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ABSTRACT: Surface chemical composition in miscible polymer blend films was measured by UV reflection
spectroscopy, using polystyrene (PS) as chromophores in blends with poly(vinyl methyl ether) (PVME).
Kramers—Kronig transformation from UV reflection spectra was performed to obtain the optical constant
(k) spectra, from which the surface composition of PS in blend films was estimated. The results show
surface excess of PVME in a range of bulk blend compositions when M,, of PS and PVME was 240 000
and 99 000, respectively. This surface composition probes the surface depth of several hundreds of
angstroms, which is deeper than the probed depth of ESCA but shallower than that of IR-ATR. In miscible
PS/PVME blends, the experimentally obtained surface composition facing air compares well with the
prediction from the simplified mean-field theory of Jones and Kramer but shows less PVME enrichment
than the results by ESCA. For the in-situ technique, UV reflection via bifurcated fiber-optic accessory
was found to provide similar results as the reflection accessory. Also, the polymer—quartz interface and
heat treatment effects were investigated. The polymer—quartz interface showed less enrichment of PVME
than the air-facing surface, while the blend surface facing air was more enriched in PVME after thermal

treatment.

Introduction

Surface chemical composition in polymer blends is
known to be affected by various factors such as the blend
composition,! film thickness,?2 molecular weight,>° and
the substrate® on which the film is cast. Various
techniques such as ESCA*7 IR-ATR,%89 surface-
enhanced Raman,® SIMS,47:10 and neutron reflection!!
have been used for the measurement of surface chemical
composition, while atomic force microscopy (AFM)2=47
and fluorescence confocal microscopy!? have been used
for surface morphology characterization.

Depending on the factors described above, the results
indicated that the surface chemical composition in
polymer blends is often different from that of the bulk.
The general trend is such that the lower surface energy
component tends to migrate toward the air-facing
surface.

Various experimental techniques probe different sur-
face depths. Some techniques such as ESCA and SIMS
probe in the tens of angstroms range of the surface,
while IR-ATR probes usually in the micron range. It
would be very useful to have an experimental technique
to probe in the hundreds of angstroms range of the
surface. For example, many nanomaterials have thick-
ness in this range. In principle, UV external reflection
based on intrinsic chromophores in solid films can probe
in this intermediate range depending on the chro-
mophores concentration, ¢ (mol/L), and its extinction
coefficient.13.14

According to Kaito et al.,**! the probed depth (dp)
by UV reflection is expressed in eq 1,

-3
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In eq 1, M is the molecular weight of the repeating
chromophore unit, p is the density (g/cm?), € is the
molar extinction coefficient, and k is the absorption
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index. When using intrinsic UV reflection from aromatic
chromophores, the extinction coefficient, ¢ is on the
order of 10* L/(mol cm). Therefore, d;, is on the order of
100—1000 A. In this work, the depth of penetration for
PS is estimated to be ~200 A, which is close to the
experimental value of 250—450 A at about 197 nm as
will be described in a later section. In addition to this
depth range, which is not readily available by other
techniques, the UV reflection technique can be imple-
mented as a nondestructive, in-situ, in-process analyti-
cal technique to continuously monitor surface chemical
composition via bifurcated fiber-optic accessory.1® In this
paper, we report on UV reflection technique by using
both reflection accessory and fiber-optic accessory to
investigate PS/PVME blends. The experimental results
on miscible blend will be compared with the predictions
from a simplified theory!” based on mean-field theory.

Experimental Section

Materials and Film Preparation. The polystyrene (My,
of 240 000 with polydispersity of 2.01) and the poly(vinyl
methyl ether) (M, of 99 000) purchased from Scientific Polymer
Product Inc. were used as obtained. A series of PS/PVME
blends were investigated. For surface composition analyses,
10 wt % solutions of the blends in UV grade toluene were used
to cast blend films. Another series of PS solutions with lower
concentration (0.03—4 wt %) were prepared to estimate the
depth of penetration.

Synthetic fused silicon disks were washed several times with
UV grade toluene and dried in an oven at 150 °C for 2 h, before
casting films on them, and dried gradually in the hood and
under vacuum at 60 °C at least 4 days to remove toluene. The
films were found to have thickness of 30—50 mm, based on
the transmission UV absorbance spectra. No evidence of
residual toluene was found in the UV-reflection spectra of
PVME films, after this drying process. The same drying
conditions were applied for the depth of penetration studies.

UV Reflectance Measurements. UV reflection spectra
were obtained with a Perkin-Elmer Lambda 6 UV spectrom-
eter using an external reflection accessory as in Figure 1a,
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Figure 1. Schematic diagram showing (a, top) optical path-

way of specular reflection on polymer sample and (b, bottom)
UV reflection setup with a bifurcated fiber-optic attachment.
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where the incident and the reflection angles were at 6° from
the vertical position. To develop in-situ composition analysis
technique, a bifurcated fiber-optic probe!®!® was used as
illustrated in Figure 1b. In this probe, both the core and
cladding consist of UV grade fused silica. The UV source and
the detector side have 70 hexagonally packed fibers, while the
probe tip consists of a random mix of 140 hexagonally packed
fibers. The distance between fiber tip and the film was 1.7 mm,
which is found to be the optimum condition.'618 The beam size
for this setup is about 7 mm?, large enough to average the
samples.

ESCA Measurements. ESCA spectra were obtained with
a modified AEI ES200B spectrometer by using Al Ka exciting
radiation source (hv = 1486.7 eV), under the operating
condition of 10 kV and 60 mA with the pressure in the source
chamber at (2—4) x 108 Torr. Both PS and PVME contain
hydrogen carbon, and therefore the binding energy of the C;s
signal at 285.0 eV (hydrogen carbon) was used as an internal
calibration standard of the absolute binding energy scale.
ESCA measurements were obtained at a fixed takeoff angle
of 60°.

Results and Discussion

Peak Assignments and Depth of Penetration. A
typical UV absorption spectrum and reflection spectrum
of PS are shown in Figure 2. The PS spectrum has three
peaks in the range 190—280 nm. According to Par-
tridge,’° the first, very strong peak at about 194 nm with
an extinction coefficient of 24 500 L/(mol cm)!® is
analogous to the allowed benzene transition at about
179 nm. The next peak shown by shoulder near 215 nm
is analogous to the forbidden benzene transition at
about 200 nm. The third peak around 260 nm which is
much weaker than the first two peaks is clearly analo-
gous to the forbidden benzene transition in 260 nm
region. In this work, we used the strongest peak at
about 194 nm to represent surface composition of PS,
because the second peak is obscured by a scattering
peak at 240 nm?819 and the third peak is too weak for
accurate measurement.

To estimate the probed depth by UV reflection tech-
nique, thin PS films with various thickness were
prepared. Their thickness calculated from the transmis-
sion absorbance using Beer’s law with the extinction
coefficient at 197 nm of 24 500 L/(mol cm) for solid film1°®
and ¢ of 10.096 mol/L was in the range 21—1150 A. The
reflectance at 197 nm increased with film thickness up
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Figure 2. Absorption and reflection spectra of polystyrene
film coated on quartz disk.

to 250—450 A, but beyond this range, it stayed constant.
Thus, we may conclude that the probed depth is 250—
450 A. On the other hand, the depth of penetration was
calculated with e for solid film?®® using eq 1 was about
180 A. In blend films, the penetration depth will be
deeper since the pure PS layer is not expected on the
surface.

Experimental Results in PS/PVME Blends at
Equilibrium. The percent reflectance, R, from UV
reflection spectra is not proportional to the concentra-
tion of chromophore but is function of only two param-
eters, i.e., for pure PS, the refractive index and absorp-
tion index k. It would be necessary to obtain an
absorption index k, which is proportional to the concen-
tration of chromophore, as shown in eq 2.2

47k

¢ =n 107e )

where 1 and € are the wavelength of light and extinction
coefficient, respectively.

The reflection spectra is shifted from that of trans-
mission spectra by a phase shift ¢. The absorption index,
k, is related to R and ¢ for normal incidence angle,?? as
ineq 3.

__ —2J/Rsing
1+R—2x/§cos¢

®)

Therefore, k can be obtained by measuring R and by
calculating ¢ through the following Kramers—Kronig
dispersion equation:23

g N R(@) — In R(wy)
=—-— d
D)) = — — e

where wy is a particular wavenumber. Equation 4 shows
that the phase shift, ¢, at wo can be calculated from the
dispersion of reflectance by integrating from zero to
infinite frequencies. However, only a limited region of
the whole spectral range makes a significant contribu-
tion to ¢(wo). The major contributions came from the
neighborhood of wo (near the singular point) since the
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Figure 3. PS/PVME results: (a, top) UV reflection spectra
and (b, bottom) absorption index k spectra.

function 1/(w? — we?) is strongly peaked when w ap-
proaches wo. Thus, only part of the spectrum represent-
ing the absorption band is required to calculate ¢(wo).
Equation 4 can be calculated by a fast Fourier transform
algorithm on a personal computer as described by Bortz
and French,?* other numerical methods,?> or com-
mercially available software.?® However, in this work,
to avoid the singular point and to increase the accuracy
of the integration, we adopted a central difference
technique based on finite difference method,?”?8 using
eq>5

Woiros 2 IN R(w); — In R(wg)iyo5
H@o)itos = — - Z Aw
I=a

2
Wi — Wy itos
)

where a is the lower wavelength range and b is the
upper wavelength range.

The method proposed by Roessler has been used in
UV reflectance spectral analysis of poly(ethylene tereph-
thalate) to evaluate the contribution to the phase shift
from the reflectance outside the experimental region.
However, Roessler's method requires the spectra to have
two zero values of k in the spectra, which is not the case
for the 200 nm peak in polystyrene.

Figure 3a shows UV reflection spectra of PS/IPVME
blends. The lack of UV peak around 200 nm in PVME
film supports that toluene is dried off under the drying
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Figure 4. Comparison of PS/PVME results with simplified
mean-field theory.

conditions. For PVME films studied, no multiple reflec-
tion is observed in the spectral range investigated. To
retrieve the concentration of PS from the reflection
spectra, Kramers—Kronig conversion was obtained as
illustrated in Figure 3b, by using eq 5. Several observa-
tions can be made in Figure 3b. First, the transformed
spectra as shown in Figure 3b are red-shifted to some
extent in comparison to the reflection spectra of Figure
3a, an expected trend as observed in many cases.13:15b
Second, for some blends such as 40/60 and PVME,
negative values of k are obtained at shorter wavelengths
due to the limitation of eq 5. This trend is due to the
fact that only limited region was integrated. However,
when the blend composition is calculated, we use PVME
spectra at 200 nm in Figure 3b as a baseline to
compensate for the negative value. Another observation
from Figure 3b is the appearance of the second peak
near 225 nm, which is red-shifted from the second
absorption at 215 nm. In the reflection spectra, scat-
tering near 240 nm makes a contribution to the peak
near 225 nm. Therefore, this second peak is not accurate
even after Kramers—Kronig conversion. The same trend
is found for the third peak near 260 nm, which is
supposed to be much weaker than the second peak, but
shows k values of 0.2—0.3, as observed by Carter et al.1®
As pointed out by Patridge,!® the third peak’s accuracy
is poor in reflection spectra, probably due to contribu-
tions from 240 nm scattering and multiple reflection.
However, Patridge observed that the k value of the first
peak is quite accurate, in comparison to the expected
value from UV absorption spectra of thin polystyrene
film. Therefore, we used the k values at around 200 nm
in Figure 3b to represent PS content, Kyeng in the blend,
using PVME spectra at 200 nm as the baseline. The
apparent surface composition of PVME (Cs) in blends
is calculated by eq 6.

Kps — Kpiend
= 6
Kps (©)
where kps corresponds to the k value of pure PS,
measured from PVME spectra near 200 nm. The result-
ant PVME surface contents are illustrated in Figure 4
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as filled circles. Figure 4 shows that in toluene cast films
of PS/IPVME which are known to be miscible,?? there is
enrichment of PVME on the surface in comparison to
bulk for all blend compositions studied. This finding is
probably due to the migration of PVME; the lower
surface energy component to the air-facing surface is
consistent with the previously reported trend by ESCA!
and IR-ATR.%8

Comparison with Theory in PS/PVME Blends.
In miscible polymer blend films which are at equilibri-
um, the simplified theory of Jones and Kramer?!” relates
the surface volume composition (Cs) of the lower surface
energy component to the bulk volume composition (Cp)
by eq 7.

sTO1+4t

(7)

The parameter t depends on the difference in surface
energies (Ay) between the two polymers and the inter-
action parameter y between the segments of the two
polymers and takes the form expressed in eq 8.

_ 3b3AZ)2 1
‘ (akT Ay ®

where Ay = y» — ysivme. In eq 8, b3, the volume of a
Flory—Huggins lattice site, is deduced for PS as 1.41 x
10728 m3 and PVME as 0.787 x 10~28 m3 from the hard-
core specific volumes.® For the blends, b2 is the volume
fraction average. The surface energy difference, Ay, is
known to be 0.008 J/m?2.6 The parameter a, the effective
step length defined by the mean end-to-end distance,
turned out to be 7.0 x 1071 m, which is the same for
both PS and PVME.® The parameter y,, introduced by
Jones and Kramer,” as the interaction parameter on
the coexistence curve, and thus the critical interaction
parameter, is defined by eq 9.

B 1 1-C,
%= N - 2C,) '”( C, ) ©)

where N is the degree of polymerization. Cowie tested
this theory with their IR-ATR obtained results,® assum-
ing x to be zero. In their case, Cs for PVME was unity
for all values of C,. However, Kwei et al. found that the
experimental y values depend on the composition and
ranged from —0.75 to —0.17 in the miscible range of 35—
65 wt %.%0

With the known densities of PS and PVME, the
surface weight fraction Cs was estimated and plotted
in Figure 4 as open triangles, for comparison. The
predicted PVME contents from 40% to 60% blends are
close to the experimental data, even though the theory
may represent more surface-sensitive composition.

Comparison of UV Reflectance Results with
ESCA Results. For quantitative analysis of PS/PVME
blends, C;s spectra are generally used. The Cys spectra
for pure PVME shows two peaks containing contribu-
tions from carbon—oxygen (at 286.6 eV) and carbon—
hydrogen bonds (at 285 eV). On the other hand, the Cys
spectra for PS show only one carbon—hydrogen peak.
Therefore, surface composition can be calculated from
these spectra by resolving the two contributions and
calculating the integrated area under each peak.

The area intensity ratio of hydrogen carbon to oxygen
carbon is equal to the average atomic ratio of the two
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Figure 5. Comparison of PS/PVME results by using bifur-
cated optical-fiber attachment and ESCA.

types of carbon atoms and is given by?!

e C

S

8(1 - C))\ 2C,

ICO IVIPVME MPS

10
Mpyme (10)

where Cs is the average weight fraction of PVYME within
the sampling depth. Mps and Mpyve are the molecular
weights of the styrene and vinyl methyl ether repeat
units, respectively.

The PVME content at the surface, solved from eq 10,
can be expressed as

1
C. =
o1+ (1/8)(MPS/MPVME){ Z(ICH/ICO) - 1}

(11)

The ESCA results of quantitative analysis for the PS/
PVME blends (80/20, 60/40, and 40/60) were obtained
and corrected by dividing the value, (1 + x) where x is
the extent of hydrocarbon contamination! measured on
pure PVME films.

The ESCA results were compared with the UV
results, as illustrated in Figure 5 as filled triangles.
From Figure 5, we can see that the surface enrichment
of PVME in ESCA data is more significant than in UV
reflection data, indicating greater PVME concentration
and concentration gradient as one measures very close
to the surface.

In Situ Surface Composition Analysis. To develop
in-situ surface composition analysis technique, UV
reflection attachment using bifurcated optical fiber as
shown in Figure 1b was tested in PS/PVME blends. UV
reflection spectra of PS/PVME blends via fiber-optic
attachment are very similar to those when the reflection
accessory is used. After Kramers—Kronig conversion of
the reflection spectra, the surface compositions obtained
by fiber-optic attachment are very close to the results
obtained by reflection accessory as illustrated in Figure
5 as open circles.

This result demonstrates that it is possible to measure
the surface composition directly by UV reflection in-situ,
in cases where sampling is inconvenient such as when
the film is on metal surfaces.
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Figure 6. Comparison of PS/PVME results with substrate
effect and annealing effect, using reflection accessory.

Substrate and Annealing Effect. It is known that
the surface composition on the substrate facing side is
often different from the bulk composition depending on
the surface properties of substrates.? In our studies, it
is possible to analyze the surface composition on the
quartz side without disturbing the film, due to the
transparency of quartz to UV light. The reflection
spectra of PS from quartz side is very similar to those
from the air side, since the reflection spectra of quartz
is very flat until 185 nm. The surface composition on
quartz side is thus obtained from Kramers—Kronig
transformation of UV reflection spectra and compared
with the air facing side results in Figure 6 as filled
triangles. The results show the enrichment of PVME
on quartz side, but to a slightly less extent than the air
side. This enrichment of PVME on quartz side may be
attributed to a preferential adsorption of PVME seg-
ments to the hydrophilic quartz surface to minimize the
polymer—quartz interfacial energy.

It has been reported that the heat treatment on
miscible PS/PVME blends can induce phase separation
and greater enrichment of PVME on the air-facing
surface.31733 To test whether UV reflection results can
confirm such a trend, we annealed the miscible blends
at 105 °C, which is above its lower critical solution
temperature (LCST),3! for 5 min in a convection oven.
The results are shown in Figure 6 as open circles, in
comparison to the composition before annealing. It is
clear that annealing leads to greater PVME enrichment,
especially with 20 wt % and 40 wt % PVME blends, thus
confirming the trend observed by the work of Pan and
Prest,33 who annealed the blends at 154 °C for 10 min.

Summary

In miscible blends of PS/PVME, the surface chemical
compositions of PVME were estimated from UV reflec-
tion spectra and Kramers—Kronig transformation, prob-
ing the surface depth of a few hundred angstroms.
Results showed that the surface of PS/PVME blend is
significantly enriched with PVME, the component with
the lower surface energy. The experimental results were
compared with the predictions from the simplified
mean-field theory, and good agreement was found. In
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addition to UV reflection, ESCA data were obtained to
measure the surface chemical composition of PS/PVME
blends. The surface enrichment of PVME in ESCA data
were more significant than in UV reflection data for all
compositions of the blends tested, suggesting a concen-
tration gradient. ESCA and UV reflection for charac-
terization of surface chemical composition provide the
information for different probing depth, and therefore
UV reflection can be used as another tool to investigate
the range that ESCA cannot approach.

The surface compositions obtained by bifurcated opti-
cal-fiber attachment were very close to the result
obtained by reflection accessory, thus showing the
promise of the UV remote sensing technique for in-situ
surface composition analysis without sampling. The
polymer—quartz interface showed enrichment of PVME,
probably due to preferential adsorption of PVME to
hydrophilic surface of synthetic quartz, but its extent
was less than the air—polymer interface. The surface
enrichment effect was more pronounced in thermally
treated blends produced by heating above the LCST,
consistent with a previously reported trend.
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