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Abstract: A hybrid molecular simulation approach has been applied to investigate dynamic adhesion and
friction between a chemical force microscope (CFM) tip and a substrate, both modified by self-assembled
monolayers (SAMs) with hydrophobic methyl (CHs) or hydrophilic hydroxyl (OH) terminal groups. The method
combines a dynamic model for the CFM tip—cantilever system and a molecular dynamics (MD) relaxation
technique for SAMs on Au(111) at room temperature. The hybrid simulation method allows one to simulate
force—distance curves (or adhesion) and friction loops (or friction coefficient) in the CFM on the experimental
time scale for the first time. The simulation results also provide valuable molecular information at the interface
that is not accessible in CFM experiments, such as the actual tip position with respect to the cantilever
support position, molecular and hydrogen-bonding structures at the interface, and load distributions among
different molecular chains (or single-molecule forces). Results show that the adhesion force and friction
coefficient for the OH/OH contact pair are much larger than those for the CH3/CHj3 pair due to the formation
of hydrogen bonds. During the retraction of a CFM tip from a surface, the CFM tip is away from the sample
surface slightly while the spring undergoes dramatic elongation in the normal direction before rupture occurs.
Single-molecule forces are distributed unevenly at the contact area. Surface energies calculated for
functionalized surfaces compare well with those determined by experiments.

Introduction dynamics (MD) simulations have been performed to investigate
the indentation and friction properties of SAMs!2 and the
rupture of adhesive films bonded to solid substratésowever,

the difference in the time scale between conventional MD
simulations and AFM or CFM experiments is 6 orders of

magnitude or more. Contact mechanics and detailed molecular

Chemical force microscopy (CFMprovides a method for
probing molecular interactions and imaging surfaces with
chemical sensitivity. By covalently modifying atomic force
microscope (AFM) tips and substrates with self-assembled
monolayers (SAMs) that terminate in distinct functional groups, information near the contact area in CFM are not fully
one 1S able to apply this tc_achmque to.measure adhesion "’,mdunderstood yet. Due to the complexity of the system involved,
friction forces between various probe tips and substrates with no study has been performed to simulate force curves and
specific surface chemistry:> A similar approach was applied  ¢iction Joops in CFM on the experimental time scale so far.
to study single-bond forc&s® upon rupture and molecular In this work, we applied a temporally hybrid molecular

interactions in biological systemisIn parallel, molecular simulation method that we developed receHtkto simulate
adhesion and friction between SAM-modified AFM tips and
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surfaces on the experimental time scale. For simple organic
systems, such as alkanethiol monolayers on Au (111), the
characteristic vibration frequency of the films is much greater
than the resonant frequency of a CFM cantilever. Therefore,
the energy modes between them can be decoupl8ihce the
relaxation of SAMs upon perturbation due to the movement of
a CFM tip is quite fast, the dynamic equations of the CFM tip
can be integrated separately from the MD relaxation of SAMs.
This hybrid approach maintains the continuity of tip motion
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Figure 1. Mechanical model for the simulation system. 2
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with the discrete jump of molecular configurations of SAMs. Zu(A)
In this work, we focus on two contact pairs, hydrophobic methyl/ 2
methyl (CHy/CHg)-terminated SAMs and hydrophilic hydroxyl/ (b) CHa | CH e
hydroxyl (OH/OH)-terminated SAMs. While molecular inter- 20| N3 3
actions are due to van der Waals interactions for the/CHs 15
pair, hydrogen bonding plays a very important role for the OH/
OH pair. Simulation results reveal many interesting microscopic 10
processes underlying CFM experiments. <
N
Potential Models and Simulation Methodology 0
CFM Tips and Substrates.The model tip is a gold cluster composed St
of 351 Au atoms with four (111) planes and two (001) planes. The 10 b
gold cluster was optimized using the many-body Glue model potéhtial.
Alkanethiol chains, +S(CH)7CHs]40 or [—=S(CH)7OH]40, were then -15_15 o s o p 0 " 2 2

attached onto the four surrounding (111) and the bottom (001) facets.
The arrangement of sulfur atoms on the Au facets was as reported by
Luedtke and LandmaH.These chains were then allowed to evolve at
300 K through MD relaxation. For the interactions of SAM chains,
the united-atom (UA) mod&'®was used, including intrachain bond
bending and torsional interactions and nonbonded Lennard-Jones (LJ)controlled at 300 K. On the top layer, AlAu distances around
12-6 interactions between atoms in different chains and within the same adsorption sites of S were elongated. At low temperature, we found
chain, but separated by more than three UA atoms,(cr, = 3.905 this elongation was about 421%, which is consistent with the results

A, ecry-cr, = 88.1 K; ach,—cr, = 3.905 A, ecr,—cr, = 59.4 K; 0s-s = of ab initio calculations reported by Gronbeck et’dbr the adsorption
3.55 A, es-s = 126 K; 000 = 3.07 A, €00 = 85.6 K; andoyn = of SCH; thiolates on a Au (111) surface.

0.0 A, e4—1 = 0.0 K). Bond lengths for Cl+CHy (x = 2 or 3), S-CHy, o . . .

CH.—0, and O-H were held constant via the RATTLE algoritRhat Hybrl_d Slmylatlon Method..Flgur(.a 1 shows the_mechanlcal model
1.53, 1.82, 1.43, and 0.945'A°respectively. For interactions between of our simulation system. In simulations of adhesion, the CFM tip was
SAMs and the Au substrate, the Morse potential forAuD. = 4235.7 dragged by the suppordy() through the springkf) at a velocity» while

K, re= 2.7 A, a = 1.47 A1) and the LJ 12-6 potential for AtUA the support Xu,ym) was fixed. In simulations of lateral friction, the
atom @au—cr, = 3.632 A eau—cr, = 71.9 K; Gau—ch, = 3.632 A ean—ct, CFM tip was dragged by the suppoxi(ym) with constantyy through
=52 K)2Au—0 (0au-0 = 3.22 A ean—0 = 62.4 K), and Au-H (0au—+ the spring k) at a velocity» while the support 44) was fixed for

= 0.0 A, ean-n = 0.0 K)?2 were used. At 300 K, SAMs remain the  constant-height scanniri§ The equations of motion for the CFM tip
V/3x+/3R30 packing structure. For the gold substrate, the Glue model are given by

potentiat® was used. For OH-terminated SAMs, the interaction

Zu(A)

Figure 2. Force—distance curve (a) and tip positian versus support
positionzy (b) for the CH/CHjs contact pair.

parameters, including partial charges, bond angles, and torsions, were My = —x)+ W X(t 1
taken from the optimized potential for liquid simulation (OPLS) %= bt = %)+ WalxyezaX(0) @
modelt*23 M = k(Y — ¥o) + W0y, 2:X (1) @)

The substrate was composed of seven Au (111) layers, with each .
MZ = kfzy — 2) + W(%.Yuz:X() @)

layer consisting of 600 Au atoms. Two hundred SAM chains were
placed on Au (111) substrat&s?” The Au atoms in the bottom layer

were held rigid. The remaining six layers of Au atoms were allowed (24) parameters in the Morse poterfatere obtained on the basis of ab initio
to move via the Brownian dynamics algoritffwith the temperature calculations for the adsorption of SgHn the hcp hollow site of Au (111)
by Sellers et at> Recent quantum chemical calculatiéf¥ show that the
fce 3-fold hollow site is energetically favorable over the hcp site by 1 kcal/
mol. However, this difference should not have much effect on the calculated
CFM force—distance curves.
(25) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, JJEAmM. Chem. S04993
115 9389.
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(a) Compression (b) Pull-off

Figure 3. Molecular configurations for the GHCH; contact pair at (a) compression (stage c) and (b) pull-off (stage d).

(@)

For adhesion simulations,
7, = ut, Xy =Yy = const. 4)
The measured normal force is given by

F,=k{zy — 2) (6)

F2 (nN)

For friction simulations,

Xy = ut, Yy =2z, = const. (6)

The measured friction force is given by
Fie= K00 = ) 7) _

In the equations above, the coordinateg/(z) denote the instan-
taneous position of the CFM tip at tiniteandM is the effective mass (b)
of the tip—cantilever system. The surface interaction fords W, 100 [ e
and W, depend not only on the tip position,§:,z) but also on the /
molecular configuratioiX(t) of the SAM film and the substrate at time 80 |-
t. The mechanical parameters used in our simulations are given as
follows: effective mass of the CFM tigyl = 107! kg; approaching/
retracting or scanning velocity,= 400 nm/s; and spring constanks,
= 132 N/m,k, = 100 N/m, andk, = 0.5 N/m3°® We integrate the
equations of motion for the tip over 108@;,, where the time steptp 20 |- a
= 0.25us (equivalent to displacement of the support by 0.01 nm) using ? £|-|3.c|-|3
a backward differation (BD) algorithm. We then relax the SAM film
and Au substrate over 30@\yp, with a MD time stepAtyp = 3 fs. 20 ‘ ) ) ) ) )
MD relaxation over 300, 600, and 12805 yields the same force -20 (] 20 40 60 80 100 120
distance curve, indicating that the relaxation of SAMs and Au substrate Zu (A)
is quite fast.

120

60 -

Z((A)

wl OH-OH

Figure 4. Force-distance curve (a) and tip positian versus support
Results and Discussion positionzy (b) for the OH/OH contact pair. Comparison with the £EH;

pair is also shown.

Force—Distance Curves and Adhesion.Many measure-

ments of force-distance curves in CFM experiments were typical jump-to-contact (b), compression (c), and pull-off (d)
performed in liquid to reduce capillary forces that mask-tip  stages. It can be seen from Figure 2a that, at the pull-off stage,
sample interactions? 7 The effect of solvent on the adhesion  the molecular adhesion forcE4y) reaches-0.9 nN. From the
mechanics of contact pairs is quite complicatddhe molecular  Johnsor-Kendall-Roberts (JKR) theory of adhesion mechan-
simulation method is well suited to study these interactions and ics 3! adhesion force is given by
reveal detailed molecular structures at the interface. In this work,
we concentrate on two interfaces in a vacuum created by CH F - 3 RW ®)
CHj (hydrophobic) and OH/OH (hydrophilic) pairs. Figure 2a adh 27
shows the forcedistance curve for an approacketraction
process for the CHICH; contact pair. The CFM tip experiences  For the CH/CHs; contact pair, the reversible adhesion wavk
= 2ych, Whereycn, is the surface energy per unit area for£H
(30) Many CFM experiments were done using a spring constaiat was 1 terminated SAMs. The tip radius is estimatedRs= 3 nm.

order of magnitude smaller, e.g., 0-68.06 N/m. This would generate a . X
larger elongation of the cantilever, i.e., larggrin Figures 2 and 4. The surface energycy, is calculated to be 32 mJAxiThis value

11766 J. AM. CHEM. SOC. = VOL. 124, NO. 39, 2002
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(a) Compression

-
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(b) Pull-off

Figure 5. Molecular configurations for the OH/OH pair at (a) compression and (b) pull-off stages.

agrees well with experimental results (3016 mJ/n?)2 and is
also comparable to our earlier calculation result (37 My}
The motion of the tip versus support positinpis presented in
Figure 2b. Initially, the tip followed the support motion prior

to the jump-to-contact stage. When the jump-to-contact (stage
b in Figure 2a) occurred, the tip suddenly stuck to the sample

surface, resulting in a tensile spring force. During the retraction
process (e~ d), the tip stuck to the sample surface until it
approached the pull-off (stage d in Figure 2a). Before the two

surfaces were peeled apart, the support was lifted up by about

3.4 nm, while the tip went up only by about 0.25 nm (see Figure
2Db). This led to a large elongation of the spritkg,(from which
the normal force (adhesion) was built up. This detailed informa-
tion regarding tip motion is not available from CFM experi-
ments.

Molecular configurations corresponding to the compression
and pull-off stages are shown in Figure 3. It can be seen from

o
[
L.
L |
<
o,
L

=]
H
]

-0.3

CHs3 / CHas:
' Fagh=-0.9nN

Single-molecule force (nN) "
N

-0.4

0.5 L L ! !
10 20 30 40

x (angstrom)

60

Figure 3a that, at the compression stage, where the mean contact
pressure reaches about 0.2 GPa, the deformation of SAM chains
makes the contact area larger than that at the pull-off stage, but

no chain entanglement occurs. Molecular configurations in
Figure 3 for the CHCHs pair also show that, at the unstable
pull-off point, a significant molecular gap developed, and the
contact size shrank dramatically.

When ChH-terminal groups were replaced by OH groups, it

0 % N ] R
(b) o * °
L] L]
= L]
g .
8 -0.2
o .
3 .
K .
g -0.3 o. .
é, s
» 04 OH/OH:
Faagh = - 4.42nN
05 L L L L
20 30 40 50 60 70
X (angstrom)

was interesting to observe that the adhesion force increased b)/—'igure 6. Single-molecule force distributions over SAM chains on the CFM

about 4 times, as shown in Figure 4a, due to the formation of

tip at the pull-off stage for (a) C#CH; and (b) OH/OH contact pairs.

hydrogen bonding among OH groups. This phenomenon underg|so presented in the figure. Molecular configurations corre-

dry conditions is quite different from that in water for the same
contact pairs, where solvent exclusion dominates adhédion.

sponding to compression (stage c) and pull-off (stage d) are
shown in Figure 5. From eq 8, the surface enepgy of the

can be seen from Figure 4b that stronger binding between OH/hydroxyI surface was calculated to be as high as 157 AJ/m

OH contact pairs further elongated the spriago about 10.0
nm at the pull-off stage. Comparison with the £€H; pair is

(31) Johnson, K. L.; Kendall, K.; Roberts, A. Broc. R. Soc. London A971,
324, 301. The validity of JKR theory was recently discus¥dd.our hybrid
simulations, we estimate the Tabor paraniétierthe following way. The
surface energy of the methyl gralig around 30 mJ/f thus, the work of
adhesionw is equal to 60 mJ/A The SAM chain length is comparable to
the radius of a passivated Au tip, so the overall elasticity is controlled by
the SAM film, which has an effective elastic modulgs around 1.0 GPA.
Suppose that the tip radiusis= 3 nm and the molecular gap at the pull-
off stage iszg = 1 A; then the Tabor parameter is calculated toube
(RW/E*2z3)13 = 2.2, which is in the JKR range«(> 1.0). In CFM

experiments, since the apparatus has a finite stiffness, the unstable pull-off

point will shift slightly relative to the JKR unstable point (soft machine
with load control) (see: Greenwood, J. Rroc. R. Soc. London A997,
453 1277). Therefore, eq 8 still holds.

(32) Johnson, K. L.; Greenwood, J. A.Colloid Interface Sci1997, 192, 326.

This value is comparable to that of the carboxyl (COOH) surface
(114 + 27 mJ/n) measured in dry B? Since the number of
molecular bonds at the pull-off stage is 29 and the contact radius
is estimated to be 1.5 nm (see below), the bond energy of the
OH group is calculated to be 4.7 kcal/n?8IThis value is also
comparable to that of the COOH group measured in dfbN
+ 2 kcal/mol)?

Single-Molecule ForcesThe development of AFRf makes
it possible to probe single-molecule mechanical propeftfe?.

(33) The hydrogen-bonding energy for the OH/OH pair was calculated as the
total surface energy minus the van der Waals contribution that was assumed
to be the surface energy for the g8Hj; pair.

(34) Binnig, G.; Quate, C. F.; Gerber, CRhys. Re. Lett. 1986 56, 930.
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Figure 7. Segment force distributions over the individual segments of SAM chains on the CFM tip at the pull-off stage forstB&lCtdntact pair.

Force quanta measuremghand Poisson statistics metidd force distributions for the OH/OH pair are much more compli-
are usually used to evaluate the mechanical strength of individualcated due to the formation of hydrogen bonding. A large portion
chemical bonds. However, detailed information about the load of the total load (about 86%) was borne by the first two
distribution among individual molecular chains or even segment- segments, H and O, and many segment forces show positive
load distribution within the chains is still lacking. Molecular contact loads.

simulation provides a convenient way to determine these detailed Friction. Both friction and adhesion forces originate from
molecular properties at the interface. Figure 6a,b shows single-molecular interactions at the interface and correlate with each
molecule force distributions over 40 SAM chains on the CFM other34Early theory” states that the friction fordeé increases

tip at the pull-off stage for CEHICH; and OH/OH pairs, linearly with the contact loaé,:

respectively?®3¢ Contrary to one important assumption in the

Poisson statistic methddjiscrete bond forces dwtdistribute F=oaF,+F, 9
evenly. Instead, they vary across the tip and exhibit a maximum
at the contact center. As shown in Figure 6a, for they/CH3

pair, the number of bonds having forces greater than 10 pN is
22, and the mean single-molecule force over all SAM chains is
40 pN. The maximum bond force, however, can be as high as
80 pN. As shown in Figure 6b, for the OH/OH pair, the number T=oap+1, (10a)
of bonds having forces greater than 10 pN is 29, and the mean

single-molecule force is 152 pN. The maximum bond force, or

however, can be as high as 380 pN. It can be estimated from

Figure 6 that the contact radius (defined as the distance from e =Ttp= o+ 7o/p (10b)
the contact center to the edge where the force falls to zero) is
approximately 1.5 nm for both contact pairs.

We now consider how these forces are distributed over the
individual segments of SAM chains on the CFM tip. For the
CHg/CHg pair, Figure 7 shows the segment force distributions
of the upper four UA atoms (one GHand three CH). It can
be seen that the first four segments have 94% load-bearing
capacity. Moreover, even at the pull-off stage, some @tdups
still have a positive contact load. As shown in Figure 8, segment

The constants. and Fo depend on the chemical composition
of the interfacé and the actual contact arég.,. Equation 9
divided by Areq yields a relationship between the mean shear
stressr and the mean contact pressyre

If pis much greater thamo, thenu will be constant, and
Amonton’s law of kinetic friction will apply383° For single
asperity contact in CFM experiments and in our CFM simula-
tions, SAM chains are too soft to support large loads, &rid
large as compared fm Therefore, Amonton’s law is not valid.
However, eqs 9 and 10 still hold. Instead of measuringx is
usually measured and referred to as the friction coefficiént.
Figure 9 shows typical friction loops for GKCHz and OH/
OH pairs under a contact load of 0.2 nN. The friction force for
(35) Mean single-molecule force is defined in our simulations as all van der the OH/OH pair is much larger than that of the £€H; pair

Waals interactions exerted on Gkerminated SAM chains on the CFM ; : At

tip by substrate SAM chains divided by the number of chains involved in due to the breaklng/formatlon of hydrOgen bonds. Mean friction

interactions. In CFM experiments, total interactions are measured and

divided by the estimated number of chains at the interface. (37) Briscoe, B. J.; Evans, D. C. Proc. R. Soc. London A982 380, 389.
(36) Similarly, the calculated mean single-molecule force for the OH/OH pair (38) Bowden, F. P.; Tabor, D.he Friction and Lubrication of Solid$xford

is thetotal force, i.e., the sum of van der Waals and hydrogen-bonding University Press: Oxford, 1958.

forces, exerted on SAMs on the CFM tip by substrate SAM chains. (39) He, G.; Muser, M. H.; Robbins, M. Geciencel999 284, 1650.
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Figure 8. Segment force distributions over the individual segments of SAM chains on the CFM tip at the pull-off stage for the OH/OH contact pair.
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Figure 9. Typical friction loops for the CHCHz; and OH/OH pairs under Figure 10. Friction force versus contact load for @@Hz and OH/OH
a contact load of 0.2 nN. contact pairs.

force vs contact load curves are shown in Figure 10. These and friction processes in CFM experiments on the experimental
forces are reduced by the tip radiRsand are comparable to  time scale. Various properties for hydrophobic #iEH; and
those obtained from CFM experimendt&s shown in Figure hydrophilic OH/OH contact pairs were studied, including ferce
10, the maximum contact pressure in our simulations is 0.06 distance curves, actual tip position vs support position, single-
GPa. However, the corresponding shear stresses reach 0.68 angholecule force distributions, friction loops, friction force vs
0.06 GPa for OH/OH and C#CHs pairs, respectively. Friction  contact load force curves, and molecular structures. The
coefficientsa for CHy/CHz and OH/OH pairs are 0.045 and  formation of hydrogen bonds for the OH/OH contact pair makes
2.4, respectively. These values are comparable to those ofthe adhesion force and surface energy of OH-terminated surfaces
methyl-terminated surfacest(= 0.07) and the hydrophilic 4 times larger than those for the @8H; contact pair. For both
COOH/COCH contact pail(= 1.0) measured in argon atroom  CHy/CH; and OH/OH contact pairs, CFM tip position vs
temperaturé. Specially, strong adhesion due to hydrogen cantilever support position curves show that, during the retrac-
bonding leads to an increase in the initial constanand the tion of a CFM tip from a surface, the CFM tip is away from
slope (friction coefficientx) for the cases studied here. the sample surface slightly while the spring undergoes dramatic
. elongation in the normal direction before rupture occurs. Even
Conclusions .
at the compression stage, under a contact pressure of 0.2 GPa,
We have demonstrated that the temporally hybrid method no chain entanglement occurs. Single-molecule forces at the
recently developed by us is well suited to simulating adhesion contact areao notdistribute evenly. This is in contrast to one
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important assumption, under which the Poisson statistic methodfor hydrophobic and hydrophilic interfaces compare well with
is often used to evaluate the mechanical strength of individual those from CFM experiments.
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