of the crust where the mesh was

www.advmat.de
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Figure 4. a) AFM amplitude scan (10 pmx 10 pum) at the surface of a dried drop of SWNT-F68 on mica. Scans were done near the edge of the drop.
The striations due to the assembled polymer micelles can be seen. b) AFM scan (5 um x5 pm) of the crust on mica showing entangled mesh-like mor-
phology. The height scale is 80 nm. c) SEM image showing SWNT-F68 bundled bridging a crack. d) SEM image of SWNT-F68 crust formed on glass.
Note that the crust is under tension in the crack. Scale bar is 200 nm. The SEM samples (c,d) were coated with gold.

under tension (Fig. 4d) were observed. Such regions of high
internal stress that lead to cracks have been not been reported
before. The thickness of the crust was between 10 and
100 nm. We measured a strand size of ~10-15 nm. High-pres-
sure CO conversion (HiPco) SWNTs have a diameter of
~1 nm,m and F68-coated individual SWNTs in solution have
an estimated diameter of ~ 13 nm (using de Gennes’ polymer-
brush theory:[32] Lo=a’>NA™", where Ly is the brush length
in the solvent, N=78 is the number of ethylene oxide mono-
mers, a=0.24 nm is the size of the ethylene oxide monomer,
and A=1.8 nm’ is the area occupied by each molecule of F68
at the air/water interface). In the absence of water, the
brushes would collapse and the size of the strand around an
individual SWNT would be about 5 nm. Figure 4b shows an
AFM scan of the mesh-like structure of the crust. The film
thickness could not be measured accurately by AFM due to
folding of the crust during transfer onto mica. The crust was a
monolayer thick (~10 nm) at the edges; toward the middle
the surface roughness was 50-80 nm. The presence of SWNTs
in the thin crust was apparent from the dark color (Fig. 5a, in-
set). Raman spectra of the crust showed the characteristic
transverse breathing mode of SWNTs at ~1592 cm™ and the
radial breathing mode at ~234 cm™'. The low intensity of the
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peaks at ~270 cm™' indicated the low degree of bundling of
SWNTs in the strands of the crust. To confirm the presence of
SWNTs in the strands of the crust, transmission electron mi-
croscopy (TEM) was also performed on the crust floated onto
non-coated copper grids. Images of the mat were obtained
and SWNTs were imaged in the entangled strands (Fig. 5b).
The SWNTs appeared bundled (~ 10 SWNTs in each bundle),
but the bundles were thinner compared to those found in con-
ventional Buckypaper. The low degree of bundling is attribut-
ed to the surfactant-SWNT dispersion that had most of the
SWNTs present as individuals and the spontaneous self-as-
sembly of individual SWNT-F68 micelles at the free surface.
The low degree of bundling of SWNTs in the strands of the
thin crust can be potentially beneficial in preparing thin
(~100 nm) optically transparent conductive films and coat-
ings. The electrical conductivity of the crust could not be mea-
sured accurately because the sample could not be easily
mounted on the probes (to measure conductivity) due to the
small dimensions (1 mm diameter) and the brittle nature of
the crust. Conductive films and coatings may require baking
the crust to remove the polymeric surfactant or an increased
loading of SWNTs in the SWNT-polymer mixture in order to
improve contacts between the nanotubes.

Adv. Mater. 2006, 18, 29-34
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Figure 5. a) Raman spectrum of the crust displaced from a drying drop
of SWNT-F68 on glass (780 nm diode laser). The peaks at ~1592 cm™
and ~234 cm™ correspond to the axial and radial breathing modes of
SWNTs, respectively. Inset: A displaced crust. Scale bar is 200 um.
b) Transmission electron micrograph of the crust, showing the presence
of SWNTs in the strands. Scale bar is 40 nm.

The simple de Gennes theory that describes formation of a
crust in spin-cast films®? is based on two assumptions: the
polymer has a glass transition and the polymer is non-surface
adsorbing. F68 Pluronic is a semicrystalline polymer that has
a melting point of 57.2 °C (found by differential scanning calo-
rimetry (DSC)) and no glass transition above room tempera-
ture. It is well known that addition of SWNTs to polymers can
alter the glass-transition temperature. We performed DSC on
dried samples of the aqueous solution and found that the pres-
ence of SWNTs did not alter the melting point of the mixture.
Moreover, F68 is a surface-adsorbing polymer; thus, the de
Gennes theory cannot be used to explain the SWNT-F68 sys-
tem. However, the de Gennes theory can be qualitatively ap-
plied to the SWNT-F68—water system; i.e., an entangled mesh
is formed at the free surface because, first, the mixture transi-
tions from liquid-like to solid-like at the free surface due to
loss of solvent, and second, the preferential adsorption of part
of the surfactant (F68) at the air/water interface leads to the
transport of nanotubes to the surface. To find the critical con-
centration of the polymer required at the free surface to form
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MATERIALS

a crust, we measured the linear viscoelastic response of the
surfactant/water system.® The aqueous Pluronic solution
gelled between 40 and 50 wt.-%. Recall that the drop radius
measurements (Fig. 1b) showed that the drying process is
diffusion limited for #<210s. In this regime, from mass
balance at the free surface, the time required for the concen-
tration to reach the critical value at which crust formation oc-
curs can be estimated by f. = D(¢c)(pc— @o)* S*/J2, where ¢ is
the initial volume fraction of the polymer, ¢, is the polymer-
volume fraction at the free surface, D is the diffusion coeffi-
cient, and S is the surface area.'! The diffusion coefficient
of F68 in aqueous solution at the critical concentration
(50 wt.-% =59 mM) is 2 x 10° cm?s.3* Using these values
and the surface area of the drop when it reaches a fixed base
radius gives f.=102 s. The drying time corresponding to a
fixed evaporation rate J, is t3 =540 s. Similar to the findings of
Pauchard and Allain," because 7. < 74, the crust forms before
the drying of the drop is complete; evaporation proceeds at a
slower rate through a porous mesh-like crust, and loss of vol-
ume enclosed leads to the surface undulation.

In summary, we have demonstrated the formation of a thin
film (~ 100 nm) at the free surface of a drying drop of SWNT-
F68 on a substrate. Crust formation can be explained qualita-
tively by de Gennes theory; a quantitative prediction of the
thickness of the crust would require a theory that includes
polymer adsorption at the free surface. The phenomenon of
crusting at the free surface due to solvent mass transfer across
an interface may be exploited to fabricate thin crusts and
coatings of SWNTs on substrates.

Experimental

The solvent was F68 Pluronic dissolved in water at a concentration
of 2 wt.-% or 2.4 mM (critical micelle concentration, 1.4 mM [35]).
F68 is a high-molecular-weight (M,,=8400 gmol™) surfactant with
two PEO chains connected by a PPO chain, PEO;5(PPO3y) PEO7s,
that forms lyotropic cubic phases at high concentrations and/or low
temperature [29]. SWNTs (HiPco, Rice University; HPR 120.3) were
dispersed in the surfactant solution through a technique developed by
O’Connell et al. [36], involving homogenization, ultrasonication, and
ultracentrifugation to obtain suspensions with final concentrations be-
tween 20 and 30 mgL™". The hydrophobic segment of the surfactant
(PPO) sits at the surface of individual carbon nanotubes (the exact
configuration of PPO on the nanotube surface is still unclear),
whereas the two hydrophilic PEO segments expand in water. The
polymer provides a steric barrier to bundling induced by van der
Waals forces between nanotubes; such Pluronic-stabilized suspensions
of individual SWNTs were stable for months. The SWNTs in the
suspensions were not aggregated: Raman fluorescence spectroscopy
showed high-energy fluorescence peaks, and the Raman peak at
~273 cm”!(indicative of bundles [37,38]) was suppressed.

Glass slides were cleaned in a solution of 70 % sulfuric acid and
30 % hydrogen peroxide for 30 min, rinsed in water, and wiped clean
with methanol. 1 pL. drops of the dispersion were deposited on the
substrate and allowed to dry under ambient conditions (23°C and
38 % relative humidity). Dried-drop samples were investigated using
a Zeiss Axioplan-2 optical microscope, a tapping mode Digital Instru-
ment Nanoscope IIIA atomic force microscope, a JEM 2010 transmis-
sion electron microscope, and a JEOL 5300 scanning electron micro-
scope. The crust was floated on water and transferred to appropriate
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substrates: onto mica for AFM, onto clean SEM posts, and onto cop-
per grids for TEM. The crusts could be floated on water for over 48 h
without resuspension.
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Experimental Evidence for Grain-
Boundary Sliding in Ultrafine-Grained
Aluminum Processed by Severe Plastic
Deformation**

By Nguyen Q. Chinh,* Péter Szommer, Zenji Horita,
and Terence G. Langdon

Processing of metals through the application of severe plas-
tic deformation (SPD) is currently receiving much attention
because it has the potential to refine the grain size to submi-
crometer or nanometer levels.l!! These ultrafine-grained mate-
rials have high strength through the Hall-Petch relationship
but in practice their utility is generally restricted because they
exhibit only limited ductility.”! There is indirect evidence sug-
gesting that grain-boundary sliding may occur more easily in
metals processed by SPD and this may give high strength and
a reasonable level of tensile ductility.>! Here we report a di-
rect demonstration of the occurrence of grain-boundary slid-
ing in pure aluminum after SPD processing. Using high purity
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