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Increasing the mechanical stability of artificial polymer materials is an important task in materials science, and for
this a profound knowledge of the critical mechanoelastic properties of its constituents is vital. Here, we use AFM-based
single-molecule force spectroscopy measurements to characterize the rupture of a single silicon-oxygen bond in the
backbone of polydimethylsiloxane as well as the force-extension behavior of this polymer. PDMS is not only a
polymer used in a large variety of products but also an important model system for highly flexible polymers. In our
experiments, we probe the entire relevant force range from low forces dominated by entropy up to the rupture of the
covalent Si-O bonds in the polymer backbone at high forces. The resulting rupture-force histograms are investigated
with microscopic models of bond rupture under load and are compared to density functional theory calculations to
characterize the free-energy landscape of the Si-O bond in the polymer backbone.

Introduction

Silicone elastomers are high-performance materials used in a
wide field of applications.1,2 Among their remarkable qualities
are low-temperature dependence of the mechanoelastic proper-
ties,3 high resistance against thermooxidation,4 high flexibility
at low temperatures,4 adjustable release properties,5 and physi-
ological harmlessness.6 However, silicone elastomers also have
some disadvantages, such as relatively low ultimate mechanical
strength,7 vulnerability to hydrolytic reagents,8 and swelling in
nonpolar environment.9 The mechanical strength of silicone
elastomers is of utmost importance for many of its industrial
applications, and numerous strategies exist that help to make
materials capable of sustaining large deformations.10 However,
there is very little knowledge about how rupture occurs on the
molecular level and the ultimate stability of the silicon-oxygen
(Si-O) bond.

Single-molecule force spectroscopy has been used to study
the force-extension behavior of DNA molecules,11 proteins,12

and polysaccharides13as well as the interaction of polymers with
surfaces14 or among themselves15 and has helped to elucidate a
variety of mechanical properties of polymers.16,17 In single-

molecule experiments, the exerted force can be used to rupture
bonds that are extremely stable under normal conditions, with
examples include the unfolding of protein domains,18 the
overstretching of DNA,19 and the breakage of receptor-ligand
linkages.20 The high forces that can be exerted by an AFM
cantilever were even used to determine the strength of covalent
bonds by covalently bridging a polymer molecule between the
cantilever and the glass slide surface. The experiments determined
the rupture force for a particular force-loading rate.21 Moreover,
the force-extension data of many polymers can be accounted
for by simple statistical physics models, such as the freely jointed
chain (FJC),22the wormlike chain (WLC),23and the freely rotating
chain.24 For higher forces, these models can be expanded by the
use of an enthalpic term (such as a hookian spring), yielding the
extendible freely jointed chain or wormlike chain model25 or by
means of ab initio molecular dynamics calculations that describe
the high force behavior prior to bond rupture.26,27

For a particular bond, the rupture force depends on the loading
rate of the polymer.28,29The reason is that the dissociation rate
is increased in the presence of force, an effect that can be easily
understood in the Kramers theory of reaction kinetics.30However,
when one varies the loading rate31 or analyzes the probability
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density function of mean rupture forces,32-34one can exploit this
to determine the rate of reaction at zero force, the distance to the
transition state, the height of the energy barrier, or the critical
force at which the barrier vanishes.

For the case of polydimethylsiloxane (PDMS), the rupture of
the Si-O bond has been investigated in great detail theoretically.
Ab initio molecular dynamics using density functional theory
(DFT) has been applied to find the rupture force as well as to
determine the bond length and bond angles of Si-O oligomers
stretched in vacuum,27in contrast to single-molecule experiments
where the molecules are typically kept in a solvated environment.
However, the calculations were repeated in the presence of
hexamethyldisiloxane (HMDS), a typical solvent for PDMS,
and it was found that the solvent has no effect on the observed
rupture force.35In contrast, it was shown in the DFT calculations
that water molecules in the vicinity of the Si-O bond can lead
to lower rupture forces, an indication of a mechanically induced
chemical reaction.35

PDMS has been studied previously using single-molecule force
spectroscopy measuring the desorption forces of PDMS from
mica and oxidized silicon.36,37 Moreover, the observed force-
extension behavior was analyzed using FJC or WLC models
yielding a low persistence length of the polymer in air and
heptane36,37 in accordance with the idea that PDMS molecules
are very flexible.

In this work, we investigate how single PDMS molecules
respond to a wide variety of mechanical stresses ranging from
the reduction of entropic fluctuations to the ultimate breakage
of a Si-O bond in the polymer backbone. To measure the
breakage of covalent bonds reliably, chemistry involving
exclusively Si-O bonds was developed. The experimental results
were analyzed with common force extension models to char-
acterize the response of the silicones to force and their ability
to absorb energy before rupturing. The distribution of observed
rupture forces was further examined with dynamic force
spectroscopy to understand the potential energy landscape of the
Si-O bond. The knowledge obtained by our studies can not only
improve our understanding of the properties in existing silicones
but also aid the intelligent design of novel, more robust PDMS-
based materials.

Materials and Methods

Sample System.In the single-molecule measurements, we used
long PDMS polymers to minimize nonspecific effects between
cantilever and surface. Because of the polycondensation reaction of
OH-terminated PDMS oligomers, the sample is not of uniform length
but contains a variety of different polymer lengths ranging from 50
to 1000 nm. To measure the rupture of the covalent Si-O bond in
the PDMS backbone, it is important to attach the polymer covalently
to the support surface on one side and also covalently to the AFM
cantilever on the other side. A schematic of the attachment is shown
in Figure 1. To facilitate the formation of a covalent bond between
the PDMS and the substrate, one end of the polymer was modified
by replacing all three methyl groups with chloride atoms (Supporting
Information). This highly reactive system reacts spontaneously with
the silanol groups of an oxidized silicon wafer (Supporting

Information) to form H-Cl and a covalent Si-O bond between
PDMS and the surface. On the other end of the polymer, one methyl
group was replaced by a single hydrogen atom (Supporting
Information). This silicon-hydrogen bond is susceptible to catalytic
cleavage by a platinum-modified cantilever. The free Si bond will
then covalently bind to Si-O bonds that occur frequently on the
surface of a silicon nitride cantilever because of surface oxidation.38

It is important to note that this reaction is highly specific because
the presence of the platinum catalyst is required to yield measurable
reaction rates. The advantage of having the platinum on the cantilever
as compared to free in solution is that only PDMS molecules in close
proximity to the tip of the cantilever will react whereas molecules
at other locations on the silicon wafer will retain their Si-H
termination. In this manner, after the covalent attachment and rupture
of a PDMS bridge between the cantilever and wafer, the cantilever
can simply be moved to a new location where the Si-H bond is still
intact, thus allowing for fast turnover time between experiments
with bicovalently attached PDMS polymers.

Experimental Setup. All measurements were performed on a
MFP3D AFM from Asylum Research with a force resolution of
∼10 pN and a sampling rate of 2 or 4 kHz. Triangular Nanoprobe
Microlevers with a spring constant of∼30 mN/m and a resonance
frequency of∼10 kHz in air were used. Each cantilever was calibrated
individually by measuring its resonance frequency and inverse optical
lever sensitivity in the solvent used for the single-molecule
experiments (HMDS).

To attach PDMS molecules covalently to the cantilever, we used
modified cantilevers that were sputtered with platinum prior to the
experiment. Rather than having the whole surface of the cantilever
covered with a layer of platinum, we chose sputtering conditions
that allowed us to obtain a large number of isolated platinum clusters.
To optimize the conditions, we used a fragment of an oxidized Si
wafer exposed to the same conditions and analyzed the surface
morphology of the platinum by imaging the wafer with our AFM
(data not shown) as well as scanning electron microscopy (SEM)
to analyze the surface morphology of the platinum clusters on the
cantilever tips (Figure 2).
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Figure 1. Schematic of the single-molecule force spectroscopy
experiment showing the bicovalent attachment (not to scale). The
two magnifications on the left show the two ends of the PDMS
polymer, highlighting the chemical modifications in a ball-and-
stick representation. Different atoms are color coded in red (oxygen),
gold (silicon), green (chlorine), black (carbon), and white (hydrogen).
The situations prior to (right) and after the formation of the covalent
bond (left) are indicated.
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Sample Preparation.A stock solution of PDMS (30µL) was
diluted in 4 mL of HMDS, and 30µL of this solution was dropped
onto an∼2 cm2 piece of an oxidized silicon wafer and incubated
in a nitrogen atmosphere until the solvent had evaporated. This
procedure results in the covalent attachment of the PDMS molecules
to the Si-O wafer through the terminal trichlorsilyl chemistry. To
remove nonspecifically attached polymers, the sample was rinsed
with HMDS and then washed by placing it under agitated HMDS
on an orbital platform shaker for at least 2 h. Finally, the sample
was rinsed again with HMDS and immediately used for single-
molecule measurements.

Measurements.All experiments were performed in HMDS to
maximize polymer solubility. The drawback of HMDS is its high
volatility, limiting the experimental observation time to about 20
min. The high viscosity of solvents of longer silicones produced
large errors in the cantilever calibration and thus prevented their
utilization. Single-molecule force spectroscopy experiments were
conducted by pressing the cantilever on the sample for 500 ms with
a force of 5 nN to covalently attach the PDMS molecules immobilized
on the surface by the platinum-catalyzed cleavage of the Si-H bond.
The cantilever was then retracted with a speed of 2-4 µm/s. The
force was measured by the cantilever deflection, and the extension,
by a calibrated capacitive sensor, both sampled with 2 or 4 kHz.
Different positions on the surface were probed by randomly changing
the x-y position of the sample. Measurements following this
procedure showed that in∼10% of the force pulls the attached
siloxane molecules typically ruptured in a single step at forces larger
than 1 nN.

Scaling of Force-Extension Curves and Master Force Curves.
To analyze the force-extension data of PDMS polymers, we first
scaled the data from each molecule to its apparent contour length.
We obtained the contour length by applying a linear fit to the high-
force regime (from 1000 pN until rupture) of the polymer. According
to ab initio molecular dynamics calculations performed on the rupture
of PDMS oligomers by Lupton et al.,27 the enthalpic stretching
potential of the Si-O bonds is proportional tor2; therefore, the
high-force part of the extension should contribute via a linear force-
distance relation. The intersection of this linear fit with thex axis
(zero force) occurs at a length equal to the contour length of the
molecule. For each single-molecule rupture event, the extension of
the molecule is divided by the contour length, thus yielding an
effective extension where a value of 1 indicates that the molecule
is extended to its full contour length.

The scaled force-extension curves are then averaged to obtain
a master force curve. To reduce the experimental noise, we computed
the master force curve only in a force range for which we had at
least 60 force-extension curves. The resulting master force curve
was then again scaled to unity length using the same procedure as
above. This procedure was necessary because the averaging of the
individual force-extension curves had produced a small offset in
length of∼0.2%.

Dynamic Force Spectroscopy Analysis.To analyze the observed
probability distribution of rupture forces using dynamic force
spectroscopy, one needs to know the experimental force-loading
rate (kload), which determines how much energy is deposited into the
molecules per time. In the high-force regime (relevant for bond
rupture),kload can be calculated by treating the cantilever and the
polymer as two Hookian springs in series. The spring constant of
the cantilever is determined during the calibration of the AFM and
is typically ∼30 pN/nm. The spring constant of the polymer is a
function of its length. However, we find that in our measurements
the distribution of measured rupture forces does not change
significantly with the different contour lengths present in our sample
(Supporting Information). To computekload, we therefore use the
mean observed polymer length (LC≈360 nm). Moreover, we assumed
that the force-loading rate in the relevant force range was linear and
used the results from the linear fit to the high-force regime to
determine the spring constant of the polymer. Using the spring
constant of the cantilever, the spring constant of the polymer
determined from our master force curve, and the experimental pulling
velocity, we thus obtain a loading rate ofkload≈ 34 350 pN/s, which
we use for the dynamic force spectroscopy analysis. The dynamic
force spectroscopy analysis was performed for a rupture force range
of 500-2500 pN.

Experiments and Results

PDMS molecules are covalently linked to the surface of an
oxidized silicon wafer and incubated with HMDS. To form a
single-molecule bridge between the AFM cantilever and the wafer
surface, the cantilever approaches the PDMS-covered surface
and presses onto it. After a short time, the cantilever is retracted
at a constant speed. With increasing distance to the surface, the
force measured increases monotonically (if a molecule is attached
to the cantilever) as the silicone molecule is stretched. At the
maximum in the force, the weakest link in the surface-polymer-
cantilever chain is broken. The data from such a single-molecule
rupture experiment is shown in Figure 3 (inset). Sometimes more
than one molecule is attached, resulting in a series of rupture
events. Experimentally, the concentration of the PDMS molecules
on the surfaces is adjusted such that more than 90% of all rupture
events result in the rupture of a single cross bridge (Materials
and Methods). The forces at which the molecules rupture are
recorded for many single-molecule ruptures, resulting in a
histogram of mean rupture forces (Figure 3). In the case of an
untreated cantilever, the resulting histogram has two apparent
peaks, one centered at 106 pN accounting for∼70% of all rupture
events and one at∼1370 pN accounting for∼30% of all rupture
events. The first peak is most likely caused by molecules that
attach nonspecifically to the AFM cantilever. We can only
speculate as to the nature of the second peak. One explanation
could be that the extreme pressures caused by the sharp AFM
tip (radius of curvature∼20 nm) being pushed onto the silicon
wafer with forces of∼5 nN could cause the formation of a
covalent bond. However, this process is rather uncontrolled
because we do not know which bond has formed at the surface
and therefore we are not sure that the experiment is solely probing
the Si-O bond.

We therefore used a platinum-catalyzed reaction by sputtering
thecantileverwithplatinumandusingaSi-H-terminatedpolymer
(Materials and Methods). Again, the AFM cantilever is pressed

Figure 2. Platinum modification of AFM cantilever. The left image
recorded with a scanning electron microscope (SEM) shows the tip
of an AFM cantilever sputtered with platinum as a catalyst for the
HMe2-Si terminal end of the PDMS sample. The right SEM image
shows an untreated tip for comparison.
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onto the surface covered with PDMS molecules, but now the
platinum on the cantilever locally catalyzes the reaction of the
polymer with the cantilever tip (Figure 1). The resulting rupture
force histogram is also shown in Figure 3. The histogram looks
very different compared to the one obtained with unmodified
cantilevers. The histogram shows a single peak centered at∼1340
pN, which accounts for∼85% of all observed rupture events.
There are also additional rupture events that occur between 0
and 500 pN (∼15% of all observed rupture events), which are
likely due to the detachment of residual noncovalently attached
molecules. Thus, our experimental strategy consisting of (i)
covalent attachment of the PDMS molecules to the Si-O surface
of an oxidized silicon wafer, (ii) extensive washing of the wafer
to remove any noncovalently attached molecules, and (iii) local
covalent bond formation of the end of the PDMS molecule to
the AFM cantilever catalyzed by platinum resulted in the
bicovalent attachment of more than 80% of all observed rupture
events. The rupture force of 1340 pN then marks the breaking
of either a covalent bond in the PDMS backbone or one of the
covalent bonds fixing the polymer to the substrate and to the
cantilever. However, because the reaction chemistry was chosen
such that we have a polymer bridge between the wafer and
cantilever consisting purely of Si-O bonds, in all cases a Si-O
bond is broken.

To analyze the rupture process in more detail, we now want
to focus on the shape of the force-extension curves of the PDMS
polymers. For low forces, the force-extension behavior is
characterized by the entropic properties of PDMS as it fluctuates
in the solvent. At higher forces, the stress-induced enthalpic
deformation of its bond lengths and bond angles occurs. To
compare the behavior of molecules of different lengths, we first
need to scale the length of the molecule to its apparent contour
length (Materials and Methods). The scaled force-extension
curve of many single molecules is then averaged to produce the

master force curve that is shown in Figure 4. This force-extension
curve is fitted with a theoretical polymer-extension model to
obtain the parameters describing PDMS. Because the Si-O-Si
bond in the PDMS backbone is very flexible, the entropic
contributions to the force-extension behavior can be ap-
proximated by assuming freely jointed chain-like behavior.
Moreover, to account for the elastic deformations of the polymer,
we use the elastic freely jointed chain model (EFJC), which
approximates the polymer as a chain of identical springs
interconnected by flexible joints. The force-extension behavior
is then expressed as39

whereF is the force,x is the extension,LC is the contour length,
andLK is the Kuhn length.

LK ) 2LP, whereLPis the persistence length, which is a measure
of the polymer flexibility.Fchar is the characteristic force of the
enthalpic stretching that is related to Hookian spring constantκ

of the polymer throughFchar ) κLC. The fit of eq 1 to our data
yieldsLK ) 0.36( 0.04 nm andFchar ) 14 200( 500 pN. In
our analysis, we use a master force curve that has been obtained
by averaging the scaled force-extension curves. Thus, we no
longer have a true extension but only an extension relative to the
apparent contour length. Therefore, theLC parameter in the EFJC
model is a free parameter, which, if the model fits perfectly and
the scaling was performed correctly, should be unity. In fact, the
best fit of the EFJC model to the master force curve yields a
value ofLC ) 1.019, a deviation of less than 2%, thus validating
the scaling procedure. The obtained Kuhn length ofLK ) 0.36
nm is fairly short, in accordance with previous publications,37

thus validating our assumption that the molecules are very flexible.

(39) Bustamante, C.; Marko, J. F.; Siggia, E. D.; Smith, S.Science1994, 265,
1599-600.

Figure 3. Histogram of rupture forces of PDMS molecules. The
inset shows the data from a typical single-molecule experiment. The
force at which the cross-bridge ruptures is recorded for several
hundred such single-molecule force-extension curves and the results
are plotted in a histogram. The histogram shows the probabilities
for rupture forces in the case of an untreated cantilever (blue)
computed from 450 events and a platinum-functionalized cantilever
(green) computed from 250 events. The blue histogram shows that
in 68% of all 450 events the rupture forces can be described by a
Gaussian centered at 106 pN (σ ) 184 pN). About 30% of all
molecules rupture at significantly higher forces, and this behavior
can be accounted for by a second Gaussian centered at around 1373
pN (σ ) 103 pN). The modified cantilever results in 83% of all
analyzed rupture events accumulating in a peak at around 1338 pN
(σ ) 98 pN).

Figure 4. Force-extension curve of PDMS as described by an
EFJC model. The plot shows the force-extension curve averaged
from over 60 single-molecule traces withLC > 400 nm (blue). Prior
to averaging, each curve was scaled to its contour length. An EFJC
fit to the data (green) nicely matches the shape of the force-extension
curve and yieldsLK ) 0.36 nm,LC ) 1.019, andFchar) 14160 pN.
A linear fit to the data for forces larger than 1000 pN (black line)
is used for normalization. From the linear fit, one can compute the
characteristic forceFchar) 13 052 pN, which compares well to the
Fchar) 13 015 pN value obtained from a linear fit to the EFJC model
in the same region (cyan). (Inset) Diagram showing the slope of the
fit to the data (blue) and to the EFJC model (green) as a function
of the lower force boundary.

x(F) ) LC[coth(FLK

kBT) -
kBT

FLK
](1 + F

Fchar
) (1)
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An extendible wormlike chain model does not describe the data
as well as the EFJC model (data not shown), presumably because
the short persistence length (LP ) 0.18 nm) is on the order of
the length of a single bond (LSi-O ) 0.165 nm) and thus the
coarse-grained description of the semiflexible WLC is not valid.
In fact, the chain is so flexible that even for forces exceeding
1000 pN the entropic contributions are not negligible, as we will
discuss now.

Ab initio molecular dynamics calculations yielded a quadratic
shape of the enthalpic stretching potential of the Si-O bond,27

thus predicting linear force-extension behavior in the limit of
high load. However, even at forces above 1000 pN the force-
extension data still has substantial curvature caused by the entropic
nature of the polymer, an effect that is well described by the
applied EFJC model. This can be seen by comparing a linear fit
to the high-force regime (>1000 pN) of the master curve, which
yieldsFcharandLC for both the values obtained by the EFJC fit
as well as a fit to the EFJC curve in the same force regime. The
linear fit to a force-extension curve created by an EFJC fit to
the data deviates only by 0.8% and 0.2% forLC andFchar from
the values obtained by a linear fit to the real data. In contrast,
the linear fit to the data deviates from the EFJC values by 1.8
and 11% forLCandFchar, respectively. We analyzed this deviation
in more detail by changing the lower force at which we start the
linear fit to the master force curve and find that the values
asymptotically approach the values of the EFJC (Figure 4 inset).
In fact, if one examines the slope of the EFJC model, one finds
that only for forces above∼3800 pN can a linear fit determine
LC andFcharaccurately (deviations smaller than 1%). Therefore,
we conclude that even at forces well above 1000 pN the force-
extension properties in the framework of the EFJC model are
clearly influenced by the entropic contributions.

To understand the bond rupture better, it is important to
determine how much energy can be deposited into PDMS material
prior to material failure. Therefore, we also computed for each
single molecule the total amount of energy that was deposited
prior to rupture by integrating the force-extension curve. To
compare the values for molecules of different lengths, we
normalized the energy, yielding a histogram of energy per
nanometer in length shown in Figure 5A. The histogram can be
fitted by a Gaussian, yielding a mean energy/nm of 0.86 eV/nm,
which can be converted to an energy per Si-O bond length of
∼14 kJ/mol (LSi-O ) 0.165 nm). The term contains both entropic
and enthalpic contributions. One can estimate the percentage of
how much of the energy is actually used to deform the molecule
enthalpically by again using a linear fit to the high-force regime
of the force-extension curve (F > 1000 pN) and integrating the
area underneath. A histogram of the relative amount of the
enthalpic contribution computed in this way is shown in Figure
5B. The histogram can be fitted with a Gaussian centered at
67%. Note, however, that this analysis overestimates the enthalpic
contribution because, as we have shown above, even for forces
above 1 nN entropic contributions to the force-extension behavior
are not negligible. If one uses the parameters obtained from the
EFJC fit to the data, then the enthalpic contribution amounts to
54%. Moreover, if one compares the value of 14 kJ/mol to the
binding energy of the Si-O bond of 444 kJ/mol,40then it becomes
clear that only a small fraction of the energy is needed to rupture
the covalent bond (if the energy is distributed equally along the
chain). It is therefore necessary to obtain details about the potential
energy landscape of the bond to understand this value. Such
insight can be gained by performing dynamic force spectroscopy,
which we will discuss now.

Dynamic force spectroscopy (DFS) is used to gain insight into
the kinetic rupture properties of the Si-O bond in the PDMS
backbone. In DFS, one commonly assumes that the breaking of
a bond corresponds to the diffusion of the initial state, bound in
a single well in the energy landscape, across an activation barrier
of height∆Gq at a distancexq along the reaction coordinate. (See
Figure 6 for an illustration.) Applying a force tilts the energy
landscape and thus increases the escape probability. Using
Kramers’ rate theory,41one can describe the rupture of the bound
to the dissociated state in the presence of an external force. In
this model, one can obtain characteristic parameters for the
investigated system. Several different approaches to analyze the
measured data are currently used in the literature. The earlier
phenomenological models30 assume a small reduction of the
barrier by the applied force without changing the distance between
the energy minimum and the transition state. However, as the
force increases, the distance between the energy minimum and
the transition state decreases. Using Kramers’ theory of diffusive
barrier crossing under an applied force, alternative models have
recently been developed.42,43With these models, one can extract
the intrinsic dissociation rate at zero force,k0, the height of the

(40) Hollemann, A. F.; Wiberg, N.Inorg. Chem. Academic Press: 2001. (41) Kramers, H. A.Physica1940, 7, 284-304.

Figure 5. Histograms of energies that can be taken up by the
molecules prior to rupture. (A) The histogram obtained from 1154
rupture events shows the amount of energy (in eV) per length (in
nm) that is deposited in a PDMS molecule stretched in HMDS until
rupture. We find that PDMS can absorb 0.86 eV/nm before breaking.
(Inset) Single-molecule force-extension data, where the green area
indicates the energy deposited in the polymer. (B) Histogram showing
the relative amount of enthalpic deformation with respect to the total
amount of energy that the molecule can take up prior to rupture. The
value for the enthalpic energy is computed by integrating the area
underneath a linear fit to the data above 1000 pN, as illustrated in
the inset (striped area).
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potential barrier,∆Gq, and the distance to the transition state,xq,
from the probability distribution of rupture forces33

wherekloadis the force-loading rate and the force-dependent rate
of bond rupture,k(F), is shown to have the following form:33

From the determined values for∆Gq andxq, one can compute
the critical force at which the barrier vanishes completely,Fcrit,
by

Different free-energy surfaces are distinguished in the equations
by different values forν.

(i) ν ) 1/2 applies to a cusp model, whereU0(x) ) ∆Gq(x/xq)2

for x < xq andU0(x) ) -∞ elsewhere.
(ii) ν ) 2/3 for the linear-cubic model, whereU0(x) ) (3/

2)∆Gq(x/xq) - 2∆Gq(x/xq)3.
(iii) For ν ) 1 (or ∆Gq ) ∞), eqs 2 and 3 reduce to those of

the earlier phenomenological model.
We tried to fit both microscopic models as well as the

phenomenological model to our measured data (Figure 7).
Although the observed probability distribution can be qualitatively
obtained by all three approaches, it is obvious that the fits to the
two microscopic models follow the observed data better than
that to the phenomenological model. Moreover, in the high-
force regime, the distribution obtained by fitting to the cusp
potential can reproduce the observed shape better than the linear-

cubic potential, making it our preferred model. From the fit to
the data using the cusp potential, we obtaink0 ) 0.52 s-1, ∆Gq

) 30.4 pN nm, andxq ) 0.021 nm. With these values, we can
also computeFcrit ) 2900 pN.

The microscopic model was developed for the rupture of a
single bond. In our case, we have a polymer formed from many
covalent bonds in series. Therefore, to obtain the rate for the
rupture of a single covalent bond,k0

singlebond, we have to divide
the observedk0byN, the number of covalent bonds in the polymer.
From our observed mean contour length ofLC ≈ 360 nm, we
estimateN ≈ 2200 and thus a rate constant ofk0

singlebond≈ 2.4
× 10-4 s-1.

Caution must be taken when looking at the values obtained
by fitting the microscopic model to our data. The height of the
energy barrier and the distance to the barrier match our
expectations and compare well to the values obtained from DFT
calculations (see below). In contrast, the rate at zero load is
much too high and does not match our common knowledge that
a covalent Si-O bond in the absence of mechanical stress is
extremely stable. It is clear that in this respect the model fails
to give an accurate picture, an effect that has been noted
previously.33We can only speculate as to why in our experiment
the determination ofk0was so unsuccessful: (i) There is probably
still a small percentage of noncovalent bonds within our histogram
that might skew the results. (ii) ForFrupture ≈ Fcrit forces, the
model is not correct because the theory was developed in the
limit of a high energy barrier.33 (iii) There might be additional
effects that occur only at high loads (e.g., hydrolytic attacks by
a small contamination of water in our solvent35). (iv) The forces
required to rupture the covalent bond on an experimentally
relevant time scale are fairly high, and thus the extrapolation to
zero load is likely to be inaccurate, resulting in a rupture rate that
is higher than what is expected and therefore also in a barrier
that is too low.

For a better understanding of the rupture process, it is helpful
to compare the experimentally observed values for the breaking

(42) Dudko, O. K.; Filippov, A. E.; Klafter, J.; Urbakh, M.Proc. Natl. Acad.
Sci. U.S.A.2003, 100, 11378-11381.

(43) Hummer, G.; Szabo, A.Biophys. J.2003, 85, 5-15.

Figure 6. Force dependence of the energy landscape. The graph
schematically shows the dependence of the Si-O bond’s potential
energy landscape as a function of force. Note that the pulling direction
directly defines a reaction coordinatex, along which the distance
to the transition state,xq, is measured. The transition state has a
Gibbs free energy that is higher than the Gibbs free energy of the
bound state by∆Gq. Force tilts the potential energy surface until at
a critical force ofFC the barrier vanishes completely.

p(F) ) 1
kload

k(F)ekBTk0/xqkloade-k(F)kBT/xqkload((1 - νFxq)/∆Gq)1 - (1/ν)

(2)

k(F) ) k0(1 - νFxq

∆Gq)1/(ν - 1)

exp{∆Gq

kBT[1 - (1 - νFxq

∆Gq)
1/ν]}

(3)

Fcrit ) ∆Gq

νxq
(4)

Figure 7. Probability density distribution of rupture forces. Measured
probability distribution of rupture forcesP(F) of 1154 rupture events
(red circles) recorded at a force loading rate ofkload ≈ 34 350 pN/s
(Materials and Methods) and theoretical models. Blue line: the fit
to eq 4 usingν ) 2/3 (linear-cubic potential) yieldsk0 ) 0.97 s-1,
∆Gq ) 26.5 pN nm,Fcrit ) 2484 pN, andxq ) 0.016 nm. Green
line: the fit to eq 2 usingν ) 1/2 (cusp potential) yieldsk0 ) 0.52
s-1, ∆Gq ) 30.4 pN nm, andxq ) 0.021 nm, thus using eq 4, we
obtainFcrit ) 2895 pN. Magenta line: the fit to the phenomenological
model yieldsk0 ) 2.3 s-1 andxq ) 0.010 nm. Although all three
models describe the data reasonably well, it is clear that the cusp
potential (green line) can best reproduce the observed shape of the
probability density function.
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of the Si-O bond to predictions that have been made for the
rupture of a PDMS oligomer based on Car-Parrinello molecular
dynamics (CPMD) using DFT to describe the electrons.27 In
these calculations, the observed bond length at rupture was 1.8-
1.9 Å (compared to 1.65 Å in the relaxed state), in good agreement
with the distance to the transition state observed in our dynamic
force spectroscopy analysis (xq ) 0.21 Å). Moreover, in these
calculations the rupture force for a pulling speed of 55 m/s changed
from 6.6 nN for a dimer to 5.2 nN for a trimer to 4.6 nN for a
hexamer to 4.4 nN for a decamer.27Thus, the mechanical energy
that is put into the system can redistribute over several bonds,
lowering the threshold for rupture as the length of the PDMS
molecule is increased. To compare these values with those
obtained by our single-molecule rupture events, one should note
that the polymer length used in the single-molecule experiments
was several orders of magnitude longer than in the CPMD
calculations (N ≈ 2200 compared toN ) 2-10). Moreover, the
pulling velocities differed by 7 orders of magnitude (2µm/s vs
55 m/s), and edge effects are of much higher importance for the
short oligomers used in the theoretical studies. Thus, the difference
between the mean rupture force of∼1.3 nN observed experi-
mentally and∼4.4 nN predicted theoretically can be understood.
However, one might ask why, in the single-molecule experiments
even though molecules ofN ≈ 300-6000 were used, no
systematic dependence of the observed rupture force on length
was observed. This can be explained by an effective length over
which the mechanical energy can redistribute and the fact that
this effective length is much smaller than the polymer lengths
investigated. Our data even allow us to make a rough estimate
of this effective length by comparing the energy of the Si-O
bond (444 kJ/mol) to the energy that is needed to rupture the
polymer. If one integrates the force-extension curve of our PDMS
polymers (approximated bf the EFJC fit) from 0 pN toFcrit ≈
2900 pN, then one obtainsESi-O

exp ≈ 35 kJ/mol. Therefore, the
effective number of bonds over which the energy is free to
redistribute is given byn ≈ 443 kJ mol-1/35 kJ mol-1 ≈ 15.

Conclusions

Our AFM experiments give insight into the mechano-elastic
properties of single PDMS molecules under critical tensile stress.
We find that PDMS solvated in HMDS shows force-extension
behavior that is well described by an elastic freely jointed chain
model with a persistence length ofLP ) 0.18 nm and a
characteristic force ofFchar) 14 200 pN. On average, we could
deposit 0.86 eV energy per nm polymer length (or 14 kJ/mol)

in the molecules prior to breaking the covalent attachment. Part
of this energy (54%), was used in the enthalpic deformation of
the molecules. However, these values are only a small percentage
of the energy of the Si-O bond (444 kJ/mol). In a PDMS polymer,
the mechanical energy that is deposited into the molecule can
redistribute, thus lowering the observed barrier of bond rupture
in accordance with theoretical predictions. The probability
distribution of rupture forces was analyzed with different force
spectroscopic methods to extract the microscopic parameters
relevant to the breaking of the Si-O bond in the siloxane
backbone. We determine the critical force at which the barrier
between the bound and the unbound state vanishes,Fcrit ) 2900
pN, the barrier height of∆Gq ) 30.4 pN nm, and a distance of
xq ) 0.021 nm to the minimum of the potential well. ForF )
0 pN, we infer a dissociation rate ofk0

singlebond≈ 2.4× 10-4 s-1.
The rate of dissociation at zero force is several orders of magnitude
higher than what is expected. Possible explanations include the
influence of statistical energy fluctuations due to the entropy of
long polymers, the presence of water in the solvent, edge effects
at the terminal bonds to the cantilever or the substrate, or the
presence of noncovalently bound molecules in the evaluated
data set. The high forces needed to rupture covalent bonds on
a reasonable time scale, however, might make the extrapolation
to zero load fairly inaccurate. Therefore, new theoretical models
need to be developed to infer characteristic parameters at zero
load from high-force measurements. Another experimentally
feasible approach would be to measure the time that the polymer
can sustain a certain force by implementing a force feedback
mechanism in the experimental apparatus. These experiments
will be the subject of future studies.
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