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grained polymer glass (/8). Our results confirm
that stress-induced mobility allows polymer glasses
to flow; a 1000-fold increase in mobility very
nearly resulted in a 1000-fold increase in the flow
rate. These results also strongly support the reli-
ability of probe reorientation as an indicator of
polymer mobility during deformation. Figure 3
only includes data from single-step creep exper-
iments; data from recovery and multistep creep
experiments do not fall on the same curve. This
finding suggests that no mechanical variable uni-
versally exhibits a simple relation with molecular
mobility.

Because we measured the strain and seg-
mental mobility locally, we were able to perform
simultaneous measurements in different parts of
an inhomogeneously deformed sample. Mobility
changes in three different positions of a sample
that necked during deformation are shown in
Fig. 4. Plots of sample width and local strain
versus time are shown in Fig. 4, A and B, and
illustrate necking that begins at position a and
then propagates toward positions b and c.
Changes in mobility at positions a, b, and ¢
are shown in Fig. 4C. At each position, mobil-
ity accelerates as the local strain rate increases;
data from all three positions are quantitatively
consistent with the master curve in Fig. 3. In a
necked sample, molecular mobility is fastest in
the shoulder, rather than the neck, even though
the true stress in the neck is greater than any
other region in the sample.

Polymer glasses are nonequilibrium thermo-
dynamic systems, and we briefly discuss how
this influences the interpretation of our measure-
ments. Physical aging describes the change in
mechanical properties that occurs over time be-
cause of the very slow molecular rearrangements
in a glass (/); molecular motions have been
shown to slow during physical aging (29). Me-
chanical experiments on polymer glasses have
sometimes been interpreted as a reversal of phys-
ical aging, or “rejuvenation” (/, 9-12). We attri-
bute the changes in mobility in our experiment to
the combination of deformation-induced mobility
and physical aging/rejuvenation. It appears that
deformation-induced mobility is the much greater
effect in these experiments. For example, the
green curve in Fig. 4C shows a small mobility
decrease in the first 30,000 s, which we attribute
to physical aging. This mobility decrease is sim-
ilar in magnitude to the decrease caused by phys-
ical aging in the undeformed sample during the
same time period.

Concepts from the jamming field might be
useful for describing the behavior of polymer
glasses under stress (8). According to this view,
one can unjam glasses either by raising the tem-
perature or applying stress (8, 18, 30). In our
experiments, temperature and stress had a qual-
itatively different effect on molecular mobility.
A 1000-fold increase in mobility by deformation
at constant temperature changed the KWW f to
about 0.8 (Fig. 1D). In the absence of deforma-
tion, a 1000-fold increase in mobility occurred

when the temperature was increased by 18 K,
but at this temperature f was unchanged at 0.32.
Thus, stress not only increased mobility but
also, in contrast to temperature, sharpened the
distribution of relaxation times. In the low-stress
regime in Fig. 2, temperature and stress both
increased mobility without narrowing the dis-
tribution of relaxation times.

Our results quantify mobility changes in an
actively deformed polymer glass and establish
a quantitative connection between molecular
mobility and macroscopic deformation. We find
that mobility is not a function of instantaneous
stress alone but can also depend on strain and
the deformation history. Plastic flow appears to
modify spatially heterogeneous dynamics in the
glass, which suggests that there is a complex
interplay between microscopic motions and flow.
We anticipate that quantitative measurements of
molecular mobility during deformation, coupled
with appropriate microscopic theory, will lead to
substantially improved predictions of the non-
linear deformation behavior of polymer glasses.
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Suppression of Metallic Conductivity
of Single-Walled Carbon Nanotubes
by Cycloaddition Reactions

Mandakini Kanungo,® Helen Lu,? George G. Malliaras,* Graciela B. Blanchet®*

The high carrier mobility of films of semiconducting single-walled carbon nanotubes (SWNTs) is
attractive for electronics applications, but the presence of metallic SWNTs leads to high off-currents
in transistor applications. The method presented here, cycloaddition of fluorinated olefins,
represents an effective approach toward converting the “as grown” commercial SWNT mats into
high-mobility semiconducting tubes with high yield and without further need for carbon nanotube
separation. Thin-film transistors, fabricated from percolating arrays of functionalized carbon
nanotubes, exhibit mobilities >100 square centimeters per volt-second and on-off ratios of
100,000. This method should allow for the use of semiconducting carbon nanotubes in commercial
electronic devices and provide a low-cost route to the fabrication of electronic inks.

are potential candidates for application in
electronic devices (/—4). The most se-
vere drawback in this effort has been that the
as-synthesized SWNTs are a mixture of semi-

Single-walled carbon nanotubes (SWNTs)

conducting (SC) and metallic (M) tubes, hin-
dering their application in thin-film transistors
(TFTs), where high mobility and on/off ratios
are essential. The nascent SWNTs also form as
bundles that need to be further dispersed. Numer-
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ous approaches have been taken for the separation
of M and SC tubes. Post treatments (3, 6) lead to a
high degree of separation, but the extremely low
concentration of tubes in the dispersing solvent
hinders the formation of percolating SC-SWNT
arrays. Burning off metallic tubes after fabrication
with high currents leads to high-mobility devices
but is neither controllable nor scalable (7).

An alternative approach is to manipulate the
electronic properties of SWNT through covalent
chemical functionalization (8); that is, disrupt
the 7 bonding system (sp®) by converting some
sites into sp carbon atoms (9, 10). Using such
an approach, one should, in principle, be able to
lower the conductivity of the M nanotubes sig-
nificantly and achieve low off-currents while
maintaining a mobility sufficiently high for good
device performance. We show here that both
these parameters can be simultaneously controlled
by the degree of functionalization. Several meth-
ods that allow either anchoring atoms or mole-
cules (reactants) to the carbon nanotube framework
or selectively aligning nanotubes of specific types
or chirality onto treated surfaces (//, 12) have
been explored. When functionalization of the
nanotube walls is achieved through the presence
of a strong oxidizer or highly reactive radical
species, electronic properties are significantly de-
graded (/3). Finding an effective, low-cost
method to eliminate or convert M-SWNT is es-
sential to reduce off-currents. Snow’s early work
on TFTs using random percolating arrays of
SWNT (2, 14) showed carrier mobilities of
150 cm?/Vsec but on/off ratios far too low for
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device applications. In an attempt to increase
the on/off ratio, Bo et al. (15) constructed near-
percolating SWNT arrays connected by organic
semiconducting links. Although this method
largely increased the on/off ratio (10°), it greatly
reduced the device’s mobility.

Recent theoretical (9, 10, 16-21) and exper-
imental (22—24) studies point to sizeable dif-
ferences in the electronic properties of SWNTs
modified by monovalent relative to divalent
(cycloaddition) chemical functionalization. The
early work on monovalent functionalization
(25, 26), shows that fluorine functionalization
leads to highly resistive material with fluorination-
induced strains and fractures in the tube walls
(27). In more recent work, a preferential etching
of M-SWNT was achieved using a mild fluorine
gas-phase reaction (28) and sidewall functional-
ization of carbon nanotubes with diazonium salts
(29, 30). Reports on divalent functionalization
have focused on optical studies (22—24).

In this work, we show that high mobility and
high on/off ratios can concurrently be achieved
in a random array of percolating high-pressure
CO (HiPco) tubes functionalized through a
controlled cycloaddition reaction with fluori-
nated polyolefins. The “as grown” commercial
nanotube mats are functionalized into a network
of tubes that can then be dispersed in an organic
solvent. The resulting “denser” semiconducting
inks (denser by a factor of about 30), when
coated as a percolating array, lead to high-
mobility devices without requiring further nano-
tube separation.

We performed two separate [2+2] cyclo-
addition reactions of SWNTs; the first with
perfluoro-2(2-flurosulfonylethoxy) propyl vinyl
ether (PSEPVE) and the second with perfluoro
(5-methyl-3,6-dioxanon-1-ene) (PMDE) (317).
The corresponding functionalized SWNTs are

REPORTS I

referred as FSWNT-PSEPVE and FSWNT-PMDE.
The results from TFTs fabricated with perco-
lating arrays of functionalized tubes, which were
spin-coated onto substrates, show mobilities of
10 cm*/Vsec for FSWNT-PSEPVE and 110
cm’/Vsee for FSWNT-PMDE, both with on/off
ratios of 10°,

The effect of a systematic [2+2] cyclo-
addition reaction on the mobility and off-current
(I of a percolating array of FSWNT is illus-
trated for FSWNT-PSEPVE in Fig. 1. The dra-
matic reduction of the /,¢ with increasing reactant
concentration (c, the ratio of the moles of reactant
that successfully reacted to the moles of SWNT)
is key to this work. Devices fabricated from a
percolating array of pristine HiPco tubes have
high mobilities but also high /g, which indicates
that conduction pathways are dominated by me-
tallic tubes (30, 32). Increasing PSEPVE func-
tionalization led to a dramatic decrease in I,
caused by a reduction in the number of metallic
percolating pathways. For ¢ < 0.01, high mobility
is preserved, but /¢ was reduced by almost 5
orders of magnitude as compared with pristine
SWNTs. For 0.01 < ¢ < 0.02, I decreased fur-
ther, but the carrier mobility decreased as well.
At higher reactant concentrations, the mobility
dropped precipitously, which suggests that the
electronic properties of the M and SC-SWNTs
have changed considerably. The dependence of
the on- and off-currents on channel length is
shown in the inset to Fig. 1. The low & main-
tained at very small channel lengths further con-
firms the disappearance of conducting pathways
between source and drain at a 0.018 degree of
fluorination. Gate sweeps for FSWNT-PSEPVE
and FSWNT-PMDE under optimum functional-
ization conditions at reactant/CNT concentration
are shown in Fig. 2A for ¢ = 0.012 and Fig. 2B
for ¢ = 0.019. The field-effect mobilities deduced

devices (40 total; 8 devices per point?), showing the mean + SD values as a
function of PSEPVE/SWNT/molar concentration ratio c. W and L are 200 and
20 um, respectively; the source-drain voltage Vds = —0.1 V. (B) On- and off-
current dependence on channel length for ¢ = 0.018. (C) AFM images of pristine
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from the linear regime are 10 cm?/Vsec and
110 em?/Vsec with on/off ratios in excess of 10°.

To further understand the relative metallic
content of the various fluorination levels, we
studied the effect of the SWNT density on the
electrical properties of the FSWNT arrays at
the various functionalization levels (37). The
network density, maintained above percola-
tion, was varied from 8 to 40 SWNT/u?. The
effect of FSWNT density (p) on electrical proper-
ties for ¢ = 0.012 is striking. At p = 35 tubes/u?,
I,g values comparable to those of bare HiPco
reflect the formation of a percolating network of
M tubes. At lower densities (p = 8.5 and 17.7
tubes/p?), I,¢ drops by more than 4 orders of
magnitude to 1071 A, which reflects a sub-
percolating concentration of M tubes. At slightly
higher fluorination (¢ = 0.018), the remaining M
tubes appear to be fully removed. Low off-
currents (107'° A) can be maintained for both
high-density arrays and low-channel-length
transistors.

Atomic force microscopy (AFM) images of
the pristine and functionalized arrays (Fig. 1B)
show pristine HiPco (left) as well as lower and
higher degrees of functionalization, ¢ = 0.18
(center) and ¢ = 0.038 (right). The HiPco ropes
have largely exfoliated by ¢ = 0.018, whereas at
¢ = 0.038 the tubes coalesce into nearly spheri-
cal particles, which consist of smaller particles
~20 nm in diameter, as seen in the magnified
inset.

10°, :

T 3
c =0.012 {
PSEPVE ]

107 ;FOZSCFZCFZCO(&C)FCFZCO 5 ]
g P T
E L [ SR S A

107 L
ip: 10 cm’/V.sec
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ratio:2 x 10° 3
S S S ST T N S S [N SO S S B
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To elucidate the origin of this SWNT trans-
formation, we performed several analyses. Optical
spectra (ultraviolet-visible-near-infrared, Fig. 3A)
on mats treated with four different concentrations,
¢, display the transitions between the Van Hove
singularities in the density of states that are char-
acteristics of one-dimensional (1D) systems
(33, 34). The broad features at 0.9 to 1.6 eV,
associated with the E;;5 and E,,° semiconducting
transitions, remain practically unchanged for ¢ <
0.02, where high mobility is also retained. In
contrast, both E;,S and E,," transitions disappear
at higher levels of functionalization, indicating a
deleterious effect of further functionalization on
the SC tubes.

The Raman spectra in Fig. 3B show the dis-
order D and tangential G bands (12, 13, 35) in
the 1200 to 1700 cm ™' region upon excitation at
514 nm for pristine and FSWNT-PSEPVE at ¢ =
0.012 and ¢ = 0.019. The G band of semicon-
ducting tubes consists of two peaks at 1568 cm!
(radial) and at 1591 cm ™’ (longitudinal). The
G band spectrum of the metallic tubes also
shows two bands at 1589 cm ' (radial) and at
1544 cm' (longitudinal), the latter broadened
into a Breit-Wagner Fano line shape caused by a
strong coupling in the density of states. The spec-
tra of Fig. 2B show that only the metallic band at
1544 ¢cm " band is affected by functionalization,
essentially disappearing for ¢ ~ 0.02. Thus, the
disappearance of the metallic band, concurrently
with the decrease in I,g shown in Fig. 1, sug-

10°Le  =0019 1

E PMFDE

10°® [ 104 cm’/Vs

E On/Off = 154 10° E
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Fig. 2. Plot of source-drain current versus gate voltage for (A) FSWNT- PSEPVE and (B) FSWNT-
PFMDE TFTs at ¢ = 0.018 and V4, = —0.1 V and —0.01 V, respectively.
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Fig. 3. (A) Optical spectra (of pristine HiPco tubes and the functionalized tubes. (B) Raman spectra
of tangential and disorder mode region at 514-nm excitation wavelength. Spectra are normalized

to the 1591 cm™ band.

gests that cycloaddition in the low reactant re-
gime primarily affects the M tubes. The intensity
of the disorder D (~1325 cm') band also re-
mains essentially unchanged in the low ¢ regime.

In the present functionalization scheme, the
presence of fluorine in the reactants helps in car-
rying out a divalent, 2-2 cycloaddition function-
alization of the side wall. Having studied two
reactants, PSEPVE and PMDE, gives us a means
to understand whether the electrical changes
are solely controlled by cycloaddition reaction or
whether the side chain has an effect as well. The
two side chains are nearly identical except that the
PSEPVE side chain, OCF,CF(CF);OCF,CF,SO,F,
has a sulfonic group whereas the PMDE side chain,
OCF,CF(CF) s0CF,CF2CFj3, does not. The mo-
bility of FSWNT-PMDE is ~10 times as high as
that of FSWNT-PSEPVE, which suggests that
SO,F leads to acid formation and doping.

A 60 to 70 A square between cyclobutyl
rings along the side walls is independent of the
reactant concentration in the low-concentration
regime (37). These data suggest that initially, the
reactant anchors onto the walls of the ropes over-
coming the Van der Waals interaction between
tubes, inducing de-roping. We suggest that as the
ropes exfoliate into smaller-diameter ropes, new
sites become available and functionalization pro-
gresses, leading to further exfoliation until the
status of single tubes is reached, with properties
initially beneficial for electron transport. On the
other hand, the high-resolution AFM for ¢ =
0.038 suggests that for high concentrations, sin-
gle functionalized tubes have transitioned from
an extended into a coiled conformation in a man-
ner analogous to a rod-to-coil phase transition
observed in many polymer systems. Indeed, the
smaller spherical entities of ~20 nm in diameter
are similar in volume to that of a single tube of
10 A diameter and 0.6 um in length.

From the electrical and optical data, we de-
duce that cycloaddition proceeds differently on
M and SC SWNTs. In the low reactant regime
(<0.02)—of interest for devices—the optical and
electrical data suggest that the M-SWNTs have
been reduced, whereas the SC-SWNTs remain
largely unaffected. This preferential modification
of M tubes is probably caused by their much
larger electron density near the Fermi level (22).
Thus, cycloaddition of PSEPVE, in the low-
concentration regime, either renders M-SWNTs
inert or converts them into SC-SWNTs. The
latter hypothesis is supported by the theoret-
ical investigations of the effect of cycload-
dition on the conductance of a metal carbon
nanotube (10, 16, 18, 19) and by the work of
Kamaras et al. (22).

We have developed a simple, high-yield
method for the divalent functionalization of as-
grown HiPco mats into preferentially semi-
conducting tubes with properties that are suitable
for device applications. This work represents the
first time that “bulk™ quantities of commercial
HiPco mats have been functionalized, dispersed
into a high solid-content ink, and used to fab-
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ricate percolating semiconducting arrays. We pro-
pose that, in the low concentration regime (¢ <
0.02), cycloaddition provides an effective method
to anchor molecules to the carbon nanotube
framework and to either eliminate or transform
metallic tubes. The data presented here suggest
that ¢ ~ 0.018 fluorination level is sufficient to
achieve the complete conversion of the metallic
tubes without degrading the semiconducting tubes.
The latter is a necessary step for the production of
semiconducting inks suitable for printable elec-
tronics. While the cycloaddition reaction provides
the anchoring sites, the long, highly fluorinated
side chains are quite effective in exfoliating the
ropes, thus enabling the effective conversion of
M-SWNT even deep inside the ropes, as is nec-
essary for achieving high-performance devices.
We demonstrated the utility of the method by
fabricating TFTs using percolating arrays of func-
tionalized carbon nanotubes as the semiconduct-
ing layer with mobilities of 100 cm?Vsec and
on/off ratios of 10°.
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Self-Organization of a
Mesoscale Bristle into Ordered,
Hierarchical Helical Assemblies

Boaz Pokroy, Sung H. Kang, L. Mahadevan, Joanna Aizenberg*

Mesoscale hierarchical helical structures with diverse functions are abundant in nature. Here

we show how spontaneous helicity can be induced in a synthetic polymeric nanobristle
assembling in an evaporating liquid. We use a simple theoretical model to characterize the
geometry, stiffness, and surface properties of the pillars that favor the adhesive self-organization
of bundles with pillars wound around each other. The process can be controlled to yield highly
ordered helical clusters with a unique structural hierarchy that arises from the sequential assembly
of self-similar coiled building blocks over multiple length scales. We demonstrate their function
in the context of self-assembly into previously unseen structures with uniform, periodic patterns
and controlled handedness and as an efficient particle-trapping and adhesive system.

on-centrosymmetric chiral, coiled, and
Nspiral configurations are ubiquitous in

nature, spanning from amino acids to
mollusk shells to galaxies (/). On a mesoscopic
scale, such structures are abundant in biology,
and these are usually composed of helical fibers
that are often further assembled into higher-order
hierarchical materials. Natural examples include
DNA helices, amyloid fibers (2), cellulose fibrils
in wood (3), hierarchy in bone (4, 5), and chirally
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spinning nodal cilia (6), to name a few, with im-
plications on a variety of functions from informa-
tion transfer to mechanical integrity and control of
the body symmetry in morphogenesis. Man-made
coiled and spiral materials and designs on a mac-
roscopic scale are widely used in our everyday
life—from ropes and bolts to helicopter rotors.
On the molecular scale, chirality plays a critical
role in asymmetric chemical synthesis and ca-
talysis (7), liquid crystals (8), supramolecular chem-
istry (9, 10), and organic and inorganic crystal
engineering (/7). Artificial coiled structures at the
mesoscale are rare, and these usually have sim-
ple geometries of one-dimensional helical fibers
and ribbons (/, §-10, 12). At any length scale,
twist and handedness in superstructures gener-

ally originate from either the assembly of non-
centrosymmetric building blocks or the application
of a chiral field or template (/-5, 813). Here
we report on the induction of capillarity-driven
self-organization of a nanobristle into helical
clusters and demonstrate the fabrication of non-
trivial, hierarchically assembled, coiled meso-
structures over large areas, in which neither the
assembling elements nor the environment are
chiral, guided by and consistent with simple the-
oretical considerations.

Our approach is presented in Fig. 1A. We
consider a periodic array of nanopillars, each
of which is anchored at one end on a substrate
and free at the other. A locally stable configu-
ration of the bristles is just a uniform array of
non-interacting straight pillars (first-order struc-
tures). However, this is not necessarily a global-
ly stable state: When the array is immersed in a
liquid that is then evaporated, capillary forces
associated with the liquid/vapor menisci between
the free ends of the geometrically soft bristles
may cause them to deform laterally and adhere
to each other. The effect of elastocapillary co-
alescence (/4) has been described for a well-
known phenomenon of clumping in wet hair
(15) or paintbrush immersed in paint (/6). Sim-
ilar clustering behavior is observed in nature in
the examples of the tarsi of beetles (/7) and
spiders (18). The morphology and dynamics of
the ensuing structures are a result of the com-
petition between intrapillar elasticity and inter-
pillar adhesion (/4—16). Individual pillars that
are long enough can bend easily to accommodate
the capillary forces associated with the menisci
between adjacent pillars.
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