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ABSTRACT: Using the high-resolution ion profiling techniques of secondary ion mass spectrometry (SIMS)
and time of flight forward recoil elastic scattering (TOF-FRES), we have measured the surface concentration
profiles for a series of deuterated polystyrene (d-PS)/hydrogenated polystyrene (h-PS) blends as a function
of deuterium volume fraction and annealing time. The datashow that the profile is formed at a rate determined
mostly by the bulk mutual diffusion coefficient. The form of the profile away from the surface (Z > 100 A)
is in agreement with predictions of current mean-field theories. On the other hand, in the near surface region
(Z < 100 A) a distinct flattening of the profile is observed, indicating that the short-ranged form of the
interaction assumed in these theories may not be valid.

Introduction

A miscible polymer blend in contact with a surface is
intrinsically an inhomogeneous system. The two com-
ponents of the blend interact differently with the surface,
and therefore the surface composition is usually not the
same as the bulk. The equilibrium surface profile is
determined by the balance between placement at the
surface of the lower surface energy component and the
cost of producing a composition gradient in the bulk. In
the bulk (the region far away from the surface) where the
effect of the surface vanishes, the blend approaches a
homogeneous limit characteristic of the infinite system.
In the ideal case where the interaction of the polymer
chains with the surface is nonspecific (i.e., due to weak
dispersion forces) the characteristic decay length of the
surface concentration is expected to be on the order of R,,
the polymer radius of gyration. The most complete studies
thus far on surface segregation have been done on the
deuterated polystyrene/hydrogenated polystyrene (d-PS/
h-PS) system. Thissystem is anideal model system where
a small difference in the polarizability of the C-H and
C-D bonds lowers the surface energy of the d-PS com-
ponent and produces a small unfavorable bulk Flory
interaction parameter, x.! The surface excess of the d-PS
component was first observed by Jones et al.? using the
technique of forward recoil elastic scattering (FRES), and
the decay for low bulk concentration was later probed by
neutron reflectometry.’

Although the surface excess and long-range diffusion
profiles that control the kinetics of segregation at long
times can be readily studied by FRES, its poor depth
resolution (~800 A) precludes detailed measurements of
the shape of either the nonequilibrium or equilibrium
profile. On the other hand, neutron reflectivity, while
very sensitive to the shape of the profile within the first
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approximately 100 A near the surface, is relatively
insensitive to its longer range (Z > 300 A) structure.

In order to accurately determine the shape of the
concentration profile at the surface of the d-PS/h-PS blend
and the dynamical factors involved in attaining equilib-
rium, we measured the composition at the surface of d-PS/
h-PS blends using the techniques of secondary ion mass
spectrometry (SIMS) and time of flight forward recoil
elastic spectroscopy (TOF-FRES).* Under the conditions
described later, these techniques have resolutions of 115
and 250 A, respectively, and the data are straightforward
tointerpret in a model independent way. The results can
then be used to test the predictions of the mean-field
theory.

Theoretical Background

Several authors®7 have applied the mean-field formal-
ism to investigate the phenomena of surface segregation
in polymer blends. All the theories thus far are similar in
that they assume a mean-field potential for the bulk and
a A function (single monomer) interaction with the surface.
With use of the notation of Schmidt and Binder,5 the total
grand canonical free energy per unit area of a polymer
blend, of concentration, ¢, is given by

Flo(2)] _
kgl

INCE [G(¢) - s+ —2 [
0 #3601 - 9)
where G(¢) is the Flory-Huggins free energy

%%]2+Fs] (1a)
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G@)=p-Iné+FEn(1-¢)+xp(1-¢) (1b)

where Ap = 3G /3¢ is the chemical potential difference
between the two components A and B, with polymeriza-
tion indices N and Np, respectively, “a” is the statistical
segment length, and F; is the “bare” surface free energy
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contribution. In order to solve eq 1 analytically, all
treatments thus far make the approximation that F, is a
function only of the surface concentration, ¢, or equiv-
alently that the interaction potential at the surface isa ¢
function. The validity of this approximation will be
discussed later. This approximation has the advantage
that the solution to the integral equation becomes insen-
sitive to the exact functional form assumed for Fy(¢,). It
simply provides a boundary conditions for the segregation
profile whose shape away from the surface is determined
entirely by the bulk thermodynamic quantities, G(¢) and
Au.

Minimizing the functional of eq 1 yields the following
solution to the concentration profile, ¢(z), determined
implicitly from

_3 (40 d¢

8¢ /5(1-)[G(o) - G(o.) - Auld - 6.)1°° (2)

where the integrand is only a function of the known bulk
properties Auand ¢.. Thesurface concentration, ¢, does
not affect the shape of the profile, since it appears only
as thelimit of the integral. From the boundary conditions
that ¢(z = =) is fixed at the bulk concentration, ¢, and
¢(z = 0) equals ¢;, the following equation is obtained:

_dF(¢) _e [ G(¢,) - G(g.) - Aule; - ¢.) ]0.5 .
d¢1 3 ¢1(1 _ ¢1)

The left-hand side of this equation yields the incremental
bare surface energy saved by covering the surface with ¢,
while the right-hand side is the incremental energy spent
in establishing the segregaton profile below the surface.
Simultaneous solutions of the two sides of the equation
for fixed ¢ yield the value of ¢;, the surface concentration
induced by the interactions at the polymer surface. In
practice, Fy(¢;) must be determined experimentally by
measuring the surface concentrations for a range of ¢«
values and evaluating the right-hand side of eq 3. This
process is discussed further in a later section.

Experimental Section

The polymers used in this study were h-PS (Pressure Chemical
Co.) and d-PS (Polymer Laboratories) of molecular weights 1.8
X 108 (My/My < 1.3) and 1.03 X 108 (M /M, < 1.15), respectively.
A series of blends with d-PS volume fraction, ¢, ranging from
005 to 0.33 were prepared, and films 2-3-um thick were spun-
cast onto thin silicon wafers from toluene solutions. The samples
were then sealed in glass ampules in a vacuum of 10 Torr and
heated at 184 °C for times ranging from 3 to 45 days. This tem-
perature was chosen 8o as to be near the coexistence curve, but
stillin the one-phase region. The small-angle neutron scattering
(SANS) experiments of Bates and Wignall® measured x = 0.20
(1)/T-2.4 (4) X 10, for a ¢~ = 0.50 blend of d-PS, and assuming
negligible concentration dependence of x, this yields for the mo-
lecular weights used in these experiments an upper critical
solution temperature of 176 °C and a critical d-PS concentration
¢c = 0.57.

After annealing, the samples were examined by the technique
of time of flight forward recoil elastic scattering (TOF-FRES).
TOF-FRES is similar to the standard FRES technique* except
that the spatial resolution is improved by replacing the thick
absorber foil used to stop the scattered « particles with a time
of flight detector assembly (TOF) requiring only a thin foil to
generate timing signals from passing ions. By simultaneously
measuring the energy and transit time across a fixed gap for each
particle, the device can discriminate electronically between the
faster and lighter H and D ions and the slower « particles. For
the typical FRES geometry, the energy resolution is about 15
keV, which translates into a depth resolution of approximately
250 A for a polystyrene melt,?1! as compared to 800 A for FRES.10
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Figure 1. Effects of instrumental resolution (fwhm) on the de-
termination of the shape of the concentration profile calculated
from eq 2 for a ¢ = 0.21 d-PS/h-PS blend: (—) theoretical
result; (- -) resolution of SIMS; (- - -) resolution of TOF/FRES;
(- - -) resolution of FRES.

The effect of the experimental resolution in determining the
surface segregation profile is shown in Figure 1. The solid line
is the profile calculated from eq 2 for ¢, = 0.10. The dotted line
corresponds to the same curve convoluted by a Gaussian of full
width half-maximum, fwhm = 800 A, typical of the FRES
resolution. From the figure it can be seen that, with this
resolution, the shape of the profile is not resolved and only the
total surface excess, Z*, can be obtained. The shape of the profile
becomes apparent after an improvement of the resolution by a
factor of 2, and the decay length can be completely resolved
when the resolution becomes 120 A. Further improvement of
the resolution, which would enable one to probe the very near
surface region in the first 50 A, is not currently possible with ion
scattering techniques. In order to probe this region, neutron
reflection is more appropriate.

After TOF-FRES spectra are obtained, the samples were
prepared for SIMS analysis, by floating onto their surface an
additional 400-A-thick PS film and evaporating a 60-A-thick layer
of gold on the whole assembly. No interfacial mixing between
the components can occur in this process since both sample and
coating films are in their glassy state. The purpose of the PS
overlayer was to allow steady-state sputtering conditions to be
established before the polymer blend surface region was exposed.
The Au layer on the outermost surface provided a conducting
path to ground in order to prevent charging of the nonconduct-
ing polymer film.

The sputtering was performed by using an Atomika 3000-30
ion microprobe and a 2-keV, 30-nA beam of Ar* ions at 30° off-
normal incidence rastered over a 0.5-mm? region. Negative ions
were monitored in order to avoid interference in the deuterium
profile from H, radicals. This region was carefully chosen not
to overlap with the previous beam spot from the TOF-FRES
analysis. Occassionally an additional 1-keV defocused electron
beam incident at 45° was directed onto the sample to eliminate
beam-induced charging. Thesputteringrate chosen for the above
conditions was approximately 900 A/h.

Analysis of SIMS

Figure 2 shows the raw SIMS data for a typical sample
of d-PS volume fraction ¢. = 0.18, annealed for 29 days.
The ion masses analyzed correspond to carbon, CH,
deuterium, and CD. From the data one first sees the
narrow rise in the CH signal mirrored by a dip in D and
CD signals, which corresponds to the thickness of the PS
overlayer and defines the beginning of the sample surface.
The large rise in the D and CD concentration, mirrored
by the corresponding dip in the CH signal, is then apparent
at the blend surface/overlayer interface. The carbon
concentration is of course constant in all layers of the
sample and was used as a monitor of the beam current.
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Figure 2. Raw SIMS data of a ¢. = 0.21 d-PS sample annealed
for 29 days. The data show scans for D, C, CH, and CD ions.

In this case, the flat carbon trace illustrates the stability
of the sputtering beam over a 10-h period, the acquisition
time of this spectrum.

In standard SIMS experiments the sputtering rate is
directly converted to a depth scale by mechanically sensing
the depth of the sputtered crater. This technique cannot
be used with polymer films that are soft and therefore
easily deformed. Asaresultthedepthscale was calibrated
by sputtering through a thin d-PS film, whose thickness
of 560 A was independently measured with FRES and
ellipsometry. On the basis of this calibration, sputtering
with the beam conditions described above yielded reso-
lutions for the 14 % to 86 % rise and fall widths of 110 and
120 A, respectively. Asshown in Figure 1, this resolution
allows the form of the concentration profile derived from
mean-field theory in eq 2 to be probed.

Figure 3a shows TOF-FRES data from three samples
annealed at 184 °C for 29 days with bulk volume fractions
¢- = 0.125, 0.184, and 0.265. Figure 3b shows the SIMS
data from the two lower concentration samples. The solid
lines in both figures correspond to fits of eq 2 with three
free parameters, ¢1, ', the effective bulk concentration
in the near surface region, and x. In all cases, best fits
were obtained for x = 1.50 (3) X 1074, in good agreement
with the value extrapolated from the results of Bates and
Wignall,18 ¥ = 1.5 (2) X 10~4. The fit parameters as well
as Z*, the total surface excess, are tabulated in Table I
and plotted in Figure 4. From Table I as well as Figure
4 it can be seen that SIMS yields the same (to within
experimental error) results as the TOF-FRES technique,
confirming that heavy ion sputtering from polymer films
maintains a depth-independent rate over the region
studied and reliable, quantitative, and reproducible results
could be obtained. Furthermore, comparisons of parts a
and b of Figure 3 indicates an additional important aspect
of SIMS, namely, the improved signal-to-noise ratio, which
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Figure 3. (a) TOF-FRES data from samples annealed at 184 °C
for 29 days of initial volume fractions; (O) ¢. = 0.265, (+) ¢ =
0.184, (A) ¢ = 0.125. The solid lines are fits to eq 2. (b) SIMS
data from the (0) ¢. = 0.184 and (®) ¢ = 0.125 samples. The
solid lines are the best fit results of eq 2.

Table I
Summary of Results of SIMS and TOF-FRES
Measurements: Concentration Profiles of d-PS/PS Blends

$o ¢t 1 ¢ ZePA  ZefA
0.005 0.0047 0.035 + 0.004 3.8+04
0026 0.024 0.15%0.01 18.4 £ 3.7
0.125 0.120 0.68=+0.01 0.69+0.03 133%4 136 £ 6
0.184 0.171 0.88+0.01 087003 2418 238+ 8
0.210 0.200 0.90%0.01 0.90%£0.03 2749 275+ 9
0.265 0.242 0.95 % 0.03 364 = 11

¢ Volume fraction of d-PS at the depleted region next to the surface.
bResult from the SIMS experiment. ¢ Result from the FRES
experiment.

allows the study of low-composition blends and detection
of minor compositional fluctuations. But as seen from
Figure 1 and discussed in refs 2 and 10, Z* is still most
quickly and efficiently measured by FRES. Consequently,
the assumed calibration for all SIMS samples discussed
in this work was checked by measuring Z* independently
with FRES.

Experimental Results

Plotting in Figure 4a Z* vs ¢, we find the surface excess
is directly proportional to ¢., with the proportionality
constant of K = 1075 (23) A. From Figure 4b it can be
seen that ¢. increases rapidly, with nearly full surface
coverage by the d-PS component already occurring at ¢
~ 0.10. Hence, thelinear increase in Z* is then due mainly
to the broadening of the decay profile with increasing ¢o.



5994 Zhao et al.

400 a —
30F — z¥ = (1075.+23()) x ¢. _
IS
*
< 200 / |
100 |- ¢ -
1

0 1 | I
0.00 0.05 0.10 0.15 0.20

¢~
1.0
b T T T I/A_
® SIMS a9
0.8} & TOF/FRES / i
®
0.6 F -
<
0.4 .
0.2 | -
/.
0‘0 L 1 | | 1 Il
0.00 0.05 0.10 0.15 020 0.25
¢

Figure 4. (a) Surface excess Z* as measured by TOF-FRES (a)
and SIMS (O) vs ¢.. (b) Surface concentration measured by
TOF-FRES (A) and SIMS (0) as a function of ¢-.
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Figure 5. Derivative of the surface free energy as a function of
the measured surface concentration. Thedashed line corresponds
to a fit using the linear approximation of ref 5, and the solid line
corresponds to a fit with eq 5.

The increase in the decay length, A, as ¢. approaches ¢,
is predicted by eq 2 and was shown previously31! to coincide
with the correlation length for density fluctuations in the
bulk for ¢. < 0.10. In Figure 4b we plot the measured
surface concentration ¢; as a function of ¢.. The solid
line is drawn to guide the eye. Inorder to actually predict
the dependence of ¢; on ¢, the solution to eq 3, Fy(¢
must be determined. In Figure 5 we plot the right-hand
side of eq 3, for the experimentally measured values of ¢,
and equate it to dFy(¢1)/d¢;. From the dashed line in
Figure 5 it can be seen that the empirical form assumed
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by Schmidt and Binder,’ namely

F(d)l) = —ugy - g¢12 (4)

where u; and g are, respectively, the surface analogues of
the chemical potential and x, is only a good approximation
to the data for small ¢;. Including terms of order ¢,° did
not significantly improve the fit.

The functional form that gave the best fit to the data
is drawn as a solid line in Figure 5 and is given by

F(¢1) = -, + ag, In o + B(1- ¢1) In(1- ¢1) (5)

with u; = 0.027 (5) A, @ = 0.0030 (7) A, and 8 = -0.0095
(A). This result is intuitively reasonable. The first term
of this equation represents the chemical potential differ-
ence between the surface and bulk, which also appears
phenomenologically in the formulations of Schmidt and
Binder® and Cohen and Muthukumar.” The latter two
terms are surface entropic factors, by analogy to the Flory-
Huggins terms in eq 1.

Cohen and Muthukumar? have recently derived a more
realistic expression for Fy(¢;), which includes a local surface
interaction and surface entropy terms, as well as odd and
even gradient terms to account for the intrinsic spatial
asymmetry at the surface.

Fs(¢1) = —udy + aydy In ¢, + 131(¢1) In(1- ¢1) +
oy In 6, + B, I (1 - 6)1(dé,/d2) + ... (6)

has terms proportional to (d¢;/dz) and (d2¢,/dz22).

This expression has only three free parameters, uj, Ca,
and Cg, where Cy — Cg is a term proportional to a surface
x. The a; and §; terms are complicated functions of Ca,
Cp, Na, and Ng. The first three terms of eq 6 coincide
with the functional form that best fits our data. The main
limitation of the theory, of both Cohen and Muthuku-
mar’? and Schmidt and Binder,5 is the assumption of a
short-ranged (6 function) surface interaction. The effect
of taking the surface interaction to be strictly localized at
the surface is to make the concentration profile, ¢(2),
simply “cut off” the bulk profile at some value ¢;
determined by the surface interaction parameters, which,
in the case of Cohen and Muthukumar, yields unrealis-
tically large values for the gradient terms in eq 6.
Therefore, deviations of the shape of ¢(z) from bulk
behavior would provide clear evidence of the breakdown
of the local interaction picture. This is indeed the case
of large ¢, as is discussed further below.

Time Dependence of the Concentration Profile

Figure 6 shows the concentration profiles for a series of
samples having ¢. = 0.33 and annealed for times varying
from 3 to 45 days. The solid lines are x2 fits to eq 2, and
the results are summarized in Table II. ¢’. corresponds
to the concentration in a depleted zone adjacent to the
surface, as explained in ref 12, which from Figure 6 can
be seen to be approximately 1000 A wide. This region is
more clearly seen in Figure 7, where we plot the depth
profile up to 4000 A from the surface of a ¢ = 0.21 sample
annealed for 29 days. Figure 8 is a plot of Z* and ¢; vs
the square root of the annealing time for the profiles shown
in Figure 6. As pointed out by Jones and Kramer,12
conservation of mass requires that the excess material at
the surface equal the amount missing from the near surface
depleted region. Itisreasonabletoassume thatsufficiently
far from the surface the size of the depleted region should
scale as (Dt)1/2, where D is the bulk diffusion coefficient.
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Figure 6. Surface concentration profiles for a ¢. = 0.33 blend
annealed for various times at T = 184 °C.

Table II
Summary of Results for the Concentration Profiles
Annealed for Different Times

t,h ¢1 Z+ A ¢
775.5 0.375 19.2 0.317
268.8 0.490 60.4 0.315
744.0 0.635 119.6 0.312
1080.0 0.700 163.0 0.320
infinites 0.970 340 0.330

¢ Predicted values for the equilibrium profile.
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Figure 7. Surface concentration profile for a ¢. = 0.21 blend
annealed for 29 days at 184 °C.

The surface excess can then be approximated by

Z* = (.- ¢/ ) (DO (M

From Tables I and II it can be seen that ¢’ does not vary
much from ¢., for the measured annealing times. Taking
an average value of ¢’ = 0.316 from Table II together
with the best fit value for the slope, 0.097 (5) A-s1/2, of
the Z* curve, yields a mutual diffusion coefficient of D =
4.83 X 10715 ¢cm?/s. This result is in good agreement with
the mutual diffusion coefficient for a ¢. ~ 0.3 blend at
184 C,D = 3.0 X 1015 ¢m?/s calculated from the expressions
given in the literature!® and using the measured value of
x = 1.50 (3) X 104, From Figure 6 and 8 one can see that
all the profiles for the samples annealed less than 45 days
are well fit by eq 2 and that ¢; also scales as t1/2 in the
observed range of annealing times. This scaling indicates
that the increase in the surface concentration, i.e., the
adsorption to the surface, is not significantly faster than
the bulk diffusionrate. Moreover, for each annealing time
the profile of minimum energy is that consistent with the
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Figure9. Concentration profile for a ¢. = 0.18d-PS/h-PS blend
annealed for 29 days at 184 °C. The solid line is a fit to eq 2,
while the dotted line is a fit to an exponential decay.

mean-field prediction, with Z* limited mainly by the bulk
diffusion dynamics. Finally, the results show that the
surface profile maintains a constant dynamic equilibrium
with a depleted area where the concentration, ¢’=, does
not vary much from the bulk.

It must be stressed that no evidence exists as yet that
these conclusions are generally true at short times. From
the fact that the lines in Figure 8 do not go through the
origin, we caninfer that a short time Z* builds up somewhat
slower than predicted by eq 5.

Form of the Concentration Profile

We have previously shown that, for low (¢. ~ 0.10)
d-PS volume fractions, the surface profile can be approx-
imated by a simple exponential function with a decay
length equal to the correlation length for concentration
fluctuations in the bulk.31! It can be shown from eq 2
that in the framework of mean-field theory the profiles
begin to differ significantly from a simple universal
exponential decay at higher concentrations. This is
illustrated in Figure 9, which shows the concentration
profile for a ¢ = 0.18 blend annealed for 29 days. From
Figure 9 it can be seen that the spatial resolution of SIMS
is sufficient to differentiate between an exponential decay
and the mean-field functional form given by eq 2. Onthe
other hand, the spatial resolution of SIMS is insufficient
to determine the initial slope of the function, d¢/dZ, in
the near surface region. Neutron reflectometry® on
samples with ¢. < 0.15 indicates that there may be a
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flattening of the concentration profile in the first 20 A
near the surface. A distinct flat region, approximately
100 A wide, is clearly seen in Figure 10, which shows an
expanded portion of the near surface region for the ¢. =
0.33 sample annealed for 45 days. As can be seen from
Table II, the Z* for this profile is still far from equilib-
rium, and hence the width of the flat portion is just a
lower limit on the final equilibrium value. The form of
the profile in Figure 10 is not predicted by eq 2 but may
still be consistent within the framework of the mean-field
model, if one assumes a surface interaction of finite extent
rather than the A function approximation used to solve
eq 2 in closed form. Furthermore, eq 3 is a direct result
of the A function surface boundary conditions,5’ and
therefore the form of the surface free energy obtained
from eq 3 and shown in Figure 5 may not be correct for
large ¢ and ¢;. It should be noted though that, as can
be seen from Figure 10, the form of the decay of the surface
concentration away from the surface layer is still consistent
with eq 3 and, as mentioned previously, independent of
the assumed form of the surface interaction.

From the time dependence data in Figure 6, it can be
seen that the flat portion does not develop gradually or
appear at large ¢, which would be expected if the surface
potential were only a function of ¢;. In fact, ¢; for the
profile in Figure 10 is smaller than that for other profiles
where this feature is not as obvious. As ¢. approaches the
critical concentration, precise determination of the co-
existence curve becomes more important. The experi-
mental error on the value of x for polystyrene! translates
intoa 10 °C uncertainty in the determination of the critical
temperature for the blend. Hence, we cannot rule out the
possibility that in the near surface region we are ap-
proaching a coexistence concentration and we are observing
the growth of a surface macroscopic layer as predicted in
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ref 5 and by eq 2. In order to differentiate between these
two possibilities, further experiments are in progress by
Jones et al.l* on the better characterized system PEP/
d-PEP and by Schwarz et al.!5 on the PS/PBrS system
where this type of surface layering has been observed.

Conclusions

In conclusion, we have demonstrated that the spatial
resolution obtained by a combination of ion scattering
techniques is sufficient to determine the form of the
concentration profile at the surface of a polymer biend.
The shape of the profile is consistent with mean-field
theories except in the near surface region where the
gradient is much smaller than predicted, indicating that
the surface interaction is longer ranged than assumed in
the strictly local interaction models. The growth of the
decay profile, as well as the surface concentration, seems
to be a diffusion-limited process, with a diffusion constant
equal to the bulk mutual diffusion coefficient.
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