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Introduction
While molecular surface studies of metal, semiconductor,
and oxide surfaces have been the focus of investigations
of modern surface science,1 polymer surfaces have been
studied to a much lesser extent. There are many uses of
polymer surfaces, such as coatings, adhesives, and lubri-
cants, that would make such studies very desirable.
Polymers are also used as implants in the human body
(contact lens, joint replacement).2 Their surface properties
determine their biocompatibility, i.e., whether they are

accepted or rejected by the other tissues. Exploration of
the polymer-protein solution interface on the molecular
level could greatly advance our knowledge in the field of
biopolymer surface chemistry.3

In this Account, we describe our studies of (a) poly-
olefin (polyethylene, polypropylene) surfaces and (b) poly-
mer blend surfaces (Biospan-S/SP/F blended with phe-
noxy). The latter are considered for use as implants. We
used sum frequency generation (SFG) surface vibrational
spectroscopy4 to monitor the structure at the polymer
surface as a function of temperature and blend com-
position and as the interface is altered from air to water.
We also utilized scanning force microscopy5 (SFM) to
monitor the friction and elastic modulus of the same
polymer surfaces. In this way, we could correlate surface
structure with the surface mechanical properties of the
polymers.

Polymers
Figure 1 shows the molecular structure of all the polymers
to be discussed in this paper.

Polyethylene and polypropylene were obtained from
Aldrich Inc. Commercial films of low-density polyethylene
and the phenoxy homopolymer were obtained from
Union Carbide. All other polymers were synthesized by
Polymer Technology Group, Inc. (Berkeley, CA).

For quantitative SFM measurements of mechanical
properties of polyethylene and polypropylene, samples
were prepared by melt-casting the polymer pellets on
quartz plates and peeling off, and then using the smooth
surface in contact with the glass to perform measure-
ments. In all other cases, polymer film samples were
prepared by either solvent casting or spin coating and then
annealed for several hours to remove the solvent.

IR + Visible SFG Surface Vibrational
Spectroscopy
SFG is a second-order nonlinear optical process which can
be used to generate a vibrational spectrum of molecules
at an interface. The high surface specificity arises from
the fact that even-ordered nonlinear processes vanish in
centrosymmetric media under the electric-dipole ap-
proximation. Hence, the SF signal comes mainly from an
interface where centrosymmetry is necessarily broken.

The experimental setup used for our SFG measurement
has been described in detail elsewhere.6 Briefly, it was
performed by overlapping a visible and a tunable IR
(2500-4000 cm-1) beam on a polymer surface. The
surface vibrational spectra were obtained by tuning the
IR beam and measuring the SF signal as a function of the
IR frequency. Resonant enhancement occurs when the IR
frequency scans over surface modes. To determine the
orientation of the molecules relative to the surface,7,8

polarization combinations of ssp (for s-polarized SF
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output, s-polarized visible input, and p-polarized infrared
input) and sps were used. Average orientation angles
measured are reported with respect to the surface normal.

SFM
SFM involves a sensitive probe interacting with a surface,
capable of measuring or applying forces in the range of
nanonewtons to micronewtons.

Instruments. We have used three different force mi-
croscopes to perform the measurements on the polymer
samples, and these are described below.

(a) Quantitative Measurements. To do quantitative
measurements of elastic modulus, friction, and hardness
on samples of polyethylene and polypropylene, a home-
built fiber-optic interferometer type SFM9 with a tungsten
tip was used. This is because the detection scheme used
involves interferometry to measure normal (load) and
lateral (friction) forces independently and is very accurate
and easy to calibrate.

(b) Temperature-Dependent Measurements. To fa-
cilitate temperature-dependent measurements, it was
necessary to build a walker style SFM10 which could be
evacuated to 10-5 Torr, so that we could cool the sample
without the temperature of the rest of the instrument
being affected. Commercial Si tips (coated with a thin film
of tungsten carbide) from NT-MDT were used.

(c) Large-Size Images. To take large-size images (of the
order of 200 µm2) of the polymer blends, we used a
commercial Park Scientific M5 SFM.

Measurements with Sharp and Blunt Tips. Our SFM
measurements involved mainly two kinds of experiments.

One experiment involved imaging the local structure
of the polymer surface and was done with sharp tips (radii
of curvature ∼20 nm). The information from such an
experiment complemented the SFG measurements.

In the other experiments, mechanical measurements
of friction force and elastic modulus were carried out at
low pressures using blunt tips (radii of curvature ∼1000
nm).11 The measurements done (applying loads of 1-1500
nN) with blunt tips have higher surface sensitivity (0.1-
10 nm) and probe larger contact areas (10-4-10-2 µm2)
as compared to those done with sharp tips and thus better
facilitate comparison with SFG results, which involve
averaging over spatial regions of the order of the area of
the optical beam (∼104 µm2).

Methods Used To Measure Friction, Elastic Modulus,
and Hardness.11 (a) Friction. The frictional force was
measured by monitoring the lateral deflection of the
cantilever while scanning the cantilever over the same
region of the surface, from left to right and then in the
opposite direction, i.e., from right to left. The difference
between these two scans represents twice the frictional
force.

(b) Modulus (Stiffness). The modulus was measured
by oscillating the cantilever, with an amplitude of ∼1 nm.
When the cantilever comes in contact with the sample,
the oscillation amplitude is damped. The greater the
damping of the oscillation of the cantilever (smaller

FIGURE 1. Molecular structures of all the polymers reported in this paper.
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amplitude in contact with the surface), the higher is the
elastic modulus of the sample, and vice versa.

Another method used to determine the modulus on
polypropylene as a function of temperature was to mea-
sure interaction force curves between the tip and the
surface. In this case, the tip is pushed into elastic contact
with the surface. The distance moved by the tip into the
sample reflects the modulus of the sample.12

(c) Hardness. Hardness was measured by plastic
deformation of the polymer surface. This is done by
pushing the tip into the surface with large loads so that a
permanent indent is formed on the surface. This indent
is then imaged later with the same tip. The hardness is
defined as the indentation load divided by the area of the
indent.

Measurements on Polyethylene and
Polypropylene Surfaces
Surface Structure and Mechanical Properties of Poly-
ethylene and Polypropylene in Air. Polyethylene and
polypropylene represent chemically simple polymer sys-
tems since they are composed of only carbon and
hydrogen. Both polymers have a similar surface energy
(∼30 dyn/cm13) and a glass transition temperature below
room temperature (∼163 K for polyethylene and ∼263 K
for polypropylene14). Our measurements at room tem-
perature represent measurements on semicrystalline poly-
mers with the amorphous component in the rubbery state.

The polymers studied, in increasing order of percentage
crystallinity, were atactic polypropylene (APP) (∼2%), low-
density polyethylene (LDPE) (20-35%), isotactic polypro-
pylene (IPP) (∼63%), high-density polyethylene (∼65%),
and ultrahigh molecular weight polyethylene (UHMWPE)
(70-75%). APP has a lower crystallinity compared to IPP
because of a random arrangement of methyl groups on
either side of the polymer backbone. The crystallinity of
polyethylene is increased by reducing branches on the
polymer backbone and by increasing molecular weight.

IR and Raman spectra of LDPE and UHMWPE are
identical to published results for polyethylene,15-17 but
their SFG spectra are markedly different, indicating that
they have very different surface structures (Figure 2). For
LDPE (Figure 2a), the band at 2851 cm-1 can be attributed
to the CH2 symmetric stretch and the band at 2926 cm-1

to the CH2 asymmetric stretch. However, for UHMWPE
(Figure 2b), the symmetric and antisymmetric CH2 stretch-
ing peaks shift to higher frequencies, which indicates that
there are more gauche conformers in the polymer sur-
face.18,19 The latter is indicative of the crystalline phase
of polyethylene, which is composed of thin lamellae, about
10 nm thick, extending up to 10 mm. At the lamellae
surface, the molecular chains (which may be as long as
1-10 mm) must fold back on themselves repeatedly. The
folding surface then contains a high density of gauche
conformers. The average orientation of the methylene
group is found to be ∼42°. In the case of LDPE, peaks at
2851 and 2926 cm-1 indicate that mostly trans conformers
exist at the polymer surface, with an average orientation

of 55° for the CH2 groups. The random packing of the
polymer chains and the disorder of the polymer surface
are evidenced by the larger bandwidths of the peaks in
the SFG spectrum.

Although the IR and Raman spectra of IPP and APP
are very similar, their SFG spectra (Figure 3) are quite
different. From the SFG spectra of APP (Figure 3b), the
average orientation of the methyl groups at the APP
surface was found to be ∼30°, while that of the methylene
groups is ∼59°. This suggests that the hydrocarbon
backbone (methylene groups) tends to lie parallel to the
surface (to optimize its interaction with the underlying
chains), while the methyl groups project out toward the

FIGURE 2. SFG spectra of (a) LDPE and (b) UHMWPE.

FIGURE 3. SFG spectra of (a) IPP and (b) APP.
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surface normal (in order to lower the interfacial energy).
Unlike APP, for IPP (Figure 3a), although the methylene
group orientation stays the same, ∼58°, the average
orientation of the methyl groups was found to be ∼55°.
These results are indicative of the well-documented20

helical crystalline structure for bulk IPP. Our orientation
results can be understood by placing the helical polymer
chain more or less lying flat on the surface.

SFM measurements were done on the same polymer
surfaces with blunt tips. The modulus and hardness (Table
1) of the less crystalline LDPE and APP are lower than
those of the more crystalline HDPE and IPP surfaces. This
is consistent with the SFG results that showed enhanced
surface ordering for more crystalline IPP and UHMWPE.
This implies that increased crystallinity of the bulk
polymer results in increased packing or ordering at the
surface, which is responsible for a higher modulus and
hardness.

Surface Segregation of Bulk Additives and Their Effect
on the Surface Structure and Surface Mechanical Prop-
erties. We have studied and compared the surfaces of pure
LDPE and Commercial LDPE (CLDPE) by SFG and SFM.21

The difference in these two polymers is the presence of
additives in the commercial sample that aid processing
and increase stability of the polymers to oxidation.

Whereas the Raman spectra of the two polymers are
identical, the SFG spectrum for CLDPE is totally different
from that of LDPE (Figure 4). The spectrum exhibits peaks
that can be assigned to methoxy-like species,22,23 which
are known to be present in additives. The results indicate
that, although the bulk polymers are identical, the surfaces
are different, with the additives preferentially segregated
to the polymer surface. To see how the surface composi-
tion affects the mechanical properties, we have measured
the friction and stiffness of the two polymer surfaces as a
function of load with SFM using blunt tips (Figure 5). The
friction and stiffness measured on the two samples are
very different at low loads or small penetration depths.
The lower friction of the commercial sample implies that
additives segregated to the surface help to lubricate the
polymer surface. The lower elastic modulus, on the other
hand, means that the additive layer is elastically weaker
than the pure LDPE surface layer. We have measured the
SFM tip radius and used Hertzian contact mechanics24

to estimate the penetration depth at which the additives
no longer influence the mechanical properties and found
it to be 7-8 nm. This is consistent with the fact that the
additive layers are seen with SFG and not with Raman
spectroscopy. The result also gives an upper limit in the
estimate of the surface sensitivity of SFG on polymers.

Changes of the Surface Structure at the Glass Transi-
tion of Polypropylene Surfaces. The glass transition in

bulk polymers has been extensively studied.25 The amor-
phous component of the polymer undergoes a transition
from a rubbery state above the transition temperature to
a glassy state below it.

SFG was used to probe the glass transition of the
surface of APP and IPP by taking spectra as a function of
temperature while cooling the polymer in a vacuum of
10-5 Torr. Figure 6 shows the SFG spectra of APP and IPP
above and below the glass transition. An increase in the
ratio of the symmetric stretch of the CH2 group to that of
the CH3 group in both APP and IPP was observed on
cooling through the glass transition. The observed spectral
change across Tg indicates that the CH2 groups (backbone)
become ordered and more polar-oriented at the surface
below Tg. Above Tg, the chains are more disordered and

Table 1. Average Values of the Extrapolated Elastic
Modulus E0 (at Zero Contact Pressure) and Hardness

Values ((25%) Measured on the Polymers

polymer E0 (GPa) hardness (MPa)

LDPE 0.47 22
HDPE 1.6 60
IPP 1.09 125
APP 0.15 1.4

FIGURE 4. SFG spectra of CLDPE.

FIGURE 5. Depth profile of (a) friction and (b) stiffness of LDPE
and CLDPE.
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the CH2 groups more randomly oriented, leading to a
reduced CH2 peak intensity. At all temperatures, the CH3

groups, being more hydrophobic, orient preferentially
away from the surface.

The ratios of the strengths of the individual modes are
plotted in Figure 7a to qualitatively describe how the
surface structure changes with temperature. The data
show that the ratio has a sharp increase in the tempera-
ture range between 0 and -20 °C, more prominent for
APP than for IPP. Since the bulk glass transition of
polypropylene is known to occur in this temperature
region, the observed spectral change can be directly
correlated to this transition.

Interaction force curves were measured, with blunt tips,
on the same surfaces as a function of temperature under
a vacuum pressure of 10-5 Torr. We monitored the slope
of the approach curve and used it as a measure of
modulus changes with temperature. For the same tip
radius, the higher the slope of the curve, the greater is
the elastic modulus.12 From several temperature runs, the
representative changes (∼50 measurements at each tem-
perature) observed for IPP and APP are plotted in Figure
7b. For both IPP and APP, there is an increase in the
surface elastic modulus at lower temperatures. For APP,
a more rapid change of the modulus occurs between 0
and -20 °C. For IPP, the change is much smaller and
occurs around 0 °C.

From bulk studies, it is known that the modulus of the
polymer increases by several orders of magnitude in
transition to the glass phase. This is because the elastically
weak, amorphous polymer above the glass transition
transforms into an elastically strong, rigid glass below the
glass transition. Thus, it is reasonable to conclude that
the changes observed on the surface in this temperature
region are also associated with the glass transition.

The temperature dependencies of SFG and SFM results
on APP and IPP (Figure 7) show that the enhanced
ordering of the backbone (polymer chains) correlates
qualitatively with the increased surface modulus.26 Both
are induced by the transition to the glass phase. Since the
glass transition involves only the amorphous component
of the polymer, we observe a more prominent change in
both SFG and SFM measurements for APP (>95% amor-
phous) as compared to those for IPP (<40% amor-
phous).

Surface Structure and Composition of Miscible
Polymer Blends
Polymer blends provide a way of enhancing the properties
of a pure polymer by mixing it with one or more other
polymers.27 The polymer blends in our study consist of
two components which are miscible in the bulk. In each
case, one component is a phenoxy base polymer (PHE),
while the other component is a surface-active polymer
containing polyurethane with polytetramethyleneoxide
(PTMO) (or partially replacing PTMO with polyethylene
oxide (PEO)) soft segments (Biospan) and a surface-
modifying end (SME) group composed of either poly-
(dimethylsiloxane) (PDMS) or fluoroalkyl (-(-CF2-)n-).
The phenoxy polymer in the mixture helps to increase the
glass transition of the pure polyurethane component. It
can be used to make blends with a Tg between room and
body temperatures. Such a glass transition temperature
is critical since it means that the blend polymer (which is
used as artificial intravenous catheter tubings) will soften
after insertion into the vein and return to a round cross
section if kinked during insertion. The SME groups are
added to the polyurethane component to modify the
surface properties of the blend, critical for biocompatibility
of the blend. To study the effectiveness of the surface-
active polymer in modifying the surface properties, three

FIGURE 6. SFG spectra of (a) APP and (b) IPP below and above
the glass transition temperature.

FIGURE 7. (a) SFG peak intensity ratio and (b) the initial slope of
the interaction force curve (representing the modulus) as a function
of decreasing temperature.
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polymer blends, Biospan-S (BS)/PHE, Biospan-SP (BSP)/
PHE, and Biospan-F (BF)/PHE, were studied.28,29 BS is a
polyurethane with PDMS as end groups. BF has the same
polyurethane as BS but is capped by fluoroalkyl end
groups. BSP is different from BS in that 30% PTMO in the
BS backbone is replaced by PEO. The surface tension of
pure PHE, BS, BF, and BSP is 45, 22, 16, and 26 dyn/cm,
respectively. The different surface behaviors of the poly-
mers are driven by their different compositions and
surface tensions, as will be shown later.

SFG Measurements of Pure Components. The SFG
spectrum of pure PHE (Figure 8a) consists of three
peaks: the CH3 symmetric stretch at 2875 cm-1, the CH2

antisymmetric stretch at 2915 cm-1, and the combined
CH3 antisymmetric stretch and Fermi resonance of CH2

at 2950 cm-1. The CH3 symmetric stretch at 2875 cm-1

can be taken as the characteristic band for PHE.
For pure BS, the SFG spectrum (Figure 8b) has three

prominent peaks: the CH3 symmetric stretch of PDMS at
∼2915 cm-1, the CH3 antisymmetric stretch and the CH2

Fermi resonance of PDMS at ∼2950 cm-1, and the CH2

symmetric stretch of Biospan at ∼2850 cm-1. This implies
a high concentration of PDMS at the surface of the
polymer due to its lower surface energy relative to the
Biospan backbone of the polymer.

For pure BF (Figure 8c), the characteristic C-F stretch-
ing frequency of the SME is out of the range of the current
SFG system. The vibrational peak at 2850 cm-1 (symmetric
CH2) from the polyurethane part of the polymer can be
used as the signature of BF.

The spectrum of BSP (Figure 8d) is very similar to that
of BS.

SFG and Contact Angle Measurements of Polymer
Blends in Air. (a) BS/PHE. The SFG spectra of the blend
surfaces of BS with PHE depend on the bulk concentration
of PHE (Figure 9). They show that, as the concentration
of BS in the blend increases, BS segregates more to the
surface. For a blend with 0.17 wt % BS bulk concentration,
the SFG spectrum is very similar to that of pure PHE. The
weak 2915-cm-1 peak indicates that the surface is not
appreciably covered by the PDMS end groups of BS. With
increasing BS bulk concentration, the key spectral changes
are the weakening of the prominent methyl resonance of
PHE at 2875 cm-1 and the strengthening of the prominent
2915-cm-1 peak of BS. This signifies an enrichment of the
BS component at the BS/PHE polymer blend surface.
Similarity of the spectra for 1.7 wt % BS/PHE and pure
BS indicates that the blend surface is totally covered by
BS when its bulk concentration is only 1.7 wt %. Variation
of surface tension of the polymer blends correlates well
with the relative BS/PHE surface compositions measured
by SFG (Figure 10). These results support the claim that
the low-surface-energy component (BS) appears to enrich
the polymer blend surface as expected.

(b) BF/PHE. Figure 11 shows that the peak at ∼2850
cm-1 increases as the bulk BF concentration in the BF/
PHE blend increases, while the ∼2875-cm-1 PHE peak
decreases. This is indicative of surface enrichment of BF.
BF can be detected on the surface with a bulk concentra-
tion as low as 0.125 wt %. At 1 wt %, BF completely covers
the polymer blend surface. Contact angle measurements

FIGURE 8. SFG spectra of (a) pure PHE, (b) pure BS, (c) pure BF,
and (d) pure BSP.

FIGURE 9. SFG spectra of the BS/PHE blend as a function of bulk
BS concentration.
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provide further evidence that BF segregates to the surface
and correlate very well with the SFG measurements.

(c) BSP/PHE. Figure 12 shows the SFG spectra of BSP/
PHE blends as a function of BSP bulk concentration in
wt %. As the concentration of BSP increases in the BSP/
PHE blends, the spectra show segregation of BSP to the
polymer surface in a fashion very similar to that observed
in the other blends. The blend surface is covered by BSP
when its bulk concentration reaches 3.5 wt %. The contact
angle measurements are consistent with the SFG results.

(d) Comparison. The surface tensions of all three
polymer blends are present in Figure 13a. The curves show
that the lower the surface energy of the surface-active
polymer (surface tension: BF < BS < BSP), the easier it
is for it to cover the polymer blend surface (minimum bulk
concentration for surface saturation: BF (1 wt %) < BS
(1.7 wt %) < BSP (3.5 wt %)). Figure 13b describes a
roughly linear correlation between these minimum bulk
concentrations and the surface free energy differences
between the PHE base polymer and the three surface-
active polymer components, BF, BS, and BSP. This relation
may be used to predict the wt % of other surface-active
polymers that may be added to PHE to fully cover the
surface of the polymer blend.

SFG Measurements of Polymer Blend Surfaces in
Contact with Water. It is very important to study biopoly-
mer surfaces in the hydrated state because the biopoly-
mers are used as implants in the body, in contact with

living tissues or blood. We have studied the surface
changes of three polymer blends after they were immersed
in water. The three polymer blends are BSP/PHE with 3.5
wt % BSP bulk concentration and BF/PHE with 1 and 5
wt % bulk BF concentration.

When a 3.5 wt % BSP/PHE blend polymer is in contact
with water for 1 week, the SFG spectra acquired im-
mediately after the sample is taken out of water (Figure
14) show that the surface is still dominated by BSP.
However, the surface concentration of the BSP end groups
(PDMS) decreases, so that the surface is now covered
more by the polyurethane part of the BSP. The changes
are similar to that seen in pure BS after it has been in
contact with water.30 Even though PHE is more hydro-
philic than BSP, our results indicate that the interaction
of water with the polymer is unable to overcome the
diffusion barrier for PHE to emerge. The interaction is,
however, strong enough to drive rearrangement of the
backbone and end groups in BSP (and BS), such that
the more hydrophobic PDMS tends to submerge and
the more hydrophilic polyurethane backbone tends to
emerge.

PHE was not detected on the 1 wt % BF/PHE surface
in air. However, after PHE was in contact with water for
5 days, the characteristic peak at ∼2875 cm-1 showed up
(Figure 15a). This indicates that the PHE component has

FIGURE 10. SFG peak intensity and surface tension as a function
of BS bulk concentration.

FIGURE 11. SFG spectra of the BF/PHE blends at different BF bulk
concentrations.
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emerged to the surface due to the more hydrophilic nature
of PHE than BF. After this BF/PHE polymer blend was
dried in the air, the PHE component resubmerged,
although only partially, as the ∼2875-cm-1 peak can still
be detected by SFG. Figure 15b shows that, for 5 wt %
BF/PHE blend, the surface is always completely domi-
nated by BF, whether it is in air or in water. The PHE
component is barely visible in the SFG spectra, even after
the surface is immersed in water for 1 week.

SFM Measurements of Polymer Blends. In SFM mea-
surements of polymer blends, we used sharp tips to probe
the local structure of the polymer surface. For BS con-
centrations lower than 0.17 wt % (Figure 16c), the surface
appears featureless and resembles that of pure PHE
(Figure 16a). This correlates well with the SFG result,
which indicated that the blend surface consists mainly of
PHE in this concentration regime. Figure 16d is an image
obtained at concentrations higher than 1.7 wt %. The
picture shows many holes similar to that observed on the
surface of pure BS (Figure 16b), suggesting that the surface
is covered by BS, as was observed by SFG.

For BS bulk concentrations in the range of 0.17-1.7
wt %, when the SFG and contact angle data show a
transition from a PHE-covered surface to a BS-covered
surface, topographic SFM images (Figure 17a) exhibit a
domain structure, very similar to the patterns observed

in other phase-segregated macromolecular systems.31 The
average height of the ridges is around 4 nm, which is the
height of stacking of a few molecules. It is interesting to
know the composition of the ridges and the base in this

FIGURE 12. SFG spectra of BSP/PHE blends at different BSP bulk
concentrations.

FIGURE 13. (a) Comparison of surface tensions of three polymer
blends: BS/PHE, BSP/PHE, and BF/PHE. (b) Linear correlation
between the wt % at which saturation of the surface-active
component occurs and the surface free energy differences of the
PHE base polymer and the surface-active polymers BF, BS, and
BSP.
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image. This we achieved by measuring the surface friction
of the pure components and the blend surface indepen-
dently with the SFM using the same sharp tip. The friction
of the pure PHE surface was found to be higher than that
of BS. This can be explained by the higher surface energy
of PHE as compared to that of BS, which results in a larger
contact area between the SFM tip and the surface and
hence increases the friction. The friction image of the
blend is shown in Figure 17c. It was found that the ridges
have a higher friction than the base, which indicates a
PHE-rich region.

Complementarity of SFG and SFM Measurements.
The adsorption of the lower surface energy component
at the polymer blend surface (Figure 10) is very similar to
what has been universally observed for binary liquid mix-
tures of small organic molecules. However, we observe
that the changes of the surface tension (γ) as a function
of the concentration of the component of lower surface
energy (C) are different for polymer blends and liquid
mixtures. The usual analysis of such a function of a binary
liquid mixture uses the Gibbs equation.32 In a typical
γ-log C plot for a liquid mixture, the slope of the curve
remains essentially unchanged in a given region where
the surface tension keeps changing, indicating that the
surface concentration of the surface-active component
reaches a constant maximum value at the liquid surface.
In our study shown in Figure 10, both the surface
composition and the surface tension change simulta-
neously with the BS bulk concentration in the region

FIGURE 14. SFG spectra of BSP/PHE with 3.5 wt % BSP bulk
concentration in air and after in contact with water.

FIGURE 15. (a) SFG spectra of BF/PHE with 1 wt % BF bulk
concentration in air, after being in contact with water, and later,
dried in air again. (b) SFG spectra of BF/PHE with 5 wt % BF bulk
concentration in air, after being in contact with water, and later,
dried in air again.
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below 1.7 wt %. Then, both reach a constant value when
the BS bulk concentration is 1.7 wt %. The different
behaviors between the polymer blend and the liquid
mixture are probably due to segregation of polymer
components on the surface, as revealed by SFM, which
does not occur in liquid mixtures. This is an example
which shows that SFM can be used to complement SFG
measurements to yield a more complete picture of the
polymer surface structure for different bulk compositions
of the polymer blend.

Conclusion
SFG and SFM are monolayer-sensitive techniques that
permit determination of structure and composition as well

as mechanical properties of friction and elastic modulus
of the same polymer surface. Correlation of surface
structure with surface mechanical properties permits the
understanding of how molecular orientation and arrange-
ment at the surface control the friction and elastic
modulus of the surface. This combination of SFG and SFM
techniques has been utilized to study polyethylene and
polypropylenes of different molecular weights (LDPE,
HDPE, and UHMWPE) and structures (APP and IPP).
The surface structures of these polymers were determined
along with the variation of surface structure above and
below the glass transition temperature. The monolayer
surface sensitivities of both SFG and SFM techniques
were demonstrated when surface segregation of bulk
additives used to control surface properties was actually
detected.

Polymer blends that are being developed for body
implant application greatly benefit from the combined use
of SFG and SFM. The variation of surface structure and
composition with changes of bulk composition of the
blends could be monitored in air and in water. Segregation
of the polymer with the hydrophobic end groups to the
surface was detected in air, while segregation of the more
hydrophilic polymer constituent to the surface was de-
tected at the polymer-water interface. Deviation from the
ideal case of surface/bulk segregation predicted by the
Gibbs equation for liquid mixtures was observed as the
bulk composition of the blend was altered.
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