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Single-molecule atomic force microscopy (AFM) was used to study the statistical distribution of contour
lengths (polydispersity) of polymer chains grafted to a surface. A poly(dimethylsiloxane) (PDMS) monolayer
was grafted on a flat silicon substrate by covalently bonding Cl-terminated P} S=(15000-20000) to

an OH-silicon surface and characterized using contact angle measurements, ellipsometry, and single-molecule
AFM. A model for the single-chain dynamics is presented. The statistical distributions of the polymer contour
lengths were found to depend on the concentration of the PDMS polymer used in the grafting solutions.
Shifts of the statistical distributions toward higher contour lengths indicated preferential adsorption of longer
chains with increasing PDMS:GBI, volume ratios of 0.0050.16. The gel permeation chromatography
(GPC) profile was found to correlate with the most dilute (0.005 volume ratio) AFM data. The polydispersity
index (PI) calculated using AFM data was found to be 1.56 compared to 1.62 by GPC. A surface grafted
with two PDMS polymer samples of average molecular weights, 3000 and 20000, was found to have

a bimodal distribution of contour lengths, with peaks corresponding to the two grafting samples.

Introduction In this paper we focus on poly(dimethylsiloxane) (PDMS),

mainly because of its widespread importance in indd$tagd,

especially, its value for release applications due to its low surface

energy. PDMS’s useful bulk properties mainly arise from its

unigue physical properties of flexibility, low adhesion, and low

glass transition temperature. The molecular weight range studied

here wasM,, = 3000, contour length of 11 nm, as well s,

= 15000-20000, with contour lengths of50—80 nm (as

P| = I\7IW/I\7I 1) calculated using backbone bond lengths of 1.64 A and bond
n angles S+O—Si= 143 and O-Si—0 = 11(°). The latter one

is close to the entanglement molecular weighit, (= 18000)

of PDMS.

Man-made polymers synthesized by free radical or polycon-
densation mechanisms are known to produce a wide distribution
of molecular weights and hence characteristic chain lerigths.

A quantity called the polydispersity index (PI) has been used
as a rough guide to understand the distribution of these
molecular weights:

whereM,, is the weight average molecular weight alilg is

the number average molecular weight. A polymer is considered
to be monodisperse if Pl equals 1. Different analytical methods, .
such as gel permeation chromatography (GPC) and combinationsEXPerimental Methods

of light scattering and vapor pressure osmometry, are analytical Preparation of Oxidized Silicon.41° The Si(100) silicon

tools that have been traditionally used to study the distribution |, ~¢arg (Siliconquest, CA) were cleaned by heating in a piranha
of these different molecular weights (polydispersity) of polymers ¢ tion (4HS0;:1(30% HO,) (EM Science)) for 16-15 min
in solution!~* On the other hand, there are few direct methods ., 4 not plate at approximately 10€, and then rinsing in

for analyzing the lengths of mo_Iecers at surfahé@iven the ultrapure water (Millipore). The silicon wafers were next heated
importance of polyme_r adsor_ptlon in technol_ogles ranging from ;. o sojution of 1(30% kD,):1HCI:4H,0 for 10 min on a hot
adhesion a“‘?' l.Ub”Cat'on to blglogy and medicimew methods_ plate at approximately 80C and then rinsed in ultrapure water.
for characterizing polydlspersny at surfaces are of both practical 114 silicon wafers were next heated again in piranha solution
and_fundamental Interest. . . for 10—15 min and rinsed in ultrapure water.

Single-molecule studies using atomic force microscopy may Preparation of Si—OH.2%-2!Hydroxyls on the silicon surface
be able to directly characterize such surface polydispersity, andWere obtained by boiling the oxidized silicon wafers foh in

in this paper we alm.to examine that potential. Apart .from.the ultrapure HO (18 MQ-cm). The silicon wafers were then dried
usual contact adhesion observed in AFM, polymer distortions - ; :
4 . well with argon gas before grafting. It was observed that drying

can be observed when a grafted polymer chain bridges to the . L : .

. 612 A : of the Si wafers with inert gas was essential before grafting of
AFM tip as can be seen in Figure 1. The suggestion that . : h

. - .~ PDMS because moisture present in these experiments prevented
this phenomenon could be used to study polymer polydispersity : . 1201
b,11 the grafting reaction from occurring:
has been suggested by several authé#8b11but has not been _ .
Grafting of PDMS of M, = 15000-20000. Chlorine-

explored in detail. . .
P terminated PDMS of molecular weight 20000 was used as
tPart of the special issue “John T. Yates, Jr. Festschrift”. purchased from Gelest, Inc. The solvent, anhydrousH
*To whom correspondence should be addressed. was used as purchased from Aldrich. Anhydrous pyridine used
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Figure 1. Stages of tip-polymer interaction. (a) Before interaction with the tip, the polymer, grafted to the surface at one end, is in a brush state,
again with a small number of monomers on the surface which separate the adsorbed chain into a series of loops and a tail. (b, ¢) The AFM tip, when
it comes into contact with the surface, also creates a collection of contacts with the polymer that lead to a distribution of loops and a tail. Other
tip—surface contacts are also formed, whose release may be described by a well-known JKR contact m&hadiiane, illustrated here. (d, e)

The process of separating the tip and surface creates a stress on the polymer chain. This stress is at first released by sliding the polymer chain along
one of the surfaces. This causes mononsenface contacts to collect. (f) At some point of tip separation from the surface, no more stress can be
released by such sliding or snakelike motion, and significant stretching of the chain occurs. (g) Finally, complete rupture of the chain from the tip
follows, with the sudden rupture of the collected monormirface contacts.

r HC (CII Cleaning of the Grafted Silicon Surfaces* PDMS-grafted
| O-Sli——O ZerenHa ’NO silicon surfaces were washed and sonicated twice withGI:H
CH. to remove the physisorbed unreacted PDMS. The surfaces were
L HCh 3 then washed in 2-propanol (Baker analyzed) and sonicated for

about 10 min. They were then washed in a solution of dodecyl
sulfate (Boehringer Mamnheim) and rinsed in deionized water

[ Hic / cngt several times.
] °'sii' °(s|"{ cnlsam (g Contact Angle Measurements?2 Contact angle measure-
| HCl N ’ ments of the StOH and S+PDMS surfaces with ultrapure
water were studied using a custom-made contact angle apparatus
equipped with a video camera. With this apparatus advancing
contact angles can be measured witB® accuracy.
Hic Cr3 Ellipsometry. In this work, a single-wavelength null ellip-
0-Si+0—si- + CN. HCl someter, model L117 made by Gaertner Scientific Corp., was
H:C " CIH3 used to measure the film thickness of PDM&,(= 15000~

20000) of different PDMS:ChCl, volume ratios. The measure-
ments were done at a 7@ngle of incidence with a HeNe

laser of wavelength 6328 A as a light source. The measurements
were done for the bare silicon wafers and the PDMS-grafted

as a catalyst in the above reacti&#dwas also purchased from  silicon surface$®* 2 The readings were done within 16 h of
Aldrich. Grafting of the silicon surfaces was done in a glovebox. Preparation of the samples since it was observed that the
Different po|ymer surfaces were prepared by Changing the mC_)nO-layerS deteriorated after 40 h when they were stored in
PDMS:CHClI, volume ratios (0.005, 0.04, 0.11, 0.16) used in deionized water.
grafting. About 2QuL of pyridine is always added in the reaction AFM Methods. AFM experiments were performed using a
as catalyst. The reaction is allowed to occur for approximately Digital Instruments multimode AFM equipped with a Nanoscope
1 h. The reaction mechanism is shown in Figuré3ZL [lla controller and a fluid cell. For the experiments, silicon
Grafting of a Surface Sample UsingTwo PDMS Polymers cantilevers, CSCS12 Contact Ultrasharp, were purchased from
of Molecular Weights 3000 and 15006-20000.In one group Silicon MDT Ltd. The spring constants used to calculate the
of samples, OHsilicon surfaces were reacted in dilute solutions forces were directly taken from the manufacturer’s specifications
of PDMS of molecular weight 3000 (0.02 volume ratio of and are expected to have 25% uncertainty. To avoid capillary
PDMS:CHCI,) for 10 min, then rinsed in C}Cl,, and reacted forces between an AFM tip and a sample, the force measure-
in PDMS solution of molecular weight 1506@0000 (0.11 ments were performed under a 25 mM NaCl solution (Aldrich)
volume ratio of PDMS:CHECIy) for 30 min. In the next group  freshly prepared with ultrapure water (18<Mcm)22:26 The
of samples, OH silicon surfaces were in a solution of PDMS, experiments were performed in force mode, collecting laterally
molecular weight 3000, for a longer time of 30 min, then rinsed resolved force plots. An extensive statistical analysis of the
with CH,Cl,, and reacted in a PDMS solution of molecular lengths of polymer elongations was achieved by using custom
weight 15006-20000 (0.11 volume ratio of PDMS:GBI). software to analyze a high number 1000) of data samples

Figure 2. Mechanism for grafting Cl-terminated PDMS on a silicon
surface?!
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Figure 3. Typical force vs distance plot obtained for a surface with PDMS polymers grafted at the surface. Approach: A, no AEamiite
interaction; B, jump to contact; C and D, repulsive contact with the surface under increasing (C) and decreasing (D) force. Separation: E, attractive
force due to surface adhesion; F, polymer sliding off the tip; G, an attractive force due to polymer stretching; H, the polymer chain ruptures from
the AFM tip. Inset: hybrid model fit to the data (the solid line) providing a persistence length of 0.28 nm. The error between the data and the fitted

values is indicated by the line above the fitted data.

TABLE 1: Ellipsometry Parameters Obtained at Different
PDMS:CH,CI, Ratios for M, = 15000-20000 PDMS

sample W (deg) A (deg) d (nm)
blank Si (100) 10.3: 0.1 175+ 2 0.55+ 0.3
0.005 volume ratio 10.50.1 157+ 3.3 3.56+ 0.4
0.04 volume ratio 11.6 0.2 1524+ 3.0 5.01+ 0.37
0.11 volume ratio 11.%0.2 145.8+ 2.5 5.88+0.34
0.16 volume ratio 11.4 0.2 147.9+ 2.6 5.65+ 0.25

similar to that data shown in Figure 3. The contour lengths and

consistent with surface structures of terminally attached chains
that are approximately in brush forms, with few nongrafted
polymer contacts to the surfag&The radius of gyration of the

Mw = 15000-20000 PDMS polymers free in solution would
be 15-17 A 2°which is about half the predicted extension of a
mushroom of similar chemical composition but in a good solvent
extending from the surfac®;®in the studies reported here, of
course, there is covalent grafting of one end of the chain and
the solvent quality is poor, and thus these characteristic lengths

persistence lengths of the polymer chains and force interactions2® given simply for comparison.

were obtained according to models described below.

Results and Discussion

Characterization of the Surface Grafted with Monolayers.
Contact Angle ResultsSiOH surfaces were found to have
contact angles of67°. The advancing contact angles for grafted
PDMS surfaces are found to be 10609, which are within
the expected range of values for PDNFS.

Ellipsometry Resultdn ellipsometry, p- and s-polarized light

incident on a surface reflect with associated changes in the phas@l

and amplitude of the outgoirig, andEs components (therefore
producing an elliptical light wave). These phase and amplitude
differences of p- and s-polarizations are given by Fresnel
reflection coefficientsR, andRs. Ellipsometry analyzes the ratios
of theseR, andRs coefficients, i.g the relative phase change,
A, and the relative amplitude change, ¥nOne can relaté&
andW to the thickness of a film or a monolayer at the surface
by equations given by Azzam and Bash#&t this work, the

AFM Results. Theoretical Model for AFM Result$n our
AFM stretching experiments we describe five major stages of
polymer adsorption dynamics, as illustrated in Figure 1. (a)
Before interaction with the tip, the polymer, grafted to the
surface at one end, is in a brush state, again with a small number
of monomers on the surface which separate the adsorbed chain
into a series of loops and a tail. (b, ¢c) The AFM tip, when it
comes into contact with the surface also creates a collection of
contacts with the polymer that lead to a distribution of loops
nd a tail. In the compression, other-tipurface contacts are
also formed, whose subsequent release may be described by a
well-known JKR model of adhesicd,and are not of central
interest here. (d, ) The process of separating the tip and surface
creates a stress on the polymer chain. This stress is at first
released by sliding the polymer chain along one of the surfaces,
as described below. (f) At some point of tip separation from
the surface, no more stress can be released by such sliding or
snakelike motion, and significant stretching of the chain occurs.

model used to calculate the thickness of the monolayers was a9) Finally, complete rupture of the chain from the tip follows.

single-film modek324 0—1 (air—-PDMS) and +2 (PDMS-

A force plot illustrating most of these stages may be seen in

silicon) interfaces. It was assumed that the ambient air has Figure 3.

refractive indexng (1), the monolayer has refractive index
(1.43 for PDMSY7 and the silicon substrate has refractive index
ny (3.875— 0.018).

Model for Polymer Dynamics on the Tiy/e use the model
of Sevick and co-worker®.We assume that the linear polymer
chain is composed of monomers of slzbat bind to a surface

Table 1 gives the thickness of monolayers generated usingwith a contact energy ofkgT each. These contacts divide the

different PDMS:CHCI, volume ratios, as obtained via ellip-

chain into a series of loops and tail(s). For chains longer than

sometry. The thickness of a monolayer is shown to increaseca. 40 monomers, the number of monomers in a tail is

from ~35 to 60 A in the first three PDMS:CJ€l, volume ratios
and then drops slightly at the highest value measured. If we

proportional to the total number of monomers of the entire
polymer? If an extended portion of the chain is pulled, then

assume the coverage to be uniform, these thicknesses arghe resulting tension is transmitted to the nearest monemer
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surface contacts. If we make the simplifying assumption that 05
the surface-monomer potential energy function along the path

of attachment i&J(r), with barrier height, width w, and depth o}
¢, then the applied tensiof, will reduceU(r) by fr. There are

two limits of expected force profiles, depending on the rate of 05F

pulling. In one case, the tip extension rate is fast relative to the
activation kinetics of detachment; the surface-bound monomer
has insufficient time to escape the barrier to attachment even

Force (nN)

Z
though the barrier is continually being reduced by tension. In 15F ; "
this limit the detachment occurs at a large extensional force 8-
that reduces the barrier to zero. In the case of slow tip motion, K 1
which is relevant for our data, the rate of extension of a pulled ' ° Tip-Sample Separation(m)
tether to the polymer chain is sufficiently slow that monomer '2-50 1;) 2; 3;) 4;) p sE) -
surface contacts can detach and re-form many timesg2)

over the time scale of tip motion over a similar distance. Tip-Sample Separation (nm)

This latter case is predicted to lead to a force that indicates Figure 4. Force plot with a primary adhesion and a secondary adhesion
only averaged information about the strength of the monomer due to PDMS stretching. The flat, steplike profile is caused by the
surface contacts, and is, in fact, a constant f8to&ssuming chain sliding on the tip, as described in the text. The persistence length
that the chain is Gaussian, the minimized free energy (in units °Ptained from fitting the hybrid model is 0.13 nm, suggesting that,

. . unlike in Figure 3, a loop is being stretched. The error between the
of kgT) of an absorbed chain with a tether Nf monomers a5 and the fitted values is indicated by the line above the fitted data.

extended a distanaefrom the surface i ~ e(w/l) — Ne%/4. The inset shows the entire force plot.
The slow extensional force 5= dF/or ~ ¢kgT/l. Moreover,
under the tension, nearest-neighbor monomers can exchange at 300 T T T T T T

one surface binding site, or at a somewhat different energy cost,
a monomer could move to a neighboring surface site. This

constant force is reminiscent of pulling the chain through a

viscous medium.

Model for Nonlinear Extension of the Chaifihe extension 2 200}
of the chain can cause non-Gaussian distributions of its end-
to-end length. We calculate the forces required to generate such§
conformations using the wormlike chain (WLC) model. This §150
model describes a polymer chain as consistinly bbnds with
fixed lengthsl joined in a linear succession. The WLC model
maintains the angles at the bond junctions fixed, but the dihedral
angles are free to rota#d:1°21232The elastic restoring force of

250 i .

enc

Number of
)
o

the polymer chainFcnhain (NN), is calculated as follows: 50k .
ke T 1 1 r
chain— ~ | > 4 + (2) 0 T 0066600000
P \4(1— 1/l onion) L contou 0 02 04 06 08 1 12 14

Force, nN

Figure 5. Statistical distribution of polymer stretching rupture forces

wherer (nm) is the end-to-end distance of the polymer chain, observed between the AFM tip and the PDMS monolayer at the surface.

ks is the Boltzmann constant, is the temperaturep is the
persistence length (nm), ahdoniouris the contour length (nm)  model is half that obtained from fits to data such as in Figure

of the polymer chain. 3. This suggests that a loop (or two parallel chdihis) being
A hybrid model combining these two processes, (i) activated stretched in Figure 4 and a tail in Figure 3.
monomer-surface ruptures in the slow tip motion limit, giving Magnitudes of Final Rupture Forces.The magnitudes of

constant forces, and (ii) extensions of the chain, leading to final rupture forces in our case study were within the range of
nonlinear forces, is incorporated in the fits to the data, as 0.1-2 nN as shown in Figure 5. Due to the uncertainty in the
illustrated in Figure 3. We have analyzed 30@orce plots manufacturer’s spring constants, the error of force calculations
similar to that shown in Figure 3. The persistence lengths were is expected to be-25%. The detection limit of force determi-
found to have an average value of 0.31 nm, which is close to nation was approximately 0.1 nN. The statistical distribution
the expected value for a single PDMS chain free in solution, when fitted to a Poisson distribution function (solid black line,
0.25 nm33 The distribution of persistence lengths can be further with an error of 19%) shows 0.62 nN to be the most probable
decomposed into two distributions peaked at G+10.16 and force and the lowest force to be 0.12 ANThe magnitude of
0.31+ 0.14 nm. Thus, we infer that we typically study the the force is low, indicating that the polymetip surface contacts
force—distance profile of a single chain at a surface. are not covalent. If we were breaking such bonds, which we
Figure 4 shows a case where multiple sliding events occur are not, the rupture forces would be much larger, e.g-(5i
to reduce stress at low extension, and when the first polymer (9.7 nN) and SiSi (2.9 nN)35-38 If one were to assume that
loop is taken up, only one contact point remains to slide. The 0.12 nN is the rupture force of one noncovalent contact
constant force we obtain from the fits is about 140 pN. This following the method shown by Beebe et @ then the most
corresponds to a monomesurface binding energy of ca.» probable number of polymeitip contacts being broken at
10720 J (assuming a monomer length of 0.28 nm), which is a rupture would be~5.
reasonable value given the simplicity of the above model. The Distribution of the Contour Lengths. Figure 6 shows the
persistence length, 0.13 nm, obtained from fits of the WLC force statistical distribution of polymer chain contour lengths obtained
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Figure 6. GPC profile overlaid with the AFM statistical distributions p_ositions of experimental distribut_ions of contour lengths obtained at
of contour length between the tip and surface for different PDMs: different PDMS:CHCI; volume ratios (see Figure 8).
CH.CI, volume ratios indicated in the plot. See the text for further

explanation. of long chains or high molecular weight polymers at higher
_ ) concentrations. This AFM-based observation is consistent with
TABLE 2: Calculated Peak Heights and Peak Widths at earlier studies using other techniques that studied the remaining

Different PDMS:CH >,Cl, Volume Ratios for M,, =

15000-20000 PDMS unreacted solution. In these studies, the central observation was

— - that high molecular weight polymers adsorb on the surface pre-
~ peak position at the highest _ ) ferentially over low molecular weight polymers at equilibridm.
PDMS vol ratio - probability calcd using ~ peak width using This observation is explained qualitatively in Figure 7, which

in CHCl, Gaussian fits (nm) _ Gaussian fits (1m) P! shows the entropy of mixing vs chain length. Longer chains
8-825 gg-? gg-i i-g’g are likely to fall out of solution since their mixing entropy per
011 69.9 119.7 1a7 mass is lower, and shorter chains will prefer to stay in solution
0.16 101.0 152.7 1.4 because their mixing entropy is higher. Note that there are three

expected regimes of molecular weight distribution depending

with increasing volume ratios of PDMS to GEl, from 0.005 on grafting solution concentration. In the first the concentration
to 0.16. The GPC results are also shown. &haxis, chain of polymers in the solution is so small that all chains have equal

contour lengths at the attachment with the AFM tip (nm), is Probability of finding binding sites. In the second, surface
plotted on the logarithmic scale, and thaxis is the number saturation is being approached and binding becomes preferential;

of occurrences per number fraction. These statistical distributions©NlY the higher molecular weight fraction is entirely bound,
have been corrected to account for rupture of contact adhesionVhereas smaller molecules have access only to sites not

which can obscure single-molecule data at smal-timple ~ ©cuPpied by the big ones. In the third regime, all sites have
separation& The statistical distributions of chain lengths plotted 2€€n taken, and the surface polydispersity becomes independent

on the logarithmic scale are well fit by Gaussian distribution of grafting solu.tion concentration. .Our data indicate th.at over
functiond with errors of~10%. In GPC the log of molecular the concentration range we studied the second regime was

weight goes as the volume eluted. From the correspondence oieXBIO_rEdAFM its of tour lenatht. tth
the chain length obtained from the AFM and GPC experiments, ; S'?g | re_suhts 0 gont?]urfel?g . g, we ct(_)nv.er em
we conclude that in the AFM experiment the chain tends to 0 molecular weights using the following equation.

slide to its end, with a bunching of multiple monomer contacts. 741
As the polymer chain is stretched, the physisorbed chains and M = (3)
loops slide across the surfaces until, at the end of the chain or 0.28 nm

surface, a critical number of monomers are collected, which no . . .
longer slide across the surface. It is the sudden loss of this Here, 74 IS the molecular weight of one siloxane monomer and
collection of monomer contacts that is represented in the final 0-28 NM is the length of one monomer. Averadg and My
rupture force. This is shown schematically in Figure 1 and is are calculated as follows:

explained further within the caption. In this model the shape is B 1

convolved within the measured length distribution because M”:NzMi 4)
because polymer chain absorption ruptures, prior to the collec-

tion of monomers at the end of the chain, shift the measured M.2
distributions to lower average lengths, as well as increase the Z i
measured polydispersity. We find good correlation between the |\7|W =
dilute (0.005 volume ratio) and the GPC data, and consequently M.
presume that the tip shape convolution plays a minor role. Z :

Figure 6 also shows that the average contour length increases
with CH,Cl, volume ratio. Table 2 shows that the peak width The Pl index is calculated as eq 1; values are given in Table 2.
also increases with higher volume ratio, indicating a wider The PI found by the AFM stretching experiment is close to the
distribution of lengths at the surface. It can thus be inferred value obtained from the GPC solution measurement (1.62) for
from Table 2 that there is preferential adsorption and reaction the lower volume ratio surfaces.

(%)
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black bars show data for a sample surface of mixed PDMS, average
molecular weights 3000 and 1506R0000. The gray bars show data  Figure 9. Contour lengths vs normalized number of occurrences. Both
for a sample surface prepared using PDMS of average molecular weightof the overlaid plots (open bars and black bars) show sample surfaces
3000. The solid black line is a sum of two Gaussians for the data for prepared from mixed PDMS compounds, average molecular weights
a surface prepared with both tig, = 3000 and\,, = 15000-20000 3000 and 1500020000. Open bars are results for a surface that was
samples; the peak positions correspond to 28 and 83 nm. The grayallowed to react for 10 min in PDMS, average molecular weight 3000,
line is a Gaussian fit to the surface made of PDMS of average molecular and then reacted in PDMS of average molecular weight 15@0000
weight 3000 alone, and the peak position is 20 nm. See comments infor 30 min. The black bars show length distributions for a surface that
the text. was allowed to react for 30 min in PDMS of molecular weight 3000
and 30 min in PDMS of molecular weight 150620000.

Analysis of Surfaces Grafted Using Two PDMS Samples
of Different Average Molecular Weights. Figure 8 shows the
distribution of contour lengths of polymers on a surface grafte
using two fractions of PDMS of different average molecular |t has been shown that there is significant potential for AFM
weights, 3000 and 150820000 (black bars), and a distribution  to analyze contour lengths of polymers/macromolecules at
of chain contour lengths on a surface prepared using only PDMS surfaces. The values of persistence lengths and other parameters
of molecular weight 3000 (gray bars). A bimodal statistical obtained from fitting the forcedistance profiles indicate that
distribution of contour lengths is obtained for a surface grafted the measurements typically involved stretching single PDMS
using two PDMS compounds of different molecular weights. molecules grafted to the underlying surface. The generality of
The first peak position is about28 nm, and the second peak this technique will presumably depend on the type of polymer,
position is~83 nm, using the sum of the two Gaussian fits. film, and AFM tip used.

The peak position for PDMS of molecular weight 3000 might

be expected to be 11 nm; it is possible that tip jump following Acknowledgment. We gratefully acknowledge the Office
the rupture of the primary force of adhesion (JKR adhesion of Naval Research (Grant ONR-N00014-96-1-0735), National
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using only PDMS of molecular weight 3000 (gray bars) in
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