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We have designed a novel approach to couple infravégible sum frequency generation (SFG) spectroscopy

with adhesion and friction measurements to determine the molecular structure of the surface molecules at the
contact and sliding interfaces. The frictional force of crosslinked poly(dimethyl siloxane) (PDMS) lens sliding
on poly(styrene) (PS) is a factor of 4 higher than that of PDMS sliding on poly(viodtadecyl carbamate-
covinyl acetate) (PVNODC). This higher frictional force of PDMS/PS interface cannot be explained by its
adhesion energy or hysteresis. The SFG results indicate that the hydrocarbon PVYNODC surface consists of
well-ordered crystalline side chains that do not restructure upon mechanical contact and during sliding of the
PDMS lens. On the contrary, the SFG results show that the PS phenyl groups are more tilted upon mechanical
contact and during sliding compared to that at the PS surface before contact. The change in phenyl orientation
can be due to local chain interpenetration that occurs at temperatures much belpwtiRSs at the PDMS/

PS interface and is the reason behind higher friction forces for PDMS elastomer sliding on glassy PS compared
to that on crystalline PVYNODC.

1. Introduction Brown!% showed that the higher friction of PDMS lenses sliding
on surfaces with tethered (or grafted) polymer chains can be
gxplained by the interpenetration of tethered chains into the
crosslinked rubber. Israelachvili and co-workéreeported a
factor of 10 increase in friction for UV exposed polystyrene
(PS) surfaces in comparison to sliding on crosslinked PS
surfaces. The UV exposure results in chain scission and the

devices. It is intuitive that the higher the adhesion energy reation of fr hain ends that can penetrate and incr th
between two surfaces, the higher the frictional fofceewever, creation of free chain ends that can penetrale and increase the
HIC'[IOH similar to the case observed by Brown using tethered

in some cases adhesion has a dissipative component (adhesion, .
hysteresis) that has a significant influence on frictidrearly chains on surfacgs. . ) )
experiments by Levine and Zisnfams well as Briscoe and Although there is mounting evidence for a strong correlation
Evang have shown that the friction for fluorocarbon surfaces bPetween adhesion, adhesion hysteresis, and friction, there still
was higher than that for hydrocarbon surfaces even though thear¢ some striking anomalies. Vorvolakos and Chaudhury
fluorocarbon surfaces have lower adhesion energy. Chaudhury'eéported much higher shear stress for PDMS elastomer sliding
and Owefi suggested that the cause of higher friction for poly- on PS surfaces in comparison to a well-packed hydrocarbon
(dimethyl siloxane) (PDMS) lenses sliding on fluorocarbon Monolayer (SAM): This was unexpected because the adhesion
surfaces was related to adhesion hysteresis. The higher frictionenergies of the PDMS/SAM and PDMS/PS interfaces are only
for fluorocarbon surfaces was attributed to partial interdigitation Slightly different. In addition, the adhesion behavior of both
of the chains across the interface increasing the dissipation ofinterfaces were found to be nonhysteretic. This behavior
energy during sliding. contradicts with the observations of fluorocarbon surfaces in
The interdigitation of molecules at the interface was suggested Which the higher friction was explained by the increase in
as a cause of higher adhesion hysteresis and higher friction foradhesion hysterestsRoughness was also ruled out because the
many different systems. Israelachvili and co-workehsve two surfaces were smooth down to the nanometer level (0.2
shown that the amorphous state of the self-assembled monohm for the monolayer and 0.5 nm for PS). Vorvolakos and
layers (SAM) show highest friction in comparison to crystalline Chaudhury have pointed that the higher shear stress for PDMS/
and liquidlike monolayers. The amorphous layers interdigitate PS could be due to interdigitation of PS chains in the PDMS
and this leads to high friction in comparison to the crystalline elastomer. If we consider that an adhesion hysteresis of 1 mJ/
monolayers. The liquidlike monolayers interdigitate but have m* cannot be resolved experimentally and assume a local
lower viscosity, and this results in lower friction. To correlate penetration o~0.5 nm (the size of a phenyl group), we obtain
friction and adhesion hysteresis, Israelachivili and co-workers an upper limit of 2 MPa variation in the friction force. This
proposed that the frictional stress was equal\l/o where could explain the difference in the shear stress between PDMS/
AW was the adhesion hysteresis ahavas the length of the =~ SAM and PDMS/PS interfaces. However, it is not clear why
interdigitation. Both AW and 6 depend on the level of we should expect interpenetration across the interface between
interdigitation? Similar enhancement in friction because of @ glassy polymer and a crosslinked rubber. Brown has also

It has been known for centuries that friction is related to
adhesion; however, the exact relationship between adhesion an
friction is still not understood:* The understanding of friction
is important in areas such as energy conservation, controlling
road traction of tires, nanotribology, and the design of prosthetic

interpenetration were observed in polymeolymer sliding!011 shown that the friction forces of PDMS sliding on a glassy PS
surface are much higher than that on a PDMS surfé8gown
* Corresponding author. E-mail: ali4@uakron.edu. interpreted his finding as the rigid PS slowing down the
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molecular mobility of the PDMS segments at the interface visible
leading to higher energy dissipation during sliding. Both these IR
arguments, mobility and interpenetration, involve the changes
in the structure of the interfacial molecules upon contact or
during sliding.

The studies mentioned above reveal the complexity of friction,
adhesion and their relationships. Thus, the need for a technique
that can probe the structure of the interfacial molecules is vital. -ZZZZZD
For this purpose, we designed an approach to couple the -
infrared—visible sum frequency generation (SFG) spectroscopy
to study molecular structure (orientation and density of mole-
cules) at the polymer/solid and polymer/polymer interfagé&s
with adhesion and friction experiments. We have already
demonstrated that SFG in total internal reflection (TIR) geom-
etry can be used to directly probe the molecular structure at the
elastomer/polymer contact interfacés® We have taken ad-
vantage of a well-characterized model elastomeric network,
PDMS, to generate large uniform contact area with the polymer (approaching two surfaces) and unloading (separating two
surfaces. The size of the contact area can be controlled by thesyrfaces§3 This allows the estimation of the work of adhesion,
applied load and radius of curvature of the lens based on thew, by
Johnson, Kendall, and Roberts (JKR) the8ryWe have
investigated the interface of PDMS/PS and PDMS/poly(vinyl
n-octadecyl carbamates-vinyl acetate) (PVNODC). These
systems are similar to that studied by Vorvolakos and
Chaudhury:2 We have used PVNODC instead of the SAM wherea is the radius of contacR is the radius of curvature of
because it is easier to prepare smooth surfaces. We have showthe hemisphereP is the applied load, an is the elastic
before that the surface of PYNODC is similar to that of SAM.  constant of the system. The adhesion measurements in this study
The octadecyl side chains crystallize predominantly in all-trans were performed by increasing or decreasing the load in steps
conformation with the side chains aligned perpendicular to the of ~200uN at 5 min intervals. The apparatus was kept on a
surface. The surface energies of PYNODC and SAM as well Vibration damping table and the humidity and temperature were

as the adhesion energies of PDMS/PVNODC and PDMS/SAM 35—45% and 26-24 °C, respectively.
interfaces are similar. The JKR theory is based on an equilibrium state in which

the elastic forces are balanced by the interfacial forces. In this
case, the mechanically applied energy that is available to
2. Experimental Section decrease the contact area by a unit amount is equal to the
thermodynamic work of adhesion. This energy is often called
2.1. SFG MeasurementsSFG is a second-order nonlinear the energy release rate or fracture ene@’yexpressed by
optical technique that is sensitive to the orientation and
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Figure 1. Schematic diagram of the friction apparatus for in situ
adhesion and friction measurements using SFG in TIR geometry.

&= E[P + 37 RW, + /6 RWP + (37 RW)7 (1)

concentration of molecules at interfaces. The details of the SFG a3k \?

theory and the SFG spectrometers have been discussed previ- P— R

ously1819Briefly, SFG involves mixing a visible high-intensity G= ke (2)
T

laser beam of frequenay,is with a tunable infrared wavelength
source of frequency;;. According to the dipole approximation,
generation of SFG photons (at frequengy + wj) is forbidden

in the centrosymmetric bulk but allowed at the interface in which
the inversion symmetry is broken. The SFG intensity is
resonantly enhanced whem; overlaps with the resonant

frelquenfq;]of the V|brat|0fn modes of the_jurfat(]:e _rgole_(;_ules_. Th? higher than\; indicating that more energy is needed to separate
value of the resonance frequency provides the identification of o 4,5 syrfaces than to form an interface by bringing them

the che_mlcafl %roups present at (;he interface. g‘ addition, ;hetogether. This phenomenon is known as adhesion hysteresis and
Intensities of the asymmetric and symmetric vibrations In the ;,qicates that nonequilibrium processes take place at the

SFG _spectra provide inf_ormation on the orientation of these interface such as interdigitation, restructuring, disentanglement,
chemical groups at the interfaé&'>2021The TIR geometry and inelastic deformatiorfs.

further enhances the SFG intensity by 2 orders of magni- 2.3. Friction Measurements. The friction measurements
tude!® By the proper choice of incident angles in TIR, we have \yare conducted using a home built apparatus based on the
selectively probed the contact interface while reducing the gesign described by Barquins (Figure24)A PDMS lens

WhenG = W,, the separation of the two surfaces does not
involve energy dissipation. The work necessary for this process
is a direct measure of/, as stated in the JKR theory. However,
considerable amount of energy may be dissipated irreversibly
during the formation of new surfaces. Therefo& may be

contribution from the other interfaces. We have used ®2  attached to a thick aluminum (Al) plate with a double-sided
the polymer surfaces, while°8or 12 were chosen for the  gtick tape was pressed against the sample surface. Then, an
elastomer/polymer interfaces. increasing tangential force was imposed on the Al plate. The

2.2. Adhesion Measurements-or adhesion measurements, contact area was measured before and during sliding. A rigid
a home built apparatus similar to the one described by Qi et al. Al plate was used to keep the distance between the plate and
was used? On the basis of a protocol developed by JKRhe sample surface constant to reduce the changes in the contact
contact area between a compliant hemispherical PDMS lens andarea during sliding. The normal load was estimated by compar-
a flat substrate is measured as a function of force during loadinging the contact area during friction with the contact area during
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the JKR measurements using similar conditions. The friction 04
force was measured using strain gauges (sensitivigg3960 (A) (B)
uVIg + 3%) attached to the spring steel pillars holding the Al
plate. The spring constant was determined by measuring
displacement as a function of weight £ 300 mN/m). The
force was recorded in voltage as a function of time. For most
measurements, a slight1%) reduction in contact area occurred
during sliding. The tangential force was divided by the contact
area to obtain the shear stress that was plotted as a function of
time. When the interfaces exhibited stiellip dynamics, similar /
to that reported by Groschi,the values at the highest point 00 : : - : : :
(stick) were averaged. The friction measurements were per- ¢ "’“Tim;‘{E;’ a0 0 Vebgiw(mil?ons;;}s
fo_rmed for e_a_ch lens/surface pair at various normgl loads and Figure 2. (A) Shear stress as a function of time for PDMS sliding on
sliding velocities. The values of shear stress were independentpyNoDC (black line) and PS (gray line) at a velocity ofi8V/s. (B)
of the normal load and the contact area, which is consistent The shear stress during sliding plotted as a function of velocity for
with previous findings of Homola and co-worké&ras well as PDMS sliding on PYNODC®) and on PS).
Chaudhury and co-workef&€’ This indicates that the actual and
apparent contact areas change with load in a similar manner.Standard rectangular silicon cantilevers (MikroMasch) with a
The values of shear stress were independent of velocity in thetypical radius of curvature<10 nm and a spring constant of
range from 0.5 to 1m/s. ~3.5 N/m (supplied by the manufacturer) were used. Roughness
2.4. Sample PreparationsThe crosslinked PDMS lenses ~Values were found to be less than 0.5 nm for PDMS elastomer,

were prepared by mixing a desired amount of divinyl-terminated 0-2 nm for PVNODC, and 0.5 nm for PS.
PDMS (6000 g/mol) with 10% crosslinker, poly(methylhydrosil- ) _
oxane-dimethylsiloxane) copolymer (1950 g/mol). A platinum 3. Results and Discussion

cyclovinylmethyl complex (3-3.5% Pt) was added as a catalyst 3 1 priction Results. Figure 2 shows the friction data for

(10uL for each gram of mixture). Al materials were PUFC“?‘SGO' PDMS lenses sliding on PVYNODC and PS surfaces. After the
from Gelest, Inc., and used as received. The PDMS mixture ;isia| static force, a smooth and stable sliding is observed for
was stirred thoroughly for at least 1 min. Any air bubbles that PDMS/PVNODC, while the sliding has an irregular sawtooth

preparing characteristic of stickslip sliding in which the sliding surfaces
JKR and SFG measurements. The lenses for the JKR measure;

. ) alternately switch between sticking and slipping. The stick
ments were prepared by placing small drops of the mixture on slip behavior is related to energy loss during slidtdé.occurs

fluorosilane treated glass slides using a syringe needle and therg|q\, 4 critical velocity that is the transition point to smooth
curing at 60°C for 4 h. The lenses for the friction measurements, gjiging. Because of the velocity limit of the friction apparatus
which are bigger in size compared to those for JKR measure- ;sad in this study, we have observed stiskp sliding for

ments, were prepared by placing drops of the same mixture onpp)\g on PS at all velocities. In the case of sticltip sliding,
the surface of a sterilized PS petri dish filled with distilled water. he maximum force just before slip is recorded to determine

These lenses were first cured at room temperature overnightihe shear streg8Shear stress as a function of velocity is plotted
and then further cured at 6C for 4 h in thepresence of water. Figure 2B. As expected for low velocity, the values of shear
After the curing was completed, the water was poured out, the gyress do not depend on the velocity and are load independent.
lenses were gently dried under a slight flow of,Mnd then e shear stress of PDMS sliding on PS is about 4 times higher
were dried completely at 6%C overnight under vacuum. The  thap, that of PDMS sliding on PVNODC. This ratio is consistent
sol fraction (unreacted precursor) of the lenses were extracted,yith that reported by Vorvolakos and Chaudht#?
with toluene. The lenses were placed in a beaker lined with a 3 5 aghesion ResultsTo correlate the friction behavior with
filter paper and swelled in excess amount of toluene for 2 days. adhesion, JKR experiments were performed between PDMS/
Then, the solvent was changed every day feb4days. At the PVNODC' (Figure 3A,B) and PDMS/PS (Figure 3C,D) inter-
end, the solvent was removed, and the sheets and lenses werg, oo Figure 3A,C s:how the contact radius cukﬁa,as a
first dried' overnighj[ in air at room temperature and then were ¢ o tion of the applied load and Figure 3B,D show strain energy
further dried overnight under vacuum at 80. release rate3, as a function of.. The G from the loading data
These lenses were pressed against the flat surface of glass ogre 48 mJ/rA for PDMS/PVNODC and 5556 mJ/n? for
sapphire substrates or the flat surface of sapphire prisms thatPDMS/PS. In addition, both interfaces have negligible adhesion
was spin coated with a-24 wt % solution of PVNODC or PS  hysteresis, and thus we can assume @at W,. A theoretical
in toluene at 2000 rpm. The polymer films were annealed in value ofW, can be calculated assuming only dispersion forces
vacuum for 3-4 h at 110°C. The thickness of the PS and (W, = 2(y1y,)%9. The critical surface energies of PDMS,

PVNODC films were 300 nm (measured using ellipsometry). PYNODC, and PS are calculated from contact angles of various
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PVNODC My, = 70 kg/mol, polydispersity index (PD# 3.0) liquids by geometric mean equation. The liquids used are
was a gift from 3M Corporation and P$1¢ = 108 kg/mol, distilled water, diiodomethane, and ethylene glycol.

PDI = 1.06) was purchased from Polymer Sources. Both  The average of the calculated values from each pair of liquids
polymers were used as received. gives the surface energies of PDMS, PVYNODC, and PS as 21.7,

The root-mean-square roughness of the PDMS elastomer and23.1, and 41.4 mJ/mrespectively. These values are consistent
polymer films were measured with an atomic force microscopy with those reported in the literatuf@Assuming only dispersion
(AFM) (Digital Instruments Nanoscope llla multimode). AFM  forces, we prediciV, ~ 45 mJ/n? for the PDMS/PVNODC,
measurements were performed with tapping mode at 0.5 HzandW, ~ 60 mJ/n? for the PDMS/PS interfaces. The experi-
scan rate to prevent deformations or irreversible displacements.mental W, values are in good agreement with the theoretical
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Figure 3. JKR plots of PDMS on PVYNODCJ) and PS [{) during |
loading (open symbols) and unloading (filled symbols). (A) and (C) 4. .';%
shows the contact radius cubed, as a function of the applied load. o (8 e
In (B) and (D), the strain energy release rate is plotted as a function of om-;iwrg Ko
the contact radius. 2800 2900 3000 3100 0 100 200 300
160 ] Wavenumber (cm™) Time (sec)
’;-‘ 120 ] Figure 5. The sketch illustrates the experimental geometry used to
. probe the SFG spectra during contact and sliding. (A) and (C) show
I 80 the SFG spectra in the SSP polarization for PDMS/PVNODTand
2 40 PDMS/PS ) acquired during contact (filled symbols) when the laser
‘® beam is ahead of the contact spat {), and after sliding the lens to
S 0= superimpose the contact spot and the laser beam again (open symbols).
g 40+ (B) The plot of the SFG intensity as a function of time associated with
O 30 ther* (blac_k line) _andr;’, (gray line) of the mt_ethyl groups of the
Ll PVNODC side chains. (D) The plot of the SFG intensity as a function
w20 of time associated with the phenyl vibrations, (black line) of the PS
10 side chains, and 2906 crh(gray line) associated with the symmetric
vibration of PDMS methyl groups. In (B) and (D), we start with the
0+ laser spot ahead of the contact area, and the SFG intensities are low in

the beginning. When the contact area overlaps with the laser beam,
we observe the maximum SFG intensity. After the contact area passes
the laser spot, once again the SFG intensity drops.

2800 2850 2900 2950 3000 3050 3100 3150
Wavenumber (cm™)

Figure 4. (A) SFG spectra in SSP polarization for PYNODC before

contact (filledO), during contact4), and after the PYNODC surface

has experienced slidingj. (B) SFG spectra in SSP polarization for

PS before contact (filled), in contact ¢), and after the PS surface
has experienced slidingj.

the contact spot. The peaks in the PVYNODC spectrum in Figure
4A are assigned to the methyl symmetric vibratioh) @t~2875
cm ! and Fermi resonance{) at~2935 cnt2. This spectrum
is similar to the SSP spectrum of SAM reported previotfsly
and indicates a surface structure expected for well-packed alkyl
predictions. The ratio of the adhesion energies measured forside-chains of PVYNODC in predominantly all-trans conforma-
PDMS/PS and PDMS/PVNODC is1.3, much smaller than  tion. The peaks in the PS spectrum in Figure 4B corresponds
the ratio of the shear stress if we assume that the shear stress i® the phenyl G-H stretching modes of PS. The dominant peak
directly proportional to the adhesion energy. Because the at~3065 cnt!is assigned to the, symmetric vibration. There
adhesion hysteresis is negligible at both interfaces, we canis a small contribution from the vibration of the methylene
conclude that neither adhesion nor adhesion hysteresis providegroups (2920 cmb). This spectrum is similar to that observed
an explanation for the large difference in shear stress. previously at the PS surface where the average orientation of
3.3. SFG Results.Figure 4 shows the SFG spectra for the phenyl rings is parallel to the surface nordtal.he most
PVNODC and PS surfaces in the SSP polarization (S-polarizedimportant outcome from Figure 4 is that the spectra after sliding,
SFG beam, S-polarized visible beam, P-polarized IR beam) atfor both PVYNODC and PS surfaces, are identical to those before
an incident angle of 42 At this incident angle, the SFG spectra contact. This indicates that either the surface molecules are not
correspond to the PYNODC or PS/air surfaces. The interfacial affected from sliding or the molecular changes that took place
area during contact and sliding is kept larger than the laser spotduring sliding are reversible.
in these experiments to avoid any SFG signal contribution from  The structure during contact is directly probed in situ using
outside the contact area. The filled symbols in Figure 4 the incident angle of 8for the PDMS/PVNODC and T2for
correspond to the SFG spectra of the PVYNODC (Figure 4A) the PDMS/PS interfaces. It will be helpful to understand the
and PS (Figure 4B) surfaces before bringing them in contact experimental procedure before discussing the SFG results. The
with the PDMS lens. The SFG spectra shown in Figure 4 as sketch of the experimental geometry is shown in Figure 5. The
open triangles are measured during contact. Here, the SFGsymbol “X” corresponds to the spot that is probed using the
signals are much weaker because the incident angle ois42 laser beams. The filled symbols in Figure 5A,C correspond to
far from the critical angle for the PDMS/polymer interface. The the situation where the laser beam is superimposed with the
SFG spectra shown as open circles (PVYNODC) and open squaregsontact spot (area) at the interface. The open triangles in Figure
(PS) in Figure 4 are acquired after the PDMS lens has slit across5A,C correspond to the situation where the laser beam is
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positioned in front of the contact area. In this condition, the
incident angle is far away from the critical angle for the PDMS/
polymer interface, and the SFG intensity is much weaker than
that observed when the laser beam and the contact spot are
superimposed. Any spectral features observed at this state are
a combination of signals from the polymer/sapphire interface 5
and polymer surface. The open circles (PDMS/PVNODC) and &
open squares (PDMS/PS) correspond to the situation in Which%‘
the laser beam was positioned in front of the contact spot at §
the beginning, and then the lens was moved with the desired=
speed. The SFG spectra were acquired after the lens once agaiﬁ
overlapped with the laser spot. In this condition, we are probing @
the contact interface that has experienced sliding.

First, we will discuss the SFG spectra of the PDMS/PVNODC
(Figure 5A) and PDMS/PS (Figure 5C) contact interfaces. The i 9
peak assignments of the PDMS/PVNODC interface are similar 2800 2000 3000 3100 3200
to those of the PVNODC surface. The two main peaks wavenumbers (cm”)
correspond to the vibrations of the terminal £toups of the

. . Lo Figure 6. SFG spectra for the PDMS/PS interface in S&F énd
PVNODC side chains. The contributions from the-8CHz), SPS (). The SSP spectrum is shifted vertically for improving the

groups of the PDMS segments are expected-2906 cnit clarity. The solid lines are fit to a Lorentzian equation discussed in the
(symmetric, oo and ata2962 cntl (asymmetric,l pouo)- text.

At this interface, the intensities of the PDMS peaks are
negligible in comparison to the peak intensities of the well-
ordered PVNODC side chains. The structure of the contact
interface is very similar to the PYNODC surface, which is
expected for a crystalline structure. In the case of PDMS/PS
interface, the two main peaks below 3000 ¢naorrespond to
the ripus and rppys Vibrations of the Si(CHs), groups of

features of the PDMS/PS interface do not show observable
changes during sliding.

So far, neither adhesion behavior nor the spectral features in
the SFG measurements during sliding explain the difference
between the values of shear stress encountered in sliding PDMS
on PVNODC and PS. However, we believe that the structural
X 3/2 IV changes have already taken place upon mechanical contact at
PDMS. Above. 30,00 c'ml, the dommar.lt contribution is from 0 ppMS/PS interface. To analyze the changes in the orienta-
the v, symmetric vibration (3060 cr) with a shoulder at 3025 o of the phenyl groups at the PDMS/PS interface, we have
cm*, which is slightly higher than that observed at the PS comnpared the SFG spectra in SSP and SPS polarization in Figure
surface. The SFG spectrum of the area ahead of the contact argg 1 sps spectrum shows three peaks associated with the
shown as open triangles in Figure 5A,C. Because there is N0 asymmetric vibration of the methyl group of PDMS (2965 éjn
contact interface here, these spectral features are characteristicgq asymmetric tbo,, 3025 cnrl) and symmetric €, 3060
of both the PS/sapphire interface and PS surface generated a8m1) vibrations of the phenyl groups. The ratio of the
an off critical angle®2! symmetric phenyl vibrations in the SPS and SSP polarization

It was not possible to acquire a complete spectrum during is related to the orientation of the phenyl groups at the interface.
sliding, because the time to acquire a spectrum takesl®0 We also can calculate the relative contribution of the phenyl
min. Instead, we have monitored the intensity of selected groups by fitting the spectra using the following Lorentzian
vibrations from the interface as a function of time (Figure 5B,D). equation (shown as solid lines in Figure'8):
We first position the laser spot ahead of the contact area and
then begin sliding the lens toward the laser spot. Initially, the Aq
SFG intensity is weak because it is collected from the area ahead I(SFO)U (Xettnr + z ———ll“ ©)
of the contact interface. Then, the SFG intensity increases and T PR Y q

reaches a plateau when the lens starts to overlap with the 'ase(/vhereAq Iy, anday are the strength, damping constant, and
beam. After the lens slides past the laser spot, the SFG 'ntens'tyangular frequency of a single resonant vibration, respectively.

dropﬁw%";‘,‘gk o Fi’tVsNo%rciginal low value. Figure 5B shows XeftNR IS the nonresonant part of the signal.

the 17 and I; 7227 as a function of tl(/rr]\l%ocThivrn%Ir?c of To quantify the changes in the tilt angles, we have plotted

the average intensities at the platealg'ir»,R+ [17 g the prediction ofAq., or 20{SPS)Aq,., or 20{SSP) as a function

is ~0.34 during sliding. The ratio offPYNOPC/ [PYNODC of tilt angle in Figure 7. The details of this SFG analysis are
" provided in previous publicatior’d. On the basis of the

~ 0.33 and 0.32 for the PDMS/PVNODC interface before gyperimentally determined ratios &, we estimate from Figure
and after sliding, respectively. The similarity between these 7 that the phenyl groups are tilted with an angle of-a0°
three numbers indicates that there is very small difference, if ity respect to the surface normal. This tilt angle {3@°) of

any, in the spectral features of the PDMS/PVNODC interface the phenyl groups at PDMS/PS interface is larger than tfie 20
before, after, and during sliding. Consequently, we can argue determined at the PS/air surfaaVe interpret the changes in
that neither adhesion nor friction affects the molecular structure the orientation of the phenyl groups as the consequence of local
of PYNODC side chains as expected for a crystalline surface. interpenetration at the PDMS/PS interface.

In the case of PDMS/PS interface (Figure 5C), we obtain the  This interdigitation across the interface between a crosslinked
ratio of I"°M317° ~ 0.38 and 0.43 before and after sliding, elastomer and glassy polymer is unexpected. However, based
respectively. The analysis of contact interface during sliding on the arguments presented by Chaudhury, a penetration as small
from Figure 5D indicates that the peak ratieQ.36) is similar as 0.1-0.5 nm can result in significant enhancement of
to the one at the contact before sliding. Thus, the spectral friction.12 Thus, the penetration does not need to be at the length
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Figure 7. The prediction 0f|Aqg,, or 20{dSPS)Aq.; or 20{SSP) as a
function of tilt angle of PS phenyl groups with respect to the surface
normal. The experimental values determined from the fit in Figure 6
are shown in the figure as dotted lines.
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scale ofRy or even at a length scale associated wigh An
interpenetration of the phenyl groups at a local level is sufficient
to explain the high friction forces at the PDMS/PS interface.
Interestingly, an activation energy corresponding to $yb-
relaxation process also was observed for frictional forces
measured using scanning force microscopy (SEMThis
activation energy was attributed to the hindered rotation of the
phenyl groups, which are dissipating energy during sliding of
the silicon tip on the PS surface. Similarly, we propose that the
energy dissipation during sliding occurs because of the phenyl

groups that have intermingled at the PDMS/PS contact interface,

which results in higher friction. This local change in interfacial
structure for PDMS in contact with PVYNODC film is not
possible because the surface of the PYNODC film is covered
with crystalline alkyl side chains. However, a contact interface
between PDMS/PVNODC would exhibit local interpenetration
and higher friction if it was heated above the melting point of
PVNODC. These experiments are in progress.

4. Conclusions

By using interface sensitive SFG spectroscopy, we have
shown direct evidence of change in orientation of PS phenyl
groups that indicates local interpenetration at the contact
interface of PDMS with glassy PS. We postulate that this effect

J. Phys. Chem. C, Vol. 111, No. 2, 200965

unresolved by adhesion measurements, even though it has a
profound influence on the frictional forces, requires a direct
experimental technique like SFG that can provide information
on the structure of molecules at the static and dynamic interface.
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