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ABSTRACT This work reports on repeatable adhesive materials prepared by controlled grafting of dangling hetero chains from polymer
elastomers. The dangling chain elastomer system was prepared by grafting poly(n-butyl acrylate) (PBA) chains from prefunctionalized
polydimethylsiloxane (PDMS) elastomer networks using atom transfer radical polymerization. To study the effects of chain growth
and networKk strain as they relate to network adhesion mechanics, various lengths of PBA chains with degree of polymerizations (DP)
of 65, 281, 508, and 1200 were incorporated into the PDMS matrix. PBA chains with a DP value of 281 grafted from a flat PDMS
substrate showed the highest (~3.5-fold) enhancement of nano- and macroscale adhesion relative to a flat raw (ungrafted and not
prefunctionalized) PDMS substrate. Moreover, to study the effect of PBA dangling chains on adhesion in fibrillar elastomer structures
inspired by gecko foot hairs, a dip-transfer fabrication method was used to graft PBA chains with a DP value of 296 from the tip
endings of mushroom-shaped PDMS micropillars. A PBA chain covered micropillar array showed macroscale adhesion enhancement
up to ~7 times relative to the flat ungrafted prefunctionalized PDMS control substrate, showing additional nonoptimized ~2-fold
adhesion enhancement due to fibrillar structuring and mushroom-shaped tip ending. These dangling hetero chains on elastomer
micro-/nanofibrillar structures may provide a novel fabrication platform for multilength scale, repeatable, and high-strength fibrillar

adhesives inspired by gecko foot hairs.
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INTRODUCTION

he amazing climbing ability of geckos has recently

been of great interest to scientists. Geckos can attach

reversibly to surfaces with adhesion strengths as high
as 10 N/cm? using predominantly van der Waals forces
(1, 2). This remarkable adhesiveness of gecko foot hairs is
believed to be rooted in their hierarchical structure, com-
prised of S-keratin micro-/nanoscale hairs (3, 4) with saucer-
shaped tip endings (5—7) and a soft backing (8), which can
conform easily to a surface roughness. These hairs have
recently inspired elastomeric (6, 9—14) and rigid (15—17)
polymer micro-/nanofibers and carbon nanotube (18—21)
based fibrillar adhesives. The macroscale adhesion of gecko
foot hairs is strong, since their micro-/nanofibrillar structur-
ing increases effective compliance, enables flaw insensitivity
and equal load sharing, and increases resistance to crack
propagation by trapping the fracture locally (22, 23). Elastic
hairs also enhance adhesion by stretching, which keeps a
larger number of fibers in contact during detachment
(6,9, 22).

The work described herein was built upon the design
principle that an adhesive material could be made that takes
advantage of the flexibility of an elastomer to conform to a
surface and maximize contact area. Elastomers, however,
have the disadvantage of detaching from a target once the
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network strain becomes too high. The described study was
driven by the expectation that this detriment can be mini-
mized by the incorporation of hetero dangling polymer
chains (immiscible with the matrix polymer) into soft poly-
dimethylsiloxane (PDMS) networks (Figure 1). The immis-
cible, highly extensible, mobile dangling chains within the
network should remain in a coiled globule and, after making
good contact with an adhesion target, fully extend as the
target retracts, dissipating energy as in the Lake—Thomas
effect (24). Since the dangling chains are chemically attached
to a compliant network backing, the backing itself is ex-
pected to be pulled behind the dangling chains, increasing
the amount of work necessary to separate the surfaces. Upon
final separation from the target, the dangling chains should
recoil, allowing for repeatable use. The Lake—Thomas effect
implies that, by increasing the length of the dangling chains,
the material will dissipate more energy and thus exhibit
stronger adhesion. At some point, however, as shown in
schematically in Figure 1c, the longer dangling chains will
occupy a greater volume within a network, causing internal
strain that diminishes the adhesive capability of the material
and perhaps even leading to material failure. In addition to
adhesion enhancement due to dangling chain and backing
layer elastomer network stretching, molecular “hairs” were
also grafted from the tip endings of elastomeric mushroom-
shaped micropillars inspired by gecko foot hairs, leading to
further adhesion enhancement.

Given the present limits of top-down fabrication tech-
niques, the smallest sizes in gecko-inspired polymer struc-
tures fabricated to date did not extend far below the sub-
micrometer region. In the present work, in order to fabricate
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FIGURE 1. Cartoon representation of a dangling chain network. The PDMS (blue) forms the base of the network, while the PBA chains (red)
compose the dangling chains for low-molecular-weight (a), medium-molecular-weight (b), and high-molecular-weight PBA (c).

the smallest scale repeatable fibrillar adhesive materials, we
have resorted to the use of bottom-up, molecular level
fabrication. This was made possible through the use of a
controlled polymerization technique such as atom transfer
radical polymerization (ATRP) (25) to “decorate” the surface
and bulk of the compliant elastomeric backing material
(PDMS) with poly(n-butyl acrylate) (PBA), which is highly
extensible, mobile, and immiscible with PDMS (Figure 1)
(26). Although ATRP-based polymerization is often used on
rigid substrates, extending such a synthesis method to
elastomeric substrates is less common (27). The uncon-
trolled incorporation of dangling chains into the PDMS
network has been already shown to lower the Young modu-
lus (28—31), an important factor in enhancing adhesion. The
use of the ATRP technique in this study grants two levels of
incorporation control: (1) control of the number of dangling
chains through the concentration of ATRP initiator prebuilt
into the PDMS network and (2) control of polymer chain
length to maximize chain length, while minimizing network
strain.

RESULTS AND DISCUSSION
To study the impact of dangling hetero chains on nano-

and macroscale adhesion, we incorporated PBA chains into
the bulk of PDMS. To show the effect of the backing layer
compliance on chain adhesion, PBA chains were also grafted
from silicon wafers. PDMS was selected as the elastomeric
substrate material, since it is a well-characterized elastomer,
which can be fabricated into fibrillar adhesive structures
(10, 12—14). To study the dangling chain network adhesion
mechanics, various lengths of PBA chains were grown from
these substrates using both bulk and surface-initiated ATRP
processes (27, 32, 33). As in all controlled polymerization
processes, the length of the polymer chains was controlled
by stopping the reaction at progressively increasing times.
PBA chains with degrees of polymerization (DP) of 65, 281,
508, and 1200 were grafted from PDMS. Reference PBA
chains on a rigid silicon substrate were prepared with DP
values of 296 and 1050. The PBA film thicknesses measured
by ellipsometry were 26 and 130 nm, corresponding to the
grafting densities 0.41 and 0.55 chains/nm?, respectively
(Table 1). The degrees of polymerization were ascertained
by gel permeation chromatography (GPC) analysis of a free
polymer growing concurrently in solution. It should be noted

Table 1. Number Average Molecular Weight (M,),
Polydispersity Index (PDI = M,,/M,), Degree of
Polymerization (DP), Thickness, and Grafting
Density Data of the Functionalized Materials

grafting
M,(THE-GPC) DP thickness  density
material (kDa) PDI (THE-GPC) (nm) (chains/nm?
PDMS-g-PBAs 85 1.24 65
PDMS-g-PBA,g, 36 1.09 281
PDMS-g-PBAsos 65 1.07 508
PDMS-g-PBA 500 153 1.14 1200
silicon-g-PBAoe 38 1.06 296 26 0.41
silicon-g-PBAgs0 134 1.08 1050 130 0.55
Table 2. SEM/EDX Composition Analysis®
material amt of carbon (wt %) amt of silicon (wt %)
raw PDMS 445+ 1.3 33.4+ 0.4
PDMS wl/initiator 438 +0.9 33.44+0.3
PDMS-g-PBA,g; 5134+ 4.2 283 +35

¢ Average values over a whole cross section of the sample.

that whereas these numbers should accurately reflect the DP
of chains grown from the surface (33), the DPs of chains
grown within the bulk elastomer network may be consider-
ably lower due to confinement effects. Indeed, the ATRP
grafting of PBA into initiator-functionalized PDMS substrates
resulted in a 21 % increase in weight for the sample with a
DP value of 281, clearly indicating that the dangling chains
were incorporated throughout the bulk of the elastomer
network, not only on the surface. Assuming full incorpora-
tion of the initiator into the network and 100% initiation
efficiency, this mass increase would correspond to an aver-
age DP value of 47. This value is significantly lower than the
DP value of 281 measured by GPC of chains grown in
solution. Moreover, bulk incorporation was confirmed by
scanning electron microscope energy dispersive X-ray (SEM-
EDX) analysis of compositional profiles of exposed sections
of the material, which showed the gradient of carbon enrich-
ment and silicon depletion moving from the center of the
cross sections toward the surface (Table 2). This indicates
that the polymerization of PBA from the PDMS network,
even in its swollen state, is still limited by diffusion of
monomer into the PDMS network.

Tapping mode atomic force microscopy (AFM) images of
raw PDMS and PDMS grafted with DP-281 PBA chains are
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FIGURE 2. 1 x 1 um atomic force microscope tapping mode images of raw PDMS and PBA-281 with 250 x 250 nm insets to show detail. The
color scale for all insets is from —5 to +5 (nm or deg). (a) Height images of raw PDMS show a relatively flat and uniform surface, with a few

large protrusions. (b) Phase images of raw PDMS show little material
with small PBA domains. (d) Phase images show material contrast

shown in Figure 2. In height images, the surface of raw
PDMS appeared to be relatively flat and uniform with
occasional protrusions, ~100 nm across, possibly due to
postsynthesis surface contamination of the material. On the
sub 100 nm level, both height and phase images were
relatively uniform and featureless, as expected for an un-
structured, uniformly cross-linked elastomer. Height images
of PDMS grafted with DP-281 PBA revealed the presence of
nodular sub 25 nm domains, which appeared brighter
(having less mechanical loss) than their surroundings in AFM
phase images. Given the overall composition of the grafted
material, these features were tentatively identified as do-
mains of PBA chains.

Local nanoscale adhesion, or pull-off force, was studied
using a contact mode AFM by measuring force—distance
curves. Here, the deflection of the silicon AFM cantilever
with a ~10 nm tip radius was continuously monitored, while
the whole cantilever was repeatedly moved toward and
away from the surface. Although some fibrillar nanoscale
adhesion characterization studies were conducted in the past
using flattened AFM probe tips (flat punch indenters) (13, 15),
we chose to use imaging tips, which can be viewed as
parabolic (and thus approximated near the tip as spherical),
since they provide alignment error free measurements and
represent a single asperity surface roughness, enabling one

www.acsami.org

contrast. (c) Height images of PBA-281 show a more homogeneous surface,
between the PBA domains/pockets and the PDMS.

to characterize the rough surface adaptation and adhesion
of the fibrillar structures (9). As a control, adhesion was also
measured on flat silicon and PDMS substrates with and
without the ATRP initiator, in an attempt to assess the pure
contribution of dangling chains to adhesion.

To study the effect of the preload (the maximum normal
force applied by the tip to the surface), the pull-off force
(adhesion) was measured for preloads ranging from <10 to
350 nN at a probe retraction speed of 0.5 um/s (Figure 1 in
the Supporting Information). A total of 256 measurements
were conducted at different locations in a 10 um? area for
each preload (Figure 3a). PBA chains with a DP value of 281
grafted from PDMS showed the highest nanoscale adhesion,
especially for higher preloads. DP-508 chains gave slightly
lower adhesion behavior, as did DP-1200 chains, except at
high preloads. To show the effect of a compliant backing,
adhesion measurements were also conducted on DP-296
and DP-1050 PBA chains grafted from silicon (Figure 2 in
the Supporting Information). These samples showed pre-
load-adhesion values similar to those of PDMS grafted with
PBA DP-1200. It is evident from Figure 3a that longer chains
provided up to 3—4 times higher adhesion values than either
the short (DP-65) PBA chains or the flat control PDMS
substrates with and without initiator. It is expected that the
samples with longer PBA chains (DP-508 and DP-1200)
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FIGURE 3. Experimental results of nano- and macroscale adhesion characterization of four different length PBA chains grafted from a PDMS
substrate and two control flat PDMS substrates with and without the ATRP initiator: (a) nanoscale adhesion measurements carried out at a
retraction speed of 0.5 um/s using a silicon AFM probe tip with 10 nm radius; (b) macroscale adhesion measurements carried out at a retraction
speed of 1 um/s with a 6 mm diameter smooth glass hemisphere; (c) nanoscale and (d) macroscale adhesion results for different retraction

speeds.

would show greater adhesion than the DP-281 sample, since
stretching of longer chains should be associated with more
energy dissipation. However, Figure 3a shows that adhesion
actually decreases past DP-281. Further analysis of the
apparent Young modulus (estimated from the indentation
part of the force—distance curve) and of the pull-out length
(the distances by which the sample had to be moved away
from the probe for the probe deflection to go from its
minimum to the zero on the retract portion of the force—
distance curve) of the AFM probe reveal that samples with
longer PBA samples are slightly stiffer and show shorter pull-
out lengths. This suggests that incorporation of longer PBA
chains prestretches the PDMS network, leading to the
increased rigidity of the sample. Such stiffening of the PDMS
network would prevent the network from being pulled
behind the PBA chains. As described next, the pull-out of the
compliant backing substrate appears to be the key prereg-
uisite of enhanced adhesion.

The apparent Young modulus and pull-out length were
correlated for both a low preload (Figure 4a, 50 nN) and a
high preload (Figure 4b, 350 nN). At both preloads, sample
PBA DP-281 showed both lower apparent Young modulus
and higher pull-out lengths than the other samples. This
additional information provided significant insight into the

IEDAPPLIED MATERIALS

XINTERFACES

2280

VOL. 1 « NO. 10 e 2277-2287 « 2009

dependence of adhesion on the pull-out length and on the
compliance of the PDMS substrate. Higher pull-out lengths
are clearly associated with more energy dissipation, leading
to higher adhesion, and a soft, compliant backing can
increase this pull-out length beyond that of a fully extended
chain. Consequently, increasing the length of PBA chains
leads to an increase in adhesion, but only up to the point
when the PBA dangling chains become so long that their
presence in the bulk of PDMS causes its undesirable stiffen-
ing. High enough preloads and a sharp indenter also lead to
a possibility that subsurface dangling chains can contribute
to further increased adhesion.

Variable-speed measurements were carried out in an
attempt to show any correlation between nanoscale adhe-
sion and retraction speed (Figure 3c). In this case, the
adhesion initially increased and then decreased after the
approach and retraction speed reached a value of about 7.5
um/s. For raw PDMS, the adhesion also slightly decreased
after this point, but not nearly as much as for PBA DP-281.
Most likely, this adhesion loss was due to the inability of the
PBA surface layer to behave as a viscous, energy-dissipative
medium at higher deformation rates. Moreover, experi-
ments were performed on the PDMS substrate with DP-281
PBA chains to test the repeatability of their high adhesion.

Sitti et al. www.acsami.org
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FIGURE 4. Correlation plots of the apparent Young moduli of the flat PDMS substrates with different DP values of PBA chains versus probe
pull-out length at preloads of (a) 50 nN and (b) 350 nN. Corresponding distributions of apparent modulus and probe pull-out length are

shown adjacent to the abscissa and coordinate axes.

After 256 adhesion measurements on the same spot at a
high (350 nN) preload, the average value of pull-out force
was equal to 54 = 3 nN.

The macroscopic adhesion behavior of PBA chains on
PDMS and silicon substrates was studied using an automated
custom tensile adhesion characterization system (9) with an
indenter comprised of a 6 mm diameter smooth glass
hemisphere. Adhesion measurements were performed for
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preloads up to 16 mN (Figure 3b) at a retraction speed of 1
um/s using force—distance curves (Figure 3 in the Supporting
Information). For PBA chains on silicon substrates, there was
no measurable adhesion, due to a very small macroscale
contact area. For PBA chains on flat PDMS substrates, the
results were very similar to those of the nanoscale measure-
ments, where the PDMS substrate with DP-281 PBA chains
showed significantly higher adhesion than the rest of the
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FIGURE 5. (A) Photograph of a Bibron gecko adhered to a glass surface. Scanning electron microscopy image (B) and schematic illustration of
hierarchical geometry (C) of mushroom-shaped PDMS micropillars grafted with PBA chains on their tips. (D) Comparison of results of macroscale
adhesion measurements carried out with bare and PBA-grafted flat PDMS substrates versus bare and PBA-grafted mushroom-shaped PDMS
micropillar arrays (6 mm diameter glass hemisphere retracted at 1 um/s).

samples. These chains had up to ~7 times higher adhesion
than the PDMS control substrate with the ATRP initiator and
up to ~3.5 times higher adhesion than the raw PDMS control
substrate. Moreover, the speed effect on macroscale adhe-
sion of PBA chains was measured (Figure 3d). These vari-
able-speed measurements showed an increase in adhesion
with an increase of retraction rate on the macroscale. Here,
since the approach rate was held constant at 1 um/s, the
adhesion should be expected to change with the retraction
rate only.

To study the effect of PBA chains on adhesion when they
are grafted from fibrillar elastomer structures inspired by
gecko foot hairs, the PBA chains were also incorporated into
the tip endings of mushroom -shaped PDMS micropillars.
In these experiments, we used 10 x 15 mm? PDMS micro-
pillar arrays with a tip diameter of 86 um, a length of 106
um, a base diameter of 52 um, a backing layer thickness of
1.2 mm, and a center-to-center spacing of 125 um (see
Figure 5a,b). Since PBA DP-281 chains gave the highest
macro- and nanoscale adhesion enhancement results, simi-
lar DP PBA molecular chains with a DP value of 296 were
grafted from the tip endings of mushroom-shaped pillars.

Adhesion measurements on these pillar arrays (Figure 5¢)
were carried out using the custom macroscale adhesion
setup. The retraction and approach speeds were kept con-
stant at 1 um/s to minimize bulk viscoelastic effects with the
preload ranging from 2 mN to 16 mN. A micropillar array
with grafted PBA DP-296 chains exhibited the highest adhe-
sion at all preloads in comparison to bare PDMS micropillars
with the same geometry, flat raw PDMS, and flat PDMS with
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PBA DP-281 chains (Figure 5d). The adhesion of the PBA
chain grafted micropillar array was up to ~7 times higher
than the flat ungrafted PDMS control substrate adhesion and
~2 times higher than the flat PDMS with PBA DP-281 chains
or ungrafted PDMS mushroom-shaped micropillars. The
macroscale adhesion repeatability of grafted PDMS micro-
pillars and grafted PDMS flat surfaces was characterized by
measuring the adhesion of the hemispherical indenter at the
same spot for 1000 times with a preload of 10 mN at 10
um/s speed (Figure 6). After hundreds of cycles, the grafted
pillar array pull-off force fluctuated about the initial pull-off
value but in overall exhibited a steady value, which suggests
a repeatable adhesive performance.

Altogether, nonoptimized micropillar structures enhanced
adhesion over flat samples for both neat and PBA-grafted
PDMS. Most importantly, the maximum adhesion enhance-
ment was achieved by combining the nanoscale adhesion
enhancement due to the presence of PBA dangling chains
with the enhancement provided by the presence of elasto-
meric mushroom-shaped micropillars inspired by gecko foot
hairs (6, 8).

In order to better understand the adhesion enhancement
mechanism on the macroscale, the Young modulus and the
thermodynamic work of adhesion of the raw PDMS and PBA
DP-281 sample were characterized as explained in detail in
Experimental Section. The measurements resulted in E =
2.39 MPa and w = 21.9 mJ/m? for raw PDMS and E = 1.51
MPa and w = 25.6 m]/m? for PBA DP-281. The experimental
results for pull-off forces at the macroscale showed up to
about 3.5-fold adhesion enhancement for the PBA DP-281

Sitti et al. www.acsami.org
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a

FIGURE 7. Schematic representation of the potential mechanism responsible for the increase of the adhesiveness of a flat elastomer surface
in the presence of grafted polymer dangling chains (not to scale): (a) a spherical indenter approaches the dangling chains that are grafted
onto the elastomer surface; (b) the indenter comes into contact with the chains and deforms the compliant backing layer; (c) when the sphere
is withdrawn away from the surface, it stretches the polymer chains, which prolongs its contact with the surface and increases the amount
of work necessary to perform before the surfaces are separated; (d) after becoming nearly fully stretched, the dangling chains pull the compliant

backing layer, which further increases the work of adhesion.

compared to raw PDMS, which suggests additional enhance-
ment mechanisms. This enhancement is hypothesized to
arise from the energy dissipation due to the stretching of
PBA chains on the surface (Figure 7), possibly in combina-
tion with bulk viscoelastic dissipation. Although raw PDMS
is nearly elastic, especially at slow speeds, the subsurface
grafting of hetero chains could cause a viscoelastic response
of the material.

CONCLUSIONS
We have demonstrated the viability of a biologically

inspired molecular and multilength scale structuring ap-
proach for tailoring the repeatable and enhanced adhesive-
ness of dangling chain elastomer surfaces. Through the
generalization of the described fabrication process, other
dangling hetero chains could be incorporated into elas-

www.acsami.org

VOL. 1 « NO. 10 e 2277-2287 » 2009

tomers and combined with micro-/nanoscale fiber fabrica-
tion methods to yield hierarchical fibrillar adhesives tailored
for specific applications. One can envision that this new class
of bioinspired repeatable adhesives will find a wide range
of uses, such as attachment materials for climbing and
biomedical robots, enhanced gripping gloves and shoes, and
reusable adhesives in textile, space, packaging, medicine,
and product design applications.

EXPERIMENTAL SECTION

Methods and Materials. All chemicals were purchased from
Aldrich and Acros and used as received unless otherwise stated.
Anisole and n-butyl acrylate (BA) were purchased from Acros
and distilled under vacuum prior to use. PDMS (Sylgard 184),
which comes in two parts, a base and a curing agent, was
purchased from Dow Corning. CuBr, allyl 2-bromoisobutyrate
(98%) and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PM-
DETA) were purchased from Aldrich Chemical Co.
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Scheme 1. Preparation of a PDMS Network Functionalized with ATRP Initiators Followed by Synthesis of PBA

Chains from the Functionalized PDMS
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The apparent molecular weight and molecular weight distri-
butions of PBA were measured on a GPC system consisting of
a Waters 510 HPLC pump, three Waters UltraStyragel columns
(100, 10%, and 10° A), and a Waters 410 differential refractive
index detector, with a tetrahydrofuran (THF) flow rate of 1.0
mL/min; polystyrene was used as a calibration standard em-
ploying WinGPC software from Polymer Standards Service.

Synthesis. Flat PDMS Substrate Functionalized with ATRP
Initiators. A 13.2 g portion of PDMS base, 1.7 g of curing agent,
and 0.08 g of allyl 2-bromoisobutyrate were added to a Petri
dish and degassed by vacuum for 25 min. The mixture was
cured at 100 °C for 12 h to give a thin film (2 mm) of PDMS
network. The cured PDMS film was cut into small pieces for
further use.

PBA Chains from the Functionalized PDMS and a Silicon
Wafer. In the ATRP grafting from flat surfaces, it has been
reported that addition of the sacrificial initiators into the po-
lymerization mixture was required for better control of polym-
erization (34, 35). This grafting from approach was applied to
the synthesis of a network with dangling chains. The free
(untethered) chains were generated from the sacrificial initia-
tors. Some of these chains were terminated by radical coupling
in solution, thereby spontaneously forming a sufficient amount
of the deactivator.

The synthetic route for the PBA chains grafted from the PDMS
substrate is outlined in Scheme 1. The curing process involves
a platinum-catalyzed hydrosilylation reaction between vinyl
groups from the siloxane base oligomers and hydrosilyl groups

Q

N

from the cross-linking oligomers, forming Si—CH,CH,—Si bonds.
The —C=C— double bond from allyl 2-bromoisobutyrate added
to the system also reacted with Si—H moieties, forming a PDMS
network with covalently attached ATRP initiating moieties. The
ATRP initiating groups should be present both inside of the
PDMS network and on the surface. As the ratio of allyl 2-bro-
moisobutyrate to PDMS base was increased, incorporation of
ATRP initiating groups was enhanced, resulting in a less cross-
linked and mechanically softer PDMS network. PBA chains with
several degrees of polymerization (DP) were grafted from PDMS
networks (Table 1). CuBr/PMDETA was used as a catalyst system
for polymerization of BA. Ethyl 2-bromoisobutyrate (EBiB) was
used as the sacrificial initiator. The conversion of BA was
determined by gas chromatography. The molecular weight and
molecular weight distribution were obtained by GPC using
polystyrene standards and THF as eluent (Figure 8). PBA chains
were also grafted from the silicon surface for comparison by
using the same conditions, which were used for grafting from
the PDMS surface. The PBA film thickness was measured by
ellipsometry for silicon-g-PBA samples, but it was not possible
to measure the PBA film thickness on the surface of PDMS, due
to a sparse dangling chain structure.

The general synthetic procedure for PBA chains grafted from
the functionalized PDMS is described below (32). In a 50 mL
Schlenk flask, a piece of PDMS film, BA (25.6 g, 200 mmol),
ethyl 2-bromoisobutyrate (EBiB) (74 uL, 0.5 mmol), anisole (3
mL), and PMDETA (51 uL, 0.5 mmol) were added, and the
reaction mixture was degassed by three freeze—pump—thaw
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FIGURE 8. Gel permeation chromatography (GPC) traces of free PBA polymers initiated by the sacrificial initiator, EBiB.
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Liquid PDMS+ATRP
Polystyrene Substrate

Glass Substrate

FIGURE 9. (A) PDMS with ATRP initiator is spun on a polystyrene surface for 1 min at 6000 rpm. (B) PDMS micropillars are dipped into the
thin layer of PDMS with ATRP initiator to retrieve some PDMS with ATRP initiator on the tip of the pillars. (C) PDMS pillars are placed onto a
glass substrate. (D) Upon curing, pillars are peeled off from the glass substrate and PBA molecular chains are grafted on the pillar tips using

the ATRP process.

cycles. After the mixture was stirred for 0.5 h at room temper-
ature, CuBr (0.072 g, 0.5 mmol) was added under nitrogen, and
the flask was placed in a preheated oil bath at 70 °C. The
polymerization was stopped after 7 h by cooling to room
temperature and opening the flask to air. The PDMS piece which
has PBA chains grafted in and from its surface was taken from
the reaction mixture and soaked in THF for 12 h to remove free
polymers, which could be adsorbed on the surface. This soaking
process was repeated three times. The resulting product (PBA
DP-281) was dried at room temperature for 24 h. For the
synthesis of PBA chains from a silicon wafer, the same condi-
tions were used, except an ATRP initiator modified silicon wafer
was used instead of PDMS (33).

PBA Chains Grafted from the Tip Endings of Mushroom-
Shaped PDMS Micropillars. A previously developed dip trans-
fer method (11, 36—38) was adapted to fabricate elastomer
mushroom-shaped micropillars (Figure 9). First, PDMS micro-
pillars were created by molding a soft polyurethane (ST-1060,
BJB Enterprises) negative template, which was generated by
molding an array of SU-8 photoresist (SU-8 2025, MicroChem)
pillars fabricated via ultraviolet light lithography. To form the
mushroom shape, a thin layer of a PDMS mixture with ATRP
initiator was spun onto a polystyrene substrate. PDMS micro-
pillars were dipped into this thin layer to pick up some liquid
PDMS with the ATRP initiator on their tips and then pressed to
a glass surface. Upon curing, pillars were peeled off from the
nonstick surface to form the spatula tips. Then, PBA molecular
chains were grafted from the tip endings using the ATRP
process. The backing layer thickness of the micropillars was 1.2
mm.

Carbon and Silicon Analysis. Carbon and silicon percent-
ages were determined a Philips/FEI XL-30 field emission micro-
scope equipped with an energy dispersive X-ray detector. Cross
sections of the samples were cut with a razor blade and coated
with ~1 nm thick platinum. The samples were placed in the
SEM-EDX chamber, and several points along the cross-section
of the samples (25 for PDMS-g-PBA, and 3 for PDMS with
initiator and raw PDMS) were analyzed with an acquisition time
of 30 s at 10 kV.

Nanoscale Characterization. AFM-based nanoscale adhe-
sion measurements were performed with a Digital Instruments
Nanoscope Il MultiMode scanning probe microscope (Santa
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Barbara, CA) using a silicon cantilever probe. First, the photo-
diode sensitivity of the AFM system was calibrated. Then, the
spring constant of the cantilever was calibrated using the
thermal noise method (Thermal Tune option in Veeco’s Nano-
scope software (v 7.30)). This method measures the Brownian
motion of the cantilever and converts the time domain mea-
surement to the frequency domain. The spectrum is fit to a
Lorentzian around the resonance frequency, and the software
estimates the spring constant. Using this method, the probe
stiffness used in the experiments was found to be 41 N/m. Due
to the natural oxide layer on the probe under ambient condi-
tions, the AFM probe tip material is taken as silicon dioxide.
Force—volume images were acquired with a vertical engage
J-scanner. AFM images were taken in the tapping mode with
the same instrument using a silicon cantilever probe with a
nominal spring constant of 40 N/m.

An analysis of the AFM images was carried out with the aid
of custom code written in MATLAB 7.0 (MathWorks Inc., Natick,
MA). To determine the pull-off force and dependence of pull-
off force on probe retraction speed, each force curve in the
force—volume image was averaged to find the average force
curve. The pull-off force, F, was determined by using Hooke’s
law F = k x, where x is the maximum negative deflection and
k is the spring constant of the cantilever. The maximum
attractive force corresponds to the adhesion, and the area
between the approach and retract curves reflects the overall
work of adhesion.

To obtain the distributions of pull-out lengths and of the
apparent Young modulus of the samples, each individual force
curve in the force—volume image was used. The pull-out length
was determined as the length required for the piezo stage to
travel for the deflection to go from its minimum to the zero
deflection on the retract portion of the force curve. The apparent
Young modulus « of the sample was determined by applying
the Hertz contact mechanics model for a spherical indenter,
where d, the distance indented, is proportional to the applied
force, F?”. The proportionality constant, o, is defined as o =
(3l4R)' Pk, where R is the radius of the indenter and « = ((1
—vA)IE) + (1 — v2)/E) " with v, and v, as the Poisson ratio
of the indenter and sample, respectively, and E; and E, as the
Young modulus of the indenter and sample, respectively,
assuming constant material properties. When the indenter is
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much harder than the sample, i.e. E; > E,, the first term in «
can be ignored. The equation d = oF* can be fit to the data,
where d is the deflection from the onset of contact to minus
the distance the piezo travels on the approach portion of the
force curve, and F, the applied force, is the deflection times the
spring constant of the cantilever. The apparent Young modulus
of the sample was calculated from this equation assuming an
AFM probe tip radius of 10 nm and a sample Poisson ratio of
0.5. It should be noted that due to the uncertainties of the
indenter geometry and complex nature of PBA grafted PDMS,
this type of analysis represents considerable oversimplification,
and its results cannot be treated as a rigorous measurement of
the Young modulus of the sample. The obtained value, hence-
forth referred to as an apparent Young modulus, provides
nevertheless useful means for ascertaining the overall impact
of PBA on the local effective stiffness of studied materials.

Macroscale Adhesion Characterization. For performing
macroscale adhesion measurements, a custom tensile force
measurement system was set up using an automated stage
(MFA-CC; Newport), a 50 g load cell (GSO-50; Transducer
Techniques Inc.), and a 6 mm diameter glass hemisphere (QU-
HS-12; ISP Optics). The glass hemisphere was attached to the
glass slide on the load cell using superglue (Loctite 404), whereas
the PDMS sample was affixed to the glass slide on the auto-
mated stage using double-sided tape. The glass hemisphere was
moved toward the PDMS sample at a preset constant velocity
until the glass contacted the PDMS sample. After the contact
was achieved and a preset preload was reached, the glass
hemisphere was retracted from the sample with a constant
speed. The adhesion force is the maximum measured force
while the sample was being pulled away from the surface.
During the measurement, the output voltage was continuously
fed into a data acquisition board and the computer software
read the voltage, calculated the force on the load cell, and gave
output commands to move the stage accordingly. A hemisphere
glass piece was chosen over a flat glass piece as the adhering
surface to eliminate measurement errors due to misalignment.
Furthermore, using a hemispherical probe for testing is ap-
propriate for the comparing the adhesion measurements to
AFM experiments and the smooth sphere indenter contact
represents a single asperity surface roughness, enabling us to
characterize the rough surface adaptation and adhesion for the
fibrillar structures. Force—distance plots for flat and fibrillar
PDMS surfaces with and without PBA chains for 6 mN preload
at 1 um/s speed are displayed in Figure 2 in the Supporting
Information as sample data. Sawtooth-shaped behavior during
detachment in fibrillar samples corresponds to discrete detach-
ment of pillars gradually. Each step shows the adhesion of single
or several pillars.

The same measurement system was used to measure the
Young modulus and the thermodynamic work of adhesion for
the flat nonpatterned PDMS substrates. The contact radius is
tracked and measured by a camera attached to the inverted
microscope and is synchronized with the force data. The force
data are obtained at 1 um/s indenter speed. Figure 10 shows
the load-deformation plots obtained for raw flat PDMS and PBA
DP-281 samples. For a typical Johnson—Kendall—Roberts ex-
periment, under equilibrium conditions, the load and the
deformation are related as (39)

a®_ 3 P (97[W)05

R 4K g s 2K

(1)

where a is the contact radius, P is the load, R is the radius of
the hemispherical indenter, and « is the apparent Young
modulus. On the basis of the assumption that the thermody-
namic work of adhesion (w) is approximately equal to the
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FIGURE 10. Experimental load-deformation plots for raw PDMS and
PBA DP-281 samples.

energy release rate (G) during crack closing, « can be calculated
from the slope of the crack advancement (loading) portion of
the load-deformation plot (Figure 10) using eq 1. w can be found
by plugging in « in eq 1, where the Poisson ratio is assumed to
be 0.5 and R =3 mm.

Supporting Information Available: Three figures giving
sample AFM force—distance curves of PBA chains grafted
from flat PDMS, adhesion data of PBA chains grafted from
silicon substrates, and sample force—distance plots for flat
and fibrillar PDMS surfaces with and without grafted PBA
chains. This material is available free of charge via the
Internet at http://pubs.acs.org.
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