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Abstract: The mechanical strength of individual Si—C bonds was determined as a function of the applied
force-loading rate by dynamic single-molecule force spectroscopy, using an atomic force microscope. The
applied force-loading rates ranged from 0.5 to 267 nN/s, spanning 3 orders of magnitude. As predicted by
Arrhenius kinetics models, a logarithmic increase of the bond rupture force with increasing force-loading
rate was observed, with average rupture forces ranging from 1.1 nN for 0.5 nN/s to 1.8 nN for 267 nN/s.
Three different theoretical models, all based on Arrhenius kinetics and analytic forms of the binding potential,
were used to analyze the experimental data and to extract the parameters fnax and D, of the binding potential,
together with the Arrhenius A-factor. All three models well reproduced the experimental data, including
statistical scattering; nevertheless, the three free parameters allow so much flexibility that they cannot be
extracted unambiguously from the experimental data. Successful fits with a Morse potential were achieved
with fnax = 2.0—4.8 nN and D. = 76—87 kJ/mol, with the Arrhenius A-factor covering 2.45 x 10710—
3 x 107° s7%, respectively. The Morse potential parameters and A-factor taken from gas-phase density
functional calculations, on the other hand, did not reproduce the experimental forces and force-loading
rate dependence.

Introduction forces of chemical bondsand for many practical applications,
these forces are important design parameters.

With the advancement of single-molecule techniques, the
mechanical properties of molecules and bonds have become
experimentally accessibfe!® and today, there are a number
of experimental and theoretical studies dealing with the behavior
of chemical bonds under tensile foré& 27 However, in all

The fact that chemical reactions can be activated and
controlled by mechanical force was recognized around 300 B.C.
in Greecé, and today, the mechanical activation of chemical
reactions through rubbing, grinding, milling, sonication, etc. is
familiar to every chemist and chemical enginéetln a recent
study, a team of chemists and material scientists from the
University of Illinois at Urbana showed that tensile forces can ,
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available experimental studies dealing with covalent bonds, the
rate at which the force has been applied was kept constant,
although it is generally believed that force-induced bond rupture

is a thermally activated process, where the observed dissociation

force depends on the force-loading ratd/dd Like in all
thermally activated reactions, the reaction rate consitéht

is thought to be governed by an Arrhenius equation:
koff = A exp[—E4/ksT], whereE, is the height of the activation
barrier,ksT represents the thermal energy, and the Arrhenius
pre-factorA contains the activation entrop{SF, the attempt
frequency, and the transmission coefficient of the reacfiéh.

To determine the height of the activation barrier in the case
of force-induced bond separation, the potential energy stored
in the force transducer, e.g., the loaded cantilever spring of an
atomic force microscope (AFM), as well as in stretched spacer
molecules has to be subtracted from the binding potevitigl
For soft effective springs, like those typically used in single-
molecule force spectroscopy, the potential energy stored in the
deflected spring is approximatefy, wherex is the direction of
the applied force, which is assumed to coincide with the reaction
coordinate. The effective binding potential can then be written
asVer(X) = V(X) — f(x — Xo), wherexg is the location of the
minimum of the original binding potential energyx). The
mechanical energy provided by the relaxing spring reduces the
height of the activation barrigg, which in turn increases the
reaction rate constake™. Thus, both the activation energy and
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T
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Figure 1. Force-extension curve of a single carboxymethylated amylose
polymer in an atomic force microscope. Up to an extension of approximately
800 nm, the polymer uncoils. The bond angles then deform, and the-chair
boat transition of the sugar rings leads to a pronounced plateau around
0.3 nN. Further extension of the molecule leads to a sharp force increase.
At 1.69 nN, the Si-C bond in the surface linker of the molecule breaks,
and the force drops to zero.

Results and Discussion

A typical force—extension curve of a covalently anchored
carboxymethylated amylose polymer is shown in Figure 1. As
has been shown in previous studies, the force curve exhibits a

the off-rate become force dependent and can be directly derivedcharacteristic plateau, starting at around 0.3 nN, which has been

from the effective potentialen(x). As a consequence, if the
force is increased gradually, the observed bond rupture fprce
depends on the force-loading rat&dt, and the functional
relationship betweef) and d/dt contains structural information
of the original binding potentia¥(x) as well as the dissociation
pathway?9:30

Because researchers still lack data about the force-loading
rate dependence of rupture forces of covalent bonds, in the

present study, we have investigated the dynamic strength of the

Si—C bond by systematically varying the applied force-loading

rate over 3 orders of magnitude. We have employed AFM-based
single-molecule force spectroscopy to stretch individual car-
boxymethylated amylose polymers, which have been covalently

attributed to a boat-to-chair conformational transition of the
sugar rings of the polymer. During this conformational transition,
the monomer length of carboxymethylated amylose increases
by 0.5 nm31~33 Because this plateau would appear at signifi-
cantly higher forces, smear out, or disappear altogether if more
than one molecule were stretched at a time, the plateau can be
used to confirm that only a single polymer is stretched, and
other force curves can be discarded. At the end of the plateau
in Figure 1, the force increases rapidly. At a force of 1.69 nN,
the connection between the AFM tip and substrate surface is
lost, and the AFM cantilever spring relaxes to zero force. The
force curve was recorded atzpiezo velocity of 10um/s.
Together with the slope of the foreepiezo—distance curve
immediately before the connection is lost, tiipiezo velocity

anchored between an amino-silanized glass surface and arglields a force-loading rate of 109 nN/s. It should be mentioned

amino-functionalized AFM tip, l%”“' the connection between that, because of the nonlinearity of the polymeric spacer, the
the substrate surface and AFM tip was lost. As has been shown, s mption of a constant force-loading rate over the entire time
in previous studie&3*9this rupture event can be attributed to  gge of the experiment is, in fact, an approximafib#f:3s

the failure of the Si-C bond of the aminesilane surface  However, for covalent bonds, the probability of a bond failure
anchor, which is the weakest bond in the molecular chain iy the nonlinear low-force regime (below0.4 nN) is many
connecting the AFM tip and substrate surface. To extract the orders of magnitude smaller than that at higher fof€es;
structural parameters of the binding potential, as well as kinetic therefore, force-dependent force-loading rates can be neglected.
mform_atlon about the bond dlssc_)uatlc_m, we have compared the  As pointed out in the methods section (provided as Supporting
experimental results to Arrhenius kinetics models based on |nformation), when approaching the substrate, the contact force
Morse andx3-binding potentials, and to structural data derived petween the AFM tip and substrate surface was kept below

from first-principles quantum chemical calculations.

0.3 nN, to avoid nonspecific attachment of sugar polymers to

(26) Sheiko, S. S.; Sun, F. C.; Randall, A.; Shirvanyants, D.; Rubinstein, M.;
Lee, H.; Matyjaszewski, KNature 2006 440, 191-194.

(27) Schwaderer, P.; Funk, E.; Achenbach, F.; Weis, Ju@e, C.; Michaelis,
J. Langmuir2007, 24, 1343-1349.

(28) Atkins, P.; de Paula, Physical Chemistry8th ed.; Oxford University
Press: Oxford, 2006.

(29) Evans, E.; Ritchie, KBiophys. J.1997, 72, 1541-1555.

(30) Rief, M.; Grubmiller, H. ChemPhysCherf002 3, 255-261.

(31) Heymann, B.; Grubiiller, H. Chem. Phys. Lett1999 305, 202—208.

(32) Li, H. B.; Rief, M.; Oesterhelt, F.; Gaub, H. E.; Zhang, X.; Shen, J. C.
Chem. Phys. Lett1999 305 197-201.

(33) Marszalek, P. E.; Oberhauser, A. F.; Pang, Y. P.; Fernandez,Natdre
1998 396, 661-664.

(34) Evans, E.; Ritchie, KBiophys. J.1999 76, 2439-2447.

(35) Friedsam, C.; Wehle, A. K.; Kuhner, F.; Gaub, HJEPhys.-Condensed
Matter 2003 15, S1709-S1723.
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this widely used model. To understand why covalent bonds are
not adequately represented by this model, one has to keep in
mind that, for binding potentials without a sharp activation
barrier, like a Morse potential, the assumption that is
constant is no longer valid, because the distance between the
potential minimum and the transition state becomes a function
of force.

To model the experimental data more accurately and extract
kinetic and structural information about the bond rupture process
and the binding potential, we simulated scattered data plots using
——ry —ry ————rr — an Arrhenius kinetics model, where a Morse potential was

1 10 100 chosen as a one-dimensional representation of the covalent
Force-loading rate [nN/s] bond:

Figure 2. Scattered data plot of 165 -SC bond ruptures (black dots).
Here, each data point corresponds to a single rupture event, and the rupture

Rupture force [nN]

— 2
force (vertical axis) is plotted versus the force-loading rate (horizontal axis). V(X) = D1 — exp(~$X)] )
The dotted line shows a logarithmic fit to the experimental data (cf. also
eq 1). The open squares and triangles represent two sets of simulated data, ﬁ = 2fma>!De

which were generated with an Arrhenius kinetics model with the parameters

A=5x 10571, D, = 337 kd/mol, andinax= 4.8 NN, which were extracted . . . . .
from gas-phase DFT calculations of a stretched model molecule. The bIackThe maximum forcémax — i.e., the slope at the inflection point

line shows a logarithmic fit to the simulated data plots. of the potentiat— and the bond dissociation enerBy may be
extracted from density functional theory (DFT) calculations of

the AFM tip153336Under these conditions, we were able to a stretched model molecule, or they can be chosen as fit
pick up molecules with the AFM tip in approximately -120% parameters in an effort to model the experimental results.
of all tip—substrate contacts. On the other hand, in control  The effective potentiaVer(X) = D[l — exp(—px)]? — fX,
experiments, where the carboxymethylated amylose polymertogether with a suitably chosen Arrhenius pre-factor, allows for
was not activated, no molecules were picked up by the AFM an analytic calculation of the Arrhenius rate of bond dissociation
tip at contact forces below 0.3 nN. as a function of force, which can be converted into a bond

In Figure 2, the rupture forces of 165 bond ruptures are plotted rupture probability within a given force interval at a given force-
against the applied force-loading rate in a semi-logarithmic loading rate. This probability can, in turn, be used to generate
representation (black dots). The force-loading rates span a rangesimulations of experimental results with a random number
from 0.5 to 267 nN/s, the forces range from 0.7 to 2.36 nN, generator. For a detailed description of the Arrhenius kinetics
and the mean forces range from 1.1 to 1.8 nN. It should be model, refer to refs 19, 23, and 37. The open squares and
noted that, in single-molecule force spectroscopy, the resultstriangles in Figure 2 show two sets of a simulated scatterplot.
are traditionally displayed in rupture force distributions (cf. also The parameterfnax = 4.8 nN, De = 337 kJ/mol, and a load-
Supporting Information). However, the exact shape of the dependenf-factor covering the range £ 1035 x 103 s™!
distributions and the position of their maxima strongly depend for the Si=C bond were directly taken from previously published
on arbitrarily chosen data ranges and bin widths. This can be DFT calculations in the gas pha%dn this case, the Arrhenius
avoided by displaying the experimental results in a scattered pre-factor corresponds to the maximum optical phonon fre-
data plot, as in Figure 2. quency of the polymer. However, as noted previoddhi°these

The dotted line in Figure 2 represents a logarithmic fit to the gas-phase calculations do not quantitatively reproduce the
data, where we used an Arrhenius kinetics model introduced measured rupture forces: The simulated rupture forces lie well
by Evans and Ritchi&® According to this model, for binding  above the experimental data, and the loading rate dependence
potentials where the distance between the binding potentialis less pronounced in the simulation, as evidenced by the
minimum and the transition state does not depend on the appliedogarithmic fit (black line in Figure 2). The fact that the modeled
force, the most probable bond rupture fofggeshould increase  rupture forces are above the experimental values has been

logarithmically with the applied force-loading rate: attributed to the absence of solvent effects, which are likely to
lower the bond dissociation energy but also weaken the
fnp = ke T/AX' In[(df/dlt) AX/(KG kg T)] (1)  maximum force>2324

Moreover, the optical phonon frequency merely constitutes

Here, Ax! is the distance between the potential minimum and " upper limit of theiArrhenius pre-factor, which can be
the transition state, ankf" is the off-rate at zero force. The €xPressed a# = «v q'/q, where« is the accommodation
free parameters in this model ate?* andkgﬁ, and the fit yields coef_ﬂ_ment,v t_he attempt frgquency, argi/q the rat'(_) Of the
values of 0.35 A and 3.85 10451, respectively. However, partmoq functions of the actlvated complex an_d the_lnmal _state,
although the logarithmic increase of rupture forces with increas- "eSPectively. As has been pointed étifor reactions in liquid,

ing force-loading rate seems to model our data quite well, the accommodation coeff|C|e.nt is usually smaller than 1, f[he
gq attempt frequency may be significantly reduced by solvation
and viscous drag, and the ratio of the partition functions, which
is proportional to exp§Sf/kg), is usually smaller than 1, due to
conformational constraints of the activated compie% Con-

comparing the values of the fit parameters to typical bon
lengths and lifetimes, = 1/k5" of covalent bond$ shows that
especially the bond lifetime is significantly underestimated by

(36) Rief, M.; Oesterhelt, F.; Heymann, B.; Gaub, H.%tiencel997, 275
1295-1297. (37) Kreuzer, H. JChinese J. Phy2005 43, 249-272.
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Table 1. Free Parameters of Simulated Scattered Data Plots? 1/8, which is proportional to the width of the Morse potential
scale factor D, Foae 1 (cf. eq 2), reaches a maximumfgi,= 2 nN, with 18 = 0.31 A,

A =5x 108571 (ka/mol) (nN) G The gas-phase value, on the other hand, is 0.58 A. This might
1 120.5 8.1 0.12 be an indication thaft,axis actually reached at 2 nN, assuming
10~ j 99.2 6.2 0.13 that the width of the potential is less affected by the solvent
éi 10°5 gg'g i'é 8'1‘5‘ than the other parameters. However, with the present data, this
106 750 43 0.14 remains speculation, and further experiments at higher force-
1078 68.9 3.0 0.19 loading rates are required to clarify this point. It should also be
10°° 703 2.3 0.25 noted that, for the wide range df.ax = 2.0-4.8 nN, the
2.45x 10710 75.8 2.0 0.31 ding bond . Dio= 75.8-86.5 kJ/mol
10-10 675 19 029 corresponding bond energies amou to= 75. : mol,
101 48.2 1.7 0.24 spanning a comparatively narrow range. At the same time, the

' _ ~ArrheniusA-factor varies over 5 orders of magnitude.
“ The force-dependent optical phonon frequency in the Morse potential-  |nterestingly, fitting our data with an analytical model for a
based Arrhenius kinetics mod&lwas scaled by a fit parameter. : . . .
Morse potential under tension, which has recently been intro-
duced by Hanke and Kreuzé&tgives nearly the same result.
ccording to this model, the most probable bond rupture force
fmp at a certain force-loading rate is given by

sequently, for reactions in a liquid environment, féactor is
expected to be much smaller than the optical phonon frequenc
in a vacuum.

As discussed above, the decrease in bond dissociation energy £ BAKT D fo\2
1 i T H mp e mp
may be rationalized with the solvation energy of the fragment 1 — 2 = ex;{— —° (1 — 2_) ] (3)
radicals. Alternative mechanisms could involve the attack of a fDe  A(df/dt) kT fDs

stretched bond by protons or other ions from the solv¢@ft, . .
or even a mechanically activated chemical reaétiéfiof the Here,Alis the Arrhenius pre-factor, arfilandDe represent the

mechanoradicals with the linker chemicals, which are used to width and. the S’epth of the Morsg potential, gs defined in eq 2.
activate the carboxyl groups and which might still be present '€ Possible fit parameters again span a wide range, and they
in the reaction medium in small quantities. If the mechanically Cl0Sely resemble the values of the simulated scatter plots of
activated bond is attacked by one of those molecules, the 'aPle 1 (cf. also Supporting Information). It should be noted,
chemical reaction may even precede the homolytic bond however, that it was not possible to fit our data with three free
cleavage. Th®, value derived from the fit is, in this case, the parameters. Instead, we ha_d to set one parameterefmax —
activation energy of a mechanically activated polymerization. to a reasonable prgdetgrmlned value and Freat the other.twq as
The attack of the diffusing reactant molecule would widen the free parameters. With this model, an unambiguous determination

potential and lower the maximum force. Since the diffusion of ©f all three free parameters is again not possible.
a second reactant into the correct position is involved, this would _Fi9ure 3A displays the overlap of the experimental data (black

also account for a significant lowering of the Arrhenisactor circles) with the simulated scattered values (open squares
relative to the gas-phase values. and triangles) foA ~ 1.5 x 10° s™* (scale factor 3x 1079),

Itis interesting to test whether the scatter plot simulation with De = 86.5 kJ/mol, andmax = 4.8 nN. As can be seen from the
the Morse potential Arrhenius kinetics model is, in principle, virtually indistinguishable logarithmic fits (black solid line), the

able to reproduce the rupture forces, the load dependence, anddreement between experiment and simulation is quite good.
the statistical scattering of the experimental data points. | "€ red line in Figure 3A_Sh°WS a fit of the analytical model
Therefore, we have systematically varied the two parametersby Hanke et al. forfmax = 4.8 NN, and the fit parameters

— —1 6 —
fmax and D Of the Morse potential and scaled the Arrhenius A= 2 x 10°s™ (scale factor 4< 107°) andDe = 73.1 kJ/mol.
Adfactor in the one-dimensional model polymer until we Again, the agreement with the experimental data is quite good.

obtained simulated data sets which closely resembled theFigure 3B shows the same experimental data together with

experimental results. Table 1 summarizes the fit parametersSimulations, but now the simulated values span an experimen-
obtained in this way. tally inaccessible range of force-loading rates of 21 decades.

The parameters span a wide range because we have stretchel1€ solid line in Figure 3B shows again the analytical model
the boundaries of all three parameters. The physically most PY Hanke and Kreuzef.

reasonable parameters are between the lines printed in bold, AS Predicted by those authors, the distribution reaches a
which mark the upper and lower limits of the rupture force. Maximum when the rupture force reactigs, in this case at
The upper limit of the rupture force is given Biyax= 4.8 nN, 4.8 nN. At small force-loading rates, however, the Hanke and

calculated in the gas phase by DFT. Higher valuds.gfwould Kreuzer model reaches zero force much faster than in our
indicate that a different bond might be breaking, which seems simulated scatter plot: The analyt?cal model predicts vanishing
unlikely because the previously published mirco-ruptdfes, Pond rupture force for force-loading rates around°LONJs,
which can also be observed in our data, point to a bond Ioresentwhereas the simulated scatter plot approaches zero at force-

only in the surface anchor of the molecule, and here all other 102ding rates below 10 nN/s. _ _
bonds should be significantly stronger than the-Gibond® Finally, it should be mentioned that an alternative analytical

The lower limit offmax = 2 NN is given by the upper limit of ~ Model, introduced by Dudko et & .who proposed approximat-
the experimentally observed ruptures, if one regards the two g the Morse potential under tension byxdrbinding potential,

data points around 2.3 nN as statistical scattering. Note that could also be used to fit our experimental data. Yet, this model
did also not furnish unique fit parameters. Moreover, as pointed

(38) Rthrig, U. F.; Frank, I.J. Chem. Phys2001, 115 8670-8674.
(39) Popov, A. A.; Zaikov, G. EInt. J. Polym. Mater1992 17, 143-149. (40) Dudko, O. K.; Hummer, G.; Szabo, Rhys. Re. Lett. 2006 96.
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(A) . However, our data also clearly indicate that, if an Arrhenius
model with structural parameters extracted from gas-phase
guantum chemical calculations is used, the model overestimates
the bond rupture forces and underestimates the force-loading
rate dependence. Therefore, these parameters have to be treated
as free parameters, and their values have to be extracted from
the experimental data. However, because with all three Arrhe-
nius models used it is not possible to unambiguously extract
all three free parameters, more experimental data spanning an
even wider force-loading range and modifying additional
experimental parameters, like temperature, are required.

Rupture force [nN]

0=y L L T —
1 10 100
Force-loading rate [nN/s] Hanke and Kreuzét have pointed out that, if it were possible

to determinefmax independently from experiments with high
force-loading rates, it would be much easier to derive the
remaining two parameters from experimental data. Especially
fast experiments with stiffer cantilever springs might allow
investigators to actually readhax experimentally. Moreover,
following the strategy of Wiita et af5 probing the bond lifetime

at constant force, rather than measuring bond rupture forces as
a function of force-loading rate, might be an alternative to further
spanning the force-loading range. However, as pointed out
above, force-induced bond rupture is a thermally activated
process, and its kinetics is controlled to a large extent by the
ratio of activation energi, to thermal energys T, which enters

(B}

Rupture force [nN]

10

10-2 1(}0 2 4 6 8

Force-loading rate [nN/s] oo the exponent of the Arrhenius equation. For this reason,

Figure 3. (A) Comparison of experimental (black dots) and simulated 9athering temperature-dependent data should allow the free
scattered data plots (open squares and triangles). For the simulated dataparameters of the Arrhenius model to be determined more

the parameters of the Arrhenius kinetics model were treated as free y0c rately. Because the exponent of the Arrhenius equation is
parameters, in an attempt to fit the model to the experimental data. The

parameters used to generate the simulated datd\ arel.5 x 10° s, temperature dependent and the entropic term which enters the
D. = 86.5 k/mol, andmax= 4.8 NN, which is one of several possible sets  Arrhenius pre-factor does not depend on temperature, temper-

of parameters that yield good agreement with the experimental data (cf. _ ; ;
also Table 1). The black line is a logarithmic fit to the experimental and ature-dependent measurements might be a versatile strategy to

the simulated data (because of the good agreement, the two fits areS€EParate the activation eneryand the activation entropyS*

indistinguishable in the graph). The red line is a fit of eq 3 to the and determind, andA independently.
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