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Polymer Surface Science
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ABSTRACT: Molecular level studies of the structure and mechanical properties of polymer sur-
faces have been carried out by sum frequency generation (SFG) surface vibrational spectroscopy and
atomic force microscopy (AFM). The surfaces of different grades of polyethylene and polypropylene
have been characterized—including during the glass transition and when mechanically stretched.
Copolymers that have hard and soft segments with different glass transition temperatures show
phase separation, an effect of hydrogen bonding between the hard and soft segments, that influences
their adhesive and friction properties. AFM and SFG show that low surface energy additives migrate
to the surface and alter the surface mechanical properties. Polymers, where the chemical nature of
the end groups is different from the backbone, show surface segregation of the hydrophobic part of
the chain in air and the hydrophilic part in water. Likewise, in miscible polymer blends, surface
segregation of the more hydrophobic component in air and the more hydrophilic component in
water is observed. This area of surface science requires increased attention because of the predomi-
nance of polymers as structural materials and as biomaterials. © 2001 The Japan Chemical Journal
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vibrational spectroscopy

Introduction

Investigations of surfaces at the atomic and molecular levels by a
large number of techniques that have become available over the
last 30 years has brought the chemistry and physics of surfaces to
the frontiers of these disciplines. Much of the research has fo-
cused on metal and oxide surfaces.! Their structure, composi-
tion, dynamics, and electrical and mechanical properties have been
explored. The structure, bonding, mobility, and reactions of ad-
sorbates on these surfaces have been elucidated. Polymer surfaces,
however, have been studied to a lesser extent though their impor-
tance as structural materials and implants in biological and medi-
cal applications has been dramarically increasing.

Over the past 5 years our laboratory has been studying
polymer surfaces by techniques that have been recently devel-
oped: sum frequency generation (SFG) surface vibrational spec-
troscopy and force microscopy (FM). This paper summarizes
the results of our study, in which we used polymer surfaces
such as polyethylene and polypropylene, as well as polymer
blends. The structures of these polymer surfaces were moni-
tored, as were key mechanical properties (friction coefficient
and elastic modulus), to establish structure/mechanical prop-
erty relationships. Changes of polymer surface composition as
the interface was changed from air to water were measured.
One of the unique properties of polymers is that they are me-
chanically flexible, which plays important roles in many of their
applications. Thus, we have also studied the changes of surface
structure as the polymer is stretched.

Polymer Information

The structures of all of the polymers presented in this review
are shown in Figure 1. Relevant material properties are given

in Table 1. High and low density polyethylene (HDPE and
LDPE), isotactic, and atactic polypropylene (iPP and aPP), and

polyethylene glycol (PEG) were purchased from Aldrich Chemi-
cal. The polyurethane samples and the biopolymer samples were
synthesized by the Polymer Technology Group in Berkeley, CA.
The commercial polyethylene sample was provided by Union

Carbide.
Table 1. Material properties of the polyolefins presented in this

review.

LDPE HDPE aPP iPP
Density (g/cm?) 0.92 0.95 - 0.90
Crystallinity (%) 23 65 2 63
Elastic modulus (GPa) 0.2 1 — —
Yield stress (MPa) 10 25 - -
Yield strain % 10 6
Glass temperature ~160 K ~160 K ~260 K ~260 K

Experimental Techniques

IR+Visible SFG Vibrational Spectroscopy

SFG vibrational spectroscopy is a nonlinear optical technique
that probes the second order nonlinear susceptibility of a mate-
rial, ¥®.? In our applications, we use SFG to generate a vibra-
tional spectrum of the molecules at an interface. The surface
specificity arises from the fact that under the electric dipole ap-
proximation, even-ordered nonlinear processes (}'*) vanish in a
centrosymmetric media. Thus, a sum-frequency signal is ob-



tained from an interface (where centrosymmetry is broken),
while no signal is obtained from the centrosymmetric bulk.

The experimental setup involves overlapping a visible and
a tunable infrared laser beam on a polymer surface to induce a
polarization at the sum frequency (g, = ®y; + ®y). The
visible beam (w,,.) is 532 nm light generated by frequency
doubling the 1064 nm fundamental output from a Continuum
YAG-PY61 laser (generating ~20 ps pulses at 20 Hz). The in-
frared beam (w,,), tunable from 1300 to 4000 cm™, is gener-
ated from a combined OPG/OPA [(optical parametric
generation)/(optical paramertric amplification)] system com-
posed of KTP crystals pumped by the fundamental output of
the YAG laser at 1064 nm. The sum-frequency output signal is
collected by a gated integrator and a photon counting system.

Vibrational spectra are obtained by tuning the infrared
beam and measuring the sum-frequency signal as a function of
the infrared frequency. Resonant enhancement occurs at fre-
quencies that are both IR and Raman active modes of the sur-
face. Additionally, the sum frequency signal increases as the
square of the number of molecules at the surface and is gener-
ally enhanced if those molecules are well ordered. Spectra col-
lected using the s, 5, P SunloSee and p B, 0, polarization
combinations probe different spatial components of (3'*) (a
27 component, rank three tensor) and can be used to deter-
mine the orientation of molecules at the interface.”* The ap-
proximate area (in the plane of the surface) probed is of the
order of square millimeters.

SFG has been applied to several types of chemical systems
where a detailed knowledge of the chemical composition and
structure of the surface layer is important. These systems in-
clude adsorbates on metal surfaces,’¢ liquid surfaces,” electro-
chemical systems,® and recently, polymers. Within the field of
polymer science, SFG is being used to study a variety of sur-
face phenomena, including orientation effects on rubbed poly-
mer films,” surface structural differences between crystalline
and amorphous polymers,'® surface segregation,' and degra-
dation of polymer surfaces by plasma and radiation."” As SFG
has been applied to the study of more and more types of inter-
faces, specific details are being addressed. Methods have been
presented for determining the surface specificity of the tech-
nique and for measuring higher order contributions (quadru-
pole) to the sum frequency signal.'*'* Methods have also been
developed to incorporate variables like surface roughness into
the description of the orientation of interfacial molecules.>'*

Force Microscopy

Atomic force microscopy (AFM) involves the interaction of a
small probe with a surface and is used in our lab to image the
microscopic features of polymer surfaces. In addition, we use
the AFM to apply forces to the polymer surface in order to
measure surface mechanical properties of polymers, such as fric-
tion force, elastic modulus, and hardness. A typical AFM ap-
plies loads in the nanonewton regime. We have used several
other instruments that measure surface mechanical properties
under higher loading conditions. The forces we have applied
in our experiments range from a few nanonewtons with the
AFM, to micronewtons with the diamond probe scanning force
microscope (SFM), to several newtons with the classical pin-
on-disk apparatus (POD).

AFM (low loads)

Several force microscopes were used in the experiments de-
scribed in this paper. A commercial Park Scientific M5 AFM
with a large range scanner was used to collect topographic and
friction images of ~500 square micron areas and also to mea-
sure the elastic modulus and hardness of polymers in ambient
conditions. Commercial silicon cantilevers with tungsten car-
bide coated tips from NT-MDT were used with this instru-
ment. A homebuilt AFM using an interferometric detection
scheme'” was used to quantify the elastic modulus, friction,
and hardness of polyethylene and polypropylene surfaces un-
der minimum pressure. The cantilever for this instrument was
prepared by bending a tungsten wire at a right angle and etch-
ing one end (radius of curvature ~1 micron), which was used
as the tip.

A homebuilt walker-style AFM'® that can be evacuated to
107 Torr was used to heat and cool polymer samples. The
sample is stationary and can be heated or cooled without heat-
ing or cooling other components of the microscope. The de-
flection of the cantilever is detected by a light beam and a
position sensitive photodiode. Commercial silicon cantilevers
with tungsten carbide coated tips from NT-MDT were used.

SEM (intermediate loads)

Friction testing at the microscale was performed with an SFM
consisting of an atomic force microscope (Digital Instruments,
Nanoscope 1I) retrofitted with a capacitor force transducer
(Hysitron, Inc.). The vertical and lateral (friction) forces were
determined by two independent capacitor plates that were cali-
brated for each tip."” A three-sided pyramidal diamond tip with
radius of curvature 100 nm and conical diamond tips with
radius of curvature equal to 16 and 20 pm were used to scan
the surfaces at loads in the range of 5-1000 pN.

POD (large loads)

A POD setup® was used to perform friction testing at the
milliscale. A cantilever beam holding the pin was wired with
four strain gauges in a Wheatstone bridge configuration. The
normal force was applied directly as a dead weight, and the
friction force was measured by the strain gauges. The strain
gauge output voltage was passed through an amplifier before
collection by a dara acquisition system. Friction coefficient dara
were collected continuously art a rate of 1.5 Hz. A blunt, dia-
mond coated tip with radius 1.2 mm was used.

Measurements
Friction

The frictional force was measured on the AFM by monitoring
the lateral deflection of the cantilever while scanning the canti-
lever over the same region of the surface, from left to right and
then from right to left. The difference between these two scans
represents twice the frictional force. This is done because it is
difficult to establish the zero of the frictional force, and to re-
duce the effect of topographic artifacts (surface roughness) on
the friction. A friction coefficient is defined as the slope of a
friction force versus applied load curve.



(a) Polymers used in Surface Structure and Surface Mechanical Properties Studies
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Fig. 1. Chemical structure of the polymers presented in this paper.

Elastic modulus (stiffness)

The techniques used for measuring the elasticity of the poly-
mer surface can be found in references 21 and 22. Briefly, the
elastic modulus was measured by oscillating the cantilever at
an amplitude of ~1 nm and at a frequency far below its reso-
nance frequency.”’ When the cantilever comes in contact with
the sample the oscillation amplitude is damped. The extent of
damping depends on the elastic modulus of the sample. The
greater the amplitude of oscillation of the cantilever (in con-
tact with the surface), the lower the elastic modulus of the
sample and vice versa.

A second method used to determine the elastic modulus is
through analysis of interaction force curves between the tip
and the surface.”? The interaction force curve (Fig. 2) describes
the response of the cantilever as the tip is pressed into contact
with the polymer surface. The distance the tip moves into the
sample reflects the elasticity of the sample. The greater the elastic
modulus of the surface, the lower the elastic penetration depth

of the tip into the surface. This is measured as a larger slope on
the repulsive part of the interaction force curve. Details of the
measurement of elastic modulus and hardness using the SFM
can be found in references 23 and 24.

Hardness

Hardness was measured by using the AFM tip to plastically de-
form the polymer surface. The tip was pushed into the surface
with enough pressure to form a permanent indent. The indent
was imaged later with the same tip. The hardness was defined as
the indentation load divided by the area of the indent.

Results

Surface Structures of Polymers

Polyethylene

We have collected SFG spectra of several polymers including
polyethylene (PE) and polypropylene (PP), which represent



chemically simple polymer systems composed of only carbon
and hydrogen. The grades of PE and PP exhibit different de-
grees of crystallinity depending on chain length, chain branch-
ing ratio, and tacticity. Both PE and PP have similar surface
energies and have glass temperatures that are below room tem-
perature (~160 K for PE and ~260 K for PP). Our measure-
ments at room temperature represent measurements of
semicrystalline polymers with the amorphous phase in the rub-
bery state.

We have used SFG to study the effect of crystallinity on PE
surface structure by collecting spectra of LDPE and ultra high
molecular weight polyethylene (UHMWPE). The SFG spectra
of these two polymers are shown in Figure 3 and are markedly
different, indicating that they have different surface structures.
For LDPE, the band at 2850 cm™ is attributed to the CH, sym-
metric stretch, and the band ar 2826 em™ is attributed to the
CH, antisymmetric stretch. For UHMWPE, both of these bands
are shifted to higher frequencies. This blue shift indicates that
there are more gauche conformers at the polymer surface.”
Gauche conformers are consistent with the chain folded lamel-
lar structure of UHMWPE shown in the inset of Figure 3. In
the case of LDPE, a highly branched and more loosely orga-
nized grade of PE, the peak at 2850cm™ indicates that mostly
trans conformers exist at the surface. The random packing of the
LDPE surface is evidenced by the larger bandwidths of the SFG
peaks.

Deflection of the cantilever

v (©

Piezo Displacement

Fig. 2. AFM interaction force versus distance curve showing (a) tip far from
sample (b} tip snap into contact with sample, and (c) increasing load and
pressing into sample.

Polypropylene

SFG spectra of aPP and iPP. two structural isomers of poly-
propylene, are shown in Figure 4. They are quite different from
one another, indicating a difference in surface structure. aPP
has individual monomers that are arranged in a steriochemically
random fashion, whereas iPP is stereochemically regular and is
highly crystalline (>60%). The SFG spectra of aPP shows a
small CH, symmetric peak at 2845 ecm™ relative to the CH,
symmetric pcak at 2883 cm'. In contrast, the CH, symmetric
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Fig. 3. SFG spectra of LDPE and UHMWPE (ssp polarization). Inset: lamellar structure of UHMWTE.



peak is much larger compared to the CH, symmetric stretch
for the iPP surface. This indicates that the backbone of aPP is
relatively randomly oriented at the surface and that the pen-
dant methyl groups point away from the surface. For iPP, crys-
tallinity imposes an order to the surface. Crystalline iPP chains
are generally helical with the pendant methyl groups staggered
by 120°.7” The SFG results are consistent with this crystalline
state where a fraction of the CH, groups are constrained to
point away from the surface.
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0.6 -
$7 _2gas em \

5
[
=~ 0.4 -
[}
o
=2
0
(O]
[T
oW

0.2 1

aPP
0.0 -
2800 2850 2900 2950 3000

Frequency I(J::m"| )

Fig. 4. 5FG spectra of aPP and iPT (ssp).
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Changes in the Polypropylene Surface Structure at
the Glass Transition

Temperature has a strong effect on the surface structure and
mechanical properties of polymers. An example is the transi-
tion from a rubbery to a glassy state—the glass transition.?
Mechanically, the amorphous component of the polymer un-
dergoes a transition from a rubbery state above the transition
temperature to an clastically rigid glassy state below it. This is
measured as a large increase in the elastic modulus of the poly-
mer as the polymer is cooled.

A number of investigators are using AFM to study the
glass transition of thin polymer films.*3"3! In particular, to
determine how the free interface (air-polymer interface) and
film thickness affect the glass temperature of the film’s surface.
It has been suggested that enhanced free volume (leading to
enhanced mobility) at the surface of a polymer gives the sur-
face a lower glass temperature than the polymer bulk.” It has
also been suggested that hydrostatic pressure generated beneath
the AFM tip can increase the glass temperature of the surface.
Recent efforts have demonstrated that the dynamic nature of
the AFM measurement plays a significant role in determining
the apparent glass temperature.”?!

In our lab, we have used SFG and AFM to measure the
structural changes that are associated with the mechanical prop-
erty changes at the glass transition.”> AFM interaction force
curves were measured on aPP and iPP surfaces as a function of
temperature in vacuum pressures of 10~ Torr. The slope of the
approach curve was used as a signature of modulus changes in
this temperature regime. For the same cantilever, the higher
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Fig. 5. (a) Slope of AFM approach curve versus temperature. (b) SFG spectra of aPP and iPT above and below the
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the slope of the curve, the greater the elastic modulus. From
several temperature runs, the representative changes observed
for iPP. aPP, and a silicon wafer (used as a reference) are plotted
in Figure 5(a). For both iPP and aPP, there is an increase in the
surface elastic modulus at temperatures below the glass tem-
perature. For aPP, a rapid change of the modulus occurs be-
tween 0 and —20°C. For iPP, the change is smaller and occurs
around 0°C.

SFG spectra were collected as a function of temperature
in vacuum pressures of 107 Torr. Figure 5(b) shows SFG spec-
tra for aPP and iPP above and below the glass transition. An
increase in the ratio of the symmetric stretch of the CH, group
to the CH; group in both aPP and iPP was observed on cool-
ing through the glass transition.

The ratio of the strengths of these two modes is plotted to
qualitatively describe how the surface structure changes with tem-
perature [Fig. 5(c)]. The data show that the ratio has a sharp in-
crease in the temperature range between 0 and —20°C and is more
prominent for aPP than iPT: Because the bulk glass transition of
polypropylene occurs in this temperature region, the observed
spectral change is directly correlated to the glass transition.

This spectral change across Tg indicates that the CH,
groups become better polar-oriented below 7. In polypropy-
lene the CH, groups form the backbone of the polymer chain
and the CH, groups are the side (pendant) groups. Our obser-
vation suggests that below 7, the polymer backbone becomes
more ordered and controls the surface structure—the CH,
groups point out of the surface. Above T, the polymer back-
bone is more disordered. The CH, groups are more randomly
oriented, which results in a decreased CH, peak intensity. The
CH, groups, being more hydrophobic, orient preferentially
away from the surface.

The temperature dependence of the SFG and AFM re-
sults for aPP and iPP show that the enhanced ordering of the

backbone (polymer chains) correlates to the increased surface
modulus. Both are induced by the transition to the glass phase.
The more prominent spectral change for aPP compared to iPP
in both SFG and SFM measurements confirms that the changes
are associated with the glass transition of the polymer.

Surface Mechanical Properties

In addition to measuring the polymer mechanical properties
as a function of temperature, we have measured in detail the
elastic modulus and friction properties as a function of pres-
sure. Pressure is an extremely important concept in the me-
chanical testing of polymers. Semicrystalline polymers, like
polyethylene and polypropylene, behave elastically when small
pressures and strains are applied.” As higher strains and pres-
sures that exceed the yield strain and yield stress of the polymer
are applied, the polymer will behave plastically and in some
cases will strain soften.

When an AFM tip or other indentor applies stress to a
polymer surface the response of the polymer can be very com-
plex and will depend on the relationship of the polymer elastic
modulus and yield stress to the contact pressure. The amount
of time that stress is applied is also a critical factor—most poly-
mers exhibit time-dependent relaxation processes. Finally, de-
pending on the microstructure of the polymer, probing different
sized contact areas (with different sized indentors) may lead to
completely different responses of the polymer. All of these ef-
fects can be observed by monitoring the elastic modulus and

friction properties with the AFM.

At the most basic level, Hertzian contact mechanics de-
fines the mean pressure between a spherical indentor (like an
AFM tip) and an clastic surface by Equation 1. W is the ap-
plied load, E is the elastic modulus of the polymer, v is the
Poisson ratio of the polymer, and R is the radius of curvature of
the indentor.”
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Pressure can be reduced by either decreasing the applied
load or by increasing the radius of curvature of the indentor.
Our lowest pressure experiments were performed with the AFM
using tips of large radii of curvature (1 micron).”’ These mea-
surements (applying loads of 1-1000 nN) are highly surface
sensitive and probe the top 0.1 to 10 nm of the surface. They
also probe larger contact areas (10-10- square microns) as
compared to those done with typical commercial AFM tips
(radii ~20 nm). All three of the instruments described earlier
(AFM, SFM, and POD) are capable of applying high pressure
to the polymer surface. The POD apparatus applics that pres-

sure to the largest area.

Mechanical properties under low contact pressure

At low pressure, the penetration of the indentor into the poly-
mer surface is minimal and the deformation of the polymer is
largely elastic—the properties measured will closest reflect the
true elastic properties of the surface. We have carried out low
pressure and low penetration depth experiments using the AFM
and blunt tips (radius of curvature ~1000 nm).

This approach has been used to monitor the elastic modu-
lus, hardness, and friction of a series of polyolefins: LDPE,
HDPE, iPP. and aPP in the load range of 10°-10° N and in
the 1-150 MPa pressure range. Figures 6 and 7 show the ef-
fects of pressure on elastic modulus and friction. Comparing
the four polymers, the expected trend of increased elastic modu-
lus with increased density and crystallinity is seen (Table 1).
Addirtionally, for each polymer, the elastic modulus increases
linearly with contact pressure. The linear increase is strong for
LDPE, HDPE, and iPP bur less so for aPT, which has a very
low yicld stress (2 MPa). The low yicld stress of aPP indicates
that even under the low contact pressures in this experiment,
the tip plastically damages the surface. For the other three poly-
mers, the applied pressure is relatively low, and the linear in-
crease of the elastic modulus with pressure is associated with
primarily elastic deformation of the polymer.

The friction process for all four polymers is dominated by
the deformation (elastic and plastic) of the polymer surface.
The highest friction coefficient was observed on the aPP sur-
face. Again, this is attributed to the low yield stress of aPP,
which leads to plastic wear of the surface. For the other three
polymers, within the elastic loading regime, friction versus load
curves show characteristics predicted by the JKR model of con-
tact area. The JKR model incorporates adhesive effects in the
tip interaction and describes such phenomenon as friction at
negative loads (i.e., when the tip and surface are in the attrac-
tive regime).
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Fig. 6. Pressure versus elastic modulus for LDPE, HDPE, aPP, and iPT

The friction force can be defined as the product of the
shear strength of the polymer () multiplied by the contact
area (A).* Like the elastic modulus, the shear strength also has
a dependence on pressure. From these experiments, an exact
dependence of the friction force (F) on the load (W) has been
determined (Equation 2)—within the elastic limit, at low pres-
sures. The additional variable, y, is the surface energy per unit
area of the polymer.
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Friction at different contact pressures/area

The effects of contact pressure are clearly seen when friction
force on a polymer is studied with the AFM, MFM, and POD
setups described in the instrumental methods section.” We have
performed friction experiments on LDPE, HDPE, and silicon
surfaces with the three instruments using loads and contact
areas that vary by approximately eight orders of magnitude.
Silicon is a nonpolymeric sample and its microstructure is in-
sensitive to contact pressure variations. It is used as a reference
to measure the friction behavior of polymers associated with
pressure-induced microstructure changes.

LDPE and HDPE exhibit friction transitions that are pres-
sure controlled and also transitions that are contact area con-
trolled. The pressure-controlled transitions are attributed to
transitions from a primarily elastic contact between the tip and
sample to a plastic contact. The contact area transition is at-
tributed to a polymer alignment effect. In contrast to the poly-
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Fig. 7. Friction versus load curves for LDPE, HDPE, and iPP:

mer samples, only pressure-controlled transitions are observed
to occur on silicon. A transition from elastic to plastic defor-
mation is seen at contact pressures that are sufficiently high to
cause rupture of the native oxide film.

Table 2 summarizes the contact areas, pressures, and fric-
tion properties collected for LDPE under each set of scanning
conditions. The results for HDPE are similar. The AFM yields
the lowest friction coefficients. This is artributed to an elasric
deformation dominated friction process. However, at loads above



Table 2. Friction coefficients and friction behavior of LDPE under different contact pressures and

Contact areas.

Friction Friction
Instrument Pressure Contact area coefficient mechanism
AFM 25-70 MPa 200-2800 nm? 0.06 Elastic
AFM 70-105 MPa 2800-6700 nm? 0.17 Plastic
SFM 42-1625 MPa 1300 nm*~1.9 um?* 0.18 Plastic
SFM 8-67 MPa 0.25-15 pm? 0.13 Elastic
POD 9-16 MPa 1900-5300 pm?’ 0.41 Shear alignment

200 nV, we observe wear-dominated friction and a jump in the
friction coefficient. The mean pressure under the AFM tip at
200 nN is ~70 MPa for LDPE—higher than the minimum
stress required to initiate permanent plastic deformation (~50
MPa).”’

When the contact pressures are similar, the AFM and the
SEM yield similar friction coefficients. However, as the load is
increased in the SFM, wear processes dominate and there is a
dramatic rise in the friction coefficient. For the POD experi-
ment, the size of contact area becomes an important param-
eter. The relatively low pressures used in the POD experiment
suggest an elastic contact and therefore a low friction coeffi-
cient. However, the friction coefficient measured is the highest
of all three instruments. This suggests that under large contact
areas, the friction process involves an additional mechanism—
orienting the polymer in the direction of the scan. Because
extra work is necessary to induce this shear alignment, a higher
friction coefficient is obtained.

Stretched polymer surfaces

The effect of contact pressure on the friction and wear proper-
ties is also seen on the surface of LDPE that is stretched.®® In
this case, indentation and wear experiments show that stretch-
ing the polymer decreases the surface yield strength of the poly-
mer, and consequently increases the susceptibility to abrasive
(plastic) wear mechanisms. The experimental setup is shown
in Figure 8. Briefly, a dumbbell shaped test piece of polyethyl-
ene is stretched to a specified strain. After the polymer has re-
laxed to an equilibrium stress, the texture and mechanical
properties are measured.

Indenrtation tests show thart, for the same indentarion load,
the depth and area of the indent increase when the polymer is
stretched (Fig. 8). The most dramatic increase in the depth of
the indents is seen when the polymer is stretched near its ten-
sile yield point (~10% elongation). This directly indicates that
the plastic component of the indentation process has become
more important, and shows that the surface yield stress has
decreased as a result of the tensile strain (stretching).
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Fig. 8. Depth of indent versus elongation for LDPE. Inser: experimental
setup for the stretching experiments.

The lowered yield stress of the surface increases the sus-
ceptibility to abrasive wear (plastic wear). A characteristic wear
pattern for LDPE is shown in Figure 9(a). When contact pres-
sures high enough to induce permanent plastic damage to the
polymer (=50 MPa) are applied, a wear pattern characterized
by ridges that run perpendicular to the scanning direction is
formed. Under these high pressures the AFM tip presses deep
into the polymer and pushes a ridge of material in the direc-
tion of the scan [inset of Fig. 9(a)]. Eventually, the tip slides
over the ridge and forms a new contact. The depth and spacing
of the ridges increases with the load [Fig. 9(b)], indicating that
the tip penetrates deeper into the sample at high loads. The
depth of the grooves and spacing between the ridges also in-



(b)

nm

(©) 5% elongation
200+
0
am 10% elongation
200-

L

Fig. 9. (a) Charactesistic AFM wear pattern on LDPE. Inset:

1
10pm

hematic of wear mechanism. (b) Load depend,

of the wear pattern. (c) Stretching dependence of the wear pattern.

creases when, for the same load, the polymer is stretched [Fig.
9(c)]. The most dramartic increase in wear is again seen when
the polymer is stretched to its tensile yield strain.

In addition to the wear properties, we have used AFM to
characterize the microscopic morphology and to probe the sur-
face elasticity of LDPE and HDPE as they are stretched. These
surface measurements are interpreted in the context of the bulk
stress versus strain curve for polyethylene. Bulk polyethylene con-
tains amorphous and crystalline phases that are mixed together in
a random distribution of micron sized spherulitic superstructures.
Spherulitic domains are shown in Figure 10. As the polymer is
stretched, these domains elongate in the direction of the stretch.

At elongations less than the yield strain, the spherulitic
structures at the surface elongate under stress and contract im-
mediately and reversibly when that stress is removed. This causes
a reversible roughening effect that can be characterized by the
RMS roughness—essentially the variance in height over a given
area. Figure 11(a) shows a linear dependence of RMS rough-
ness on elongation.

Stretching beyond the yield strain, the spherulites con-
tinue to elongate in the direction of the stress and become nar-
rower perpendicular to the stress. The roughening effect is still
linear for both HDPE and LDPE [Fig. 11(b)], but the effect is
no longer immediately reversible. When the stress is removed,
it takes several minutes for the polymer to relax (contract). As
HDPE and LDPE are stretched into the neck propagation zone,
the spherulite microstructure breaks down and the polymers
are drawn into fibers.

The surface elastic modulus of HDPE as a function of
elongation is shown in Figure 11(c). The surface elastic modu-
lus essentially changes as the bulk mechanical properties
change. The elastic modulus increases at elongations below
the yield strain, suggesting that the deformations at the sur-
face are largely a result of amorphous regions responding elas-
tically to the stress. This is consistent with the elastic modulus
measurements made under low pressure, where a linear in-
crease in elastic modulus with pressure is seen. At the tensile
yield point, the surface elastic modulus decreases—consistent
with the bulk strain softening effect seen on the bulk stress
versus strain curve.”® The strain softening effect is associated
with crystalline deformation of the polymer.

The results of these sets of experiments highlight the im-
portance of understanding the mechanical properties under low
pressure, high pressure, and stretching conditions. In general,
the friction force increases as the load is increased, bur a marked
increase in the friction is seen when the contact pressure exceeds
the stress needed to induce plastic flow (related to the yield
strength of the polymer). The stretching experiments indicate
that when a polymer is used in an application that subjects the
bulk material to complex mechanical stresses (i.c., an artificial
hip), the surface mechanical properties continuously change as
the nature of the stress changes. The changes in surface proper-
ties will have a direct influence on determining the contact area
and contact pressure, which will then determine the predomi-
nant friction and wear mechanisms of the material.
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been widely observed that the rigid and polar HS tends to in-
teract strongly with other HS and does not mix homogeneously
with the less polar SS, creating a microphase separated system.*

Fig. 11. (a) RMS roughness versus clongation at low clongations (LDPE).
(b) RMS roughness versus clongation at intermediate clongations (LDPE and
HDPE). (c) Elastic modulus versus clongation (HDPE).



Conventional IR spectroscopy can be used to characterize
the degree of microphase separation of HS and SS in the poly-
mer bulk by monitoring the carbonyl stretch at 1700 em™ (from
the HS). When the C=0 is hydrogen bonded to the N-H
(also from the HS), there is a characteristic blue shift in the
carbonyl stretching frequency. Increasing the HS concentra-
tion tends to increase the amount of microphase separation
and makes the polymer more elastically rigid.

Indentation experiments using the SFM were carried out on
the surfaces of copolymers containing 42, 57, 69, and 100% HS
in order to determine how bulk microphase separation of the SS
and HS leads to different surface properties. Bulk material prop-
erties and friction coefficients are summarized in Table 3.

Adhesion was measured as the force required to separate the
tip from the sample. Based on the number of polymer units ca-
pable of participating in hydrogen bonding, a factor that increases
adhesion, one would expect that the 69 and 100% HS samples
would have the highest adhesion. However, the strongest pull off
force was measured on the 57% HS sample [Fig. 12(a)]. We be-
lieve that the low adhesion measured on the 69 and 100% HS
samples Is attributed to the associative nature of the hard seg-
ments; the 57% HS sample has a high adhesion because it has the
highest number of nonassociated urethane groups.

The different microstructures of the four samples gives
rise to different types of friction mechanisms [Fig. 12(b)]. For
the 42% HS sample, which exhibits the lowest microphase sepa-
ration, the relaxation process of the polymer causes the tip to
sink into the sample as it slides across the surface at constant
scanning load. This sinking cffect gives rise to a large friction
cocfficient. For the 69% HS sample, the tip rises as it slides
across the surface. We believe this effect is caused by a pile-up
of material at the leading edge of the contact arca. The lowest
friction coefficient was obtained on the intermediate HS sample,
the 57% sample. In this case, the tip does not sink or rise but
remains at a ncarly constant depth as it traverses the surface.

Similar to results for the polyethylene surface, polymer de-
formation is the predominant friction mechanism. Generally,
the friction force can be divided into an adhesive component
and a deformation component.” High adhesive force leads to
high friction force. If the adhesive component was the friction
controlling component then we would expect that the highest
friction forces would be measured on the 57% HS sample (which
exhibits the highest adhesion), and that the 42 and 69% HS
samples would have lower friction coefficients. Our observation
that the 57% HS sample has the lowest friction coefficient sug-
gests that for this sct of polymers, the matcrial deformation of
the polymer surface controls the surface friction.

Surface Segregation

The surface structure and mechanical properties of a polymer
are strongly influenced by crystallinity and microstructure, but

can be also be influenced by the segregation of additives or a
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Fig. 12. (a) Adhesive pull off force versus hard segment concentration.
(b) Schematic representation of the friction mechanism for the 42, 57, and
69% hard segment copolymers.

particular component of the polymer to the surface. We have
shown that low molecular weight additives can migrate to the
surface and alter the surface mechanical properties of polyeth-
ylene.* End group segregation is detectable for polymers with
end group chemistry that is significantly different than the
backbone chemistry.*' Finally, we show that for miscible poly-
mer blends, simple rules can be used to predict which compo-
nent will preferentially cover the surface.''#4

Surface segregation of polymer additives

Low molecular weight additives have been detected at the sur-
face of polyethylene samples by SFG, and have been shown to
have a dramatic influence on the surface mechanical proper-
ties. In general, commercial polyolefins contain small amounts
of stabilizers that can aid in processing and help to prevent
oxidation. Typically, these stabilizers are short chain surfactant
types of molecules.



We have compared the surface properties of a commercial
sample of polyethylene to a pure polyethylene and noticed re-
markable differences. Raman spectra for the commercial and
pure polyethylene are identical, while SFG spectra for the two
polymers are remarkably different (Fig. 13). The SFG spectra
of the pure sample shows a strong CH, symmetric peak at 2850
cm™ and an antisymmetric peak at 2920 cm'. The strong peak
at 2820 cm ™' for the commercial sample indicates that the sur-
face is covered with methoxy groups, a common chemical group
of polymer additives.
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Fig. 13. SFG spectra of commercial LDPE (ssp).
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Fig. 14. (a) Friction versus load curves for LDPE and commercial LDPE.
(b) Elastic modulus versus pressure for LDPE and commerical LDPE.

We have used AFM to determine how the additive affects
the surface mechanical properties. Friction versus load curves
for both samples are shown in Figure 14(a). Curves of elastic
modulus versus contact pressure are shown in Figure 14(b).
The commercial sample exhibits much lower friction at low
loads than the laboratory grade sample. At loads above 1000
n/N (corresponding to a depth of 7-8 nm), however, the fric-
tion properties of the two samples are almost identical. Also,
the elastic modulus of the commercial sample is much lower
than the laboratory grade sample until the load reaches 1000
n/N. The low friction indicates that the additive lubricates the
surface. The low elastic modulus indicates the additives make
the surface elastically weaker than the bulk.

Surface segregation of polymer end groups

In addition to low surface energy additives, a great deal of evi-
dence suggests that the end groups of polymer chains can se-
lectively migrate to the polymer surface.****** The strongest
cases tend to be when the chemical nature of the end group is
very different from the backbone (i.¢., hydrophobic end groups
and hydrophilic backbones). However, end group segregation
has also been detected where the energetic difference between
the backbone and the end group is minimal.

In our laboratory we have studied the surface structures of
PEG with hydrophobic end groups and with hydrophilic end
groups (Fig. 1).* The different surface tensions between PEG
diol (42.9 dyne/cm’®) and PEG methyl ether (37.1 dyne/cm?)
indicate that the hydrophobic end group of the PEG methyl
ether affects the surface structure. This difference in surface
structures is not detectable by conventional IR techniques, but
the different surface structures of PEG, PEG methyl ether, and
PEG dimethyl ether can be detected by SFG, as shown in Fig-
ure 15. The differences are directly attributed to polymer end
group segregation.

The SFG spectrum of PEG diol shows the strong CH, sym-
metric peak of “OCH,— at 2865 cm™ and does not show an O—
H stretch signal in the frequency range from 3000-3800 cm™.
This indicates that the surface is covered by the hydrophobic
components of the polymer backbone. The surface spectrum of
PEG methyl ether has two strong peaks. The small peak at 2865
cm™ is assigned to the backbone and the stronger peak at 2820
cm™' is assigned to the symmetric stretch of the ~-OCH, end
group. This shows that the more hydrophobic methoxy end groups
cover a fraction of the surface and the backbone covers the rest.
Again, no hydrophilic hydroxyl end groups can be detected on
the surface. The very strong peak at 2820 cm™ for the PEG
dimethyl ether film shows that the surface coverage of the hy-
drophobic -OCH, end group is even higher for this sample.

Surface segregation in miscible blends

Polymer blends are widely used as a means of tailoring the bulk
and the surface properties of materials for various industrial
and biomedical purposes. They are of fundamental importance
in studying interfacial phenomena of macromolecular systems
and of technological interest in applications associated with
wetting, adhesion, and tribology. A unique feature of these sys-
tems is that the surface composition and structure, and conse-
quently the surface properties of the material, are often different
from that of the bulk.*” This is due to a surface enrichment of
the component with the lower surface energy so as to mini-
mize the total surface energy of the system.



To better understand the surface chemistry of polymer
blends at a molecular level, we have investigated several two-
Again, no hydrophilic hydroxyl end groups can be detected on
the surface. The very strong peak at 2820 cm™ for the PEG
dimethyl ether film shows that the surface coverage of the hy-
drophobic -OCH; end group is even higher for this sample.
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Fig. 15. SFG spectra of PEG, PEG methyl ether, and PEG dimethyl ether (ssp).
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Surface segregation in miscible blends

Polymer blends are widely used as a means of tailoring the bulk
and the surface properties of materials for various industrial
and biomedical purposes. They are of fundamental importance
in studying interfacial phenomena of macromolecular systems
and of technological interest in applications associated with
wetting, adhesion, and tribology. A unique feature of these sys-
tems is that the surface composition and structure, and conse-
quently the surface properties of the material, are often different
from that of the bulk.”” This is due to a surface enrichment of
the component with the lower surface energy so as to mini-
mize the total surface energy of the system.

To better understand the surface chemistry of polymer
blends at a molecular level, we have investigated several two-
component polymer blends using a combination of surface tech-
niques: SFG, AFM, and contact angle measurements.!!#>%
Correlating the surface chemical composition (by SFG), the
surface structure (by AFM), and the surface free energy (by
contact angle goniometry),*® we can provide a molecular un-
derstanding of the surface chemistry of polymer blends.

The two component polymer blends are the Biospan-S/
phenoxy base polymer blend (BS/PHE), the Biospan-SP/phe-
noxy base polymer blend (BSP/PHE), and the Biospan-F/phe-
noxy base polymer blend (BF/PHE). The molecular structures
of these four polymers are shown in Figure 1.
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Fig. 16. (a) SFG spectra of BS/PHE blends (ssp). (b) AFM topography and friction image of BS/PHE blend

showing intermediate coverage.



Biospan-S is a polyurethane capped with poly(dimethyl-
siloxane) (PDMS) end groups. Biospan-SP is similar to BS but
30% of the PTMO in the BS backbone is replaced by poly-
(ethylene oxide) (PEO). Biospan-F is composed of the same
polyurethane as BS except the polyurethane is capped by flu-
orinated (—(—CF_,—)n-) end groups.

Miscible blends of a phenoxy polymer with a block or seg-
mented copolymer produce extrudable and moldable compounds
that soften at a glass transition temperature determined by the wt
% composition of the blend—generally between room tempera-
ture and body temperature. These polymer blends are ideal can-
didates for various bicpolymer applications, such as intravenous
catheter tubing that will soften after insertion into a vein.

SFG spectra for BS, PHE, and BS/PHE blends are shown
in Figure 16(a). These spectra show that the BS component
segregates at the polymer blend surface and approaches a maxi-
mum BS surface coverage when its bulk concentration is only
1.7 wt %. When the BS concentration is lower than 0.17 wt
%, the polymer surface is dominated by the PHE base poly-
mer. In the intermediate BS concentration region, 0.17-1.7%,
the relative BS surface content increases in a stepwise manner
with the addition of BS. These findings correlate well with
contact angle results, which show that the surface free energy
decreases in the same way as the SFG determined surface ratio

of PHE to BS.#
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AFM images show that when the BS bulk concentration
is in the intermediate surface coverage regime (0.17-1.7 wrt
%), there is a segregation of each component, BS and PHE, to
form a domain structure at the polymer surface. The domains
[Fig. 16(b)] are distinguishable by the friction properties of the
two components—the PHE component exhibits twice the fric-
tion of the BS component at a load of 20 nV. Therefore, AFM
images of the frictional force allow one to differentiate between
the two components on the surface. Below 0.17 wt % of BS,
the friction and morphology of the polymer blend surface is
very similar to that of pure PHE; while above 1.7 wt %, the
morphology of the blend surface resembles that of pure BS.

This set of results clearly shows that surface enrichment of
the low surface-energy component lowers the total surface en-
ergy of the polymer blend. The stepwise variation of the sur-
face chemistry found in this polymer blend shows a viable way
to precisely control the polymer surface properties through the
bulk composition of the blend.

Figure 17(a) and (b) show spectra for the BSP/PHE and
BE/PHE blends. For the BSP/PHE blend, spectra show that
the surface is fully covered by PHE when the BSP concentra-
tion is below 0.25 wt %, and the surface is covered completely
by BSP at bulk concentrations of 3.5 wt % and higher.

The differences between BS/PHE and BSP/PHE demon-
strate that BSP is not as surface-active as BS. This can be ex-
plained by the higher surface tension of BSP (26 dyne/cm?)
compared to BS (22 dyne/cm?). The higher surface tension comes
from the replacement of 30% PTMO in BS with PEO, a more
hydrophilic polymer. This makes BSP less surface-active than BS.
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Fig. 17. (a) SFG spectra of BS/PHE blends (ssp). (b)5FG spectra of BE/PHE blends (ssp).



(a)

® 5

g
1

Surface Tension (Dyne/cm)

_D
%1 BS/PHE
o 0
20. -
BF/PHE
15 T T T T T T
0 2 4 6 8 10 12
Bulk Concentration for Biospans (wt%)

(b)

wt.% at Which Surface Saturation Occurs
e

0 T T T i T - I
18 20 22 24 26 28 30

Surface Energy Differences between PHE Base Polymer and
Surface - Active Polymers BSP, BS, BF (dyne/cn)

Fig. 18. (a) Surface rension as a function of blend composition. (b) Correlaton berween minimum bulk concentra-

tion and surface energy difference.

This set of results clearly shows that surface enrichment of
the low surface-energy component lowers the total surface en-
ergy of the polymer blend. The stepwise variation of the sur-
face chemistry found in this polymer blend shows a viable way
to precisely control the polymer surface properties through the
bulk composition of the blend.

Figure 17(a) and (b) show spectra for the BSP/PHE and
BF/PHE blends. For the BSP/PHE blend, spectra show that
the surface is fully covered by PHE when the BSP concentra-
tion is below 0.25 wt %, and the surface is covered completely
by BSP at bulk concentrations of 3.5 wt % and higher.

The differences between BS/PHE and BSP/PHE demon-
strate that BSP is not as surface-active as BS. This can be ex-
plained by the higher surface tension of BSP (26 dyne/cm?)
compared to BS (22 dyne/cm?). The higher surface tension comes
from the replacement of 30% PTMO in BS with PEO, a more
hydrophilic polymer. This makes BSP less surface-active than BS.

The BF surface has the lowest surface tension (16 dyn/
cm’) and is the most surface-active. This is seen in a compari-
son between polymer blends BF/PHE and BS/PHE. The BF
component begins to appear on the BF/PHE blend surface
when its bulk concentration is only 0.031 wt %, and 1t fully
covers the surface when the concentration is 1 wt %.

The surface tensions of the three polymer blends as a func-
tion of blend concentration are presented in Figure 18(a). The
curves show that the lower the surface energy of the surface-
active polymer (surface tension: BF < BS < BSP), the casier it is
for it to saturate the polymer blend surface [minimum bulk
concentration for surface saturation: BF (1 wt %) < BS (1.7 wt

%) < BSP (3.5 wt %)].

Figure 18(b) describes the correlation between these mini-
mum bulk concentrations and the surface free energy differ-
ences of the PHE base polymer and the three surface-active
polymer components, BE, BS, and BSP: Surface activity increases
as the difference in surface tension between the base polymer
(solvent) and the surface-active additive polymer (surfactant)
increases. This relationship may be used to predict the wt % of
other surface-active polymers that would be required to mix

into PHE and fully cover the surface of the polymer blend.

Surface restructuring of polymer blend surfaces in water

Because BS, BSE and BF contain both hydrophobic [PDMS
or (—(~CF,-)n-)] and hydrophilic (ether and urethane seg-
ments) components, their surface structures may be expected to
differ in water and in air. SFG spectra of the polymer blends
after exposure to water show that the surfaces of the blends are
environmentally sensitive. The degree of restructuring, however,
depends on the relative surface energies of the two components.
When a 3.5 wt % BSP/PHE blend polymer is in contact
with water for 1 week, the surface is still dominated by BSP
(Fig. 19). However, the surface concentration of the BSP end
groups (PDMS) does decrease—the surface is now covered more
by the hydrophilic polyurethane backbone of the BSP: The ef-
fect is similar to that seen for the BS/PHE blend exposed to
water.* In this case, the interaction of water with the polymers
is unable to overcome the diffusion barrier for the more hydro-
philic PHE to emerge to the surface. The interaction is strong
enough, however, for the BSP to rearrange at the surface.
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Fig. 19. SFG spectra of BSP/PHE with 3.5 wt % BSP bulk concentration in
air and in contact with water (ssp).

When a 1 wt % BE/PHE is placed in contact with water for
5 days, the characteristic pca_k of PHE at ~2875 cm™' becomes
visible [Fig. 20(a)], indicating that for this blend the PHE com-
ponent emerges to the surface. After drying this BF/PHE blend,
the PHE returns the bulk and the BF covers the surface again.
The different responses of the 1 wt % BF/PHE and the 3.5 wt %
BSP/PHE polymer blends to the environmental change from
air to water are because BF is more hydrophobic than BSP, and

the wt % of BF in the blend (1%) is lower than BSP (3.5%).
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Figure 20(b) shows that for the 5 wt % BF/PHE blend,
the surface is dominated by BF in both air and water. This is
probably because the BF layers on the 5 wt % BF/PHE surface
are thicker than those on the 1 wt % BEF/PHE surface, inhibit-
ing migration of PHE to the surface.

Conclusion

Polymers remain free of contamination by adsorbed gases, as
compared to the much more chemically sensitive metals and
oxides. In many cases this makes it possible to carry out mo-
lecular scale investigations of their surface properties without
the need of vacuum. SFG surface vibrational spectroscopy and
AFM have been used in our laboratory to study the surface
structure and mechanical properties (friction, wear, clastic
modulus, and hardness) of polymer surfaces.

Polycthylenc and polypropylenes were the focus of some
of these studies. Contact pressure and contact area were shown
to be important parameters in determining the friction prop-
erties of the polymers. Stretching of polymers was shown to
lead to surface roughening and alteration of surface mechani-
cal properties. Polyurethane copolymers and polymer chains
with variable hydrophilic or hydrophobic end groups were
the focus of other studies. Polyurethane copolymers show com-
plex changes in their surface mechanical properties because
of the importance of hydrogen bonding between hard and
soft segments. Hydrophobic parts of the polymer chain seg-
regate to the surface in air, while hydrophilic parts surface-
segregate in water. Polymers are the steel of the 21st century.
The human body is built of biopolymers and manmade poly-
mers are used increasingly as bioimplants. For these reasons,
a continued rapid growth of polymer surface science is ex-

pected for the future.
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Fig. 20. (a) SFG of BF/PHE with 5% BF bulk concentration in air and in contact with water for 5 days (ssp).
(b) SEG of BF/PHE with 1% BF bulk concentration in air and in contact with water for 5 days (ssp).
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