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ABSTRACT: Poly(cyclohexyl methacrylate) (PCHMA) and polystyrene (PS) are miscible with each other,
but each is highly immiscible with PMMA. Identifiable by the asymmetries in the binary mean-field
interaction parameters ø, PS preferentially segregates to the PCHMA/PMMA interface. Secondary ion
mass spectrometry was used to provide real-space depth profiles of deuterated PS (dPS) in a miscible
blend with PCHMA. The initial dPS concentration was varied from 5 to 20% (v/v), and the blend film
was annealed at 150 °C on a film of PMMA for 42 h. X-ray reflectometry was used to determine the
interfacial width between PCHMA and PMMA at 150 °C. Using self-consistent mean-field theory, good
agreement was found between the experimental and theoretical interfacial excess Z* of dPS at each
concentration. Because of their similar glass transition temperatures (∼100 °C for PS and PCHMA) and
the ability of PS and PCHMA to be controllably synthesized with low polydispersities, we anticipate this
blend to be a model system for future investigations of such phenomena as diffusion in miscible blends
and diffusion near surfaces and interfaces.

Introduction

Miscible polymer blends have been model systems for
investigation of polymer dynamics1-6 and equilibrium
segregation at polymer surfaces7-9 and polymer/polymer
interfaces.10,11 They are often composed of polymer pairs
that have an apparent exothermic enthalpy of
mixing.1,7,12-14 Characterized by a lower critical solution
temperature (LCST) type phase behavior, these systems
are miscible at low temperatures when øAB < 0, where
øAB is the mean-field enthalpic interaction parameter
between homopolymers A and B,15 and tend to phase
separate as they are heated above the critical temper-
ature (Tc). This type of phase behavior can often be
attributed to specific interactions, such as hydrogen
bonding,16 or large differences in polymer free-volume.17

Previously investigated binary LCST blends have in-
cluded polystyrene (PS) in combination with poly-
(xylenyl ether) (PXE),1,14 poly(vinyl methyl ether)
(PVME),7,18 or tetramethylbisphenol A polycarbonate
(TMPC).12,13 Although these systems have been em-
ployed for investigations of such phenomena as surface
segregation7 and mutual or self-diffusion,1,12-14 they
suffer from highly asymmetric glass transition temper-
atures (Tg’s). These asymmetries can lead to spatially
varying Tg’s and polymer chains possessing significantly
different monomeric friction coefficients,13,14 making
accurate decoupling of various phenomena extremely
difficult.4-6 The need for a model LCST system involving
polymers with similar Tg’s and well-defined thermody-

namic parameters has motivated the present investiga-
tion.

Polymer blend phase behavior changes dramatically
near surfaces and interfaces due to a reduction in
conformational entropy,19 and asymmetries in øAC and
øBC can lead to segregation of an A polymer to an A:B/C
interface,10,11,20,21 where A and B are miscible with each
other, yet each is immiscible with C. An extremely
powerful theoretical method for analyzing these types
of systems is self-consistent mean-field theory (SCMF).19

Even though it is computationally much less costly than
detailed numerical simulations,22 SCMF has been found
to produce accurate representation of polymer interfaces
within the mean-field limit.23 Because of its accuracy
and low computational cost, it can be used to determine
ø from such experimental measurements as interfacial
width w24 and interfacial segregation.25

Secondary ion mass spectrometry (SIMS) is a widely
used experimental technique for obtaining depth profiles
of tracer-labeled polymers.26 With its high depth resolu-
tion, it can be used to quantify an interfacial excess,27,28

surface excess,29 and diffusion gradient30 of a labeled
polymer in a polymer film. Even with the superb depth
resolution attainable using SIMS, it is extremely dif-
ficult to measure w for systems where w is smaller than
the instrumental resolution.31 For this situation, X-ray
or neutron reflectometry32,33 (XR or NR, respectively)
can complement SIMS.26 In this article, we present
direct measurements of the interfacial excess Z* of
deuterated polystyrene (dPS) at the interface between
poly(cyclohexyl methacrylate) (PCHMA) and poly-
(methyl methacrylate) (PMMA) as a function of dPS
concentration in PCHMA using SIMS. XR is used to
determine w between PCHMA and PMMA. SCMF is
used to theoretically analyze Z* and the changes in w
and interfacial tension γ as a function of dPS concentra-
tion in PCHMA. The potential applications of the PS/
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PCHMA and PS/PCHMA/PMMA systems for model
investigations of polymer diffusion and dynamics are
outlined.

Experimental Section
Materials and Sample Preparation. Atactic dPS (poly-

mer A) (Mw ) 76.6 kDa; Mw/Mn ) 1.05) was purchased from
Polymer Source. Atactic PCHMA (polymer B) and syndiotactic
PMMA (polymer C) (Mw ) 101.0 kDa; Mw/Mn ) 1.09) were
purchased from Scientific Polymer Products. For PCHMA, the
viscosity average molecular weight Mv was determined to be
74 kDa using dilute solution viscometry in 1-butanol at 22.5
°C (Tθ).34 The inflection-point Tg’s of dPS, PCHMA, and PMMA
were determined to be 97, 102, and 127 °C, respectively, using
differential scanning calorimetry (cooling cycle of 10 °C/min).

Silicon (100) wafers were cut into 2.5 cm × 2.5 cm squares
and cleaned according to established procedures.30 Immedi-
ately prior to spin-casting, they were soaked in hydrofluoric
acid (∼10% v/v in water) for 1 min and washed with deionized
water. PMMA was cast onto the H-passivated Si from toluene
and annealed for 1 h at 150 °C to remove residual solvent and
create smooth surfaces. For SIMS analysis dPS/PCHMA films
were cast from 1-chloropentane directly onto the PMMA layer
and annealed at 150 °C for 42 h. The dPS concentration in
the film was varied from 5 to 20% (v/v). These samples had a
PMMA layer thickness of 95 nm and a dPS/PCHMA layer
thickness of 125 nm as measured using ellipsometry. Films of
the dPS/PCHMA blend were also cast onto Si wafers possess-
ing a native oxide layer (∼2 nm) and floated onto TEM grids
from deionized water. Scanning transmission X-ray microscopy
(STXM) at beamline 5.3.2 at the Advanced Light Source in
Berkeley35,36 confirms that no phase separated domains larger
than ∼25 nm (minimum resolvable domain size) were present
in the as-cast dPS/PCHMA layers. Two characteristic photon
energies, the PS phenyl ring π*CdC peak energy (≈285.2 eV)
and PCHMA carbonyl π*CdO peak energy (≈288.4 eV), were
used in the STXM analyses. Because of absence of an observ-
able morphology, the STXM results are not included here
explicitly. For XR analysis, PCHMA was cast onto PMMA from
1-chloropentane and annealed for 24 h at 150 °C. Single-layer
PMMA and PCHMA films were also prepared to determine
the X-ray dispersions δ of the two polymers.

Secondary Ion Mass Spectrometry. The deuterium
depth profiles were acquired using a CAMECA IMS-6f mag-
netic sector spectrometer using a 15 nA Cs+ primary beam
(6.0 keV impact energy) rastered over a 200 µm × 200 µm area
with detection of negative secondary ions from a 60 µm
diameter circle at the center. A sacrificial PS top layer (50 nm)
was added after the 42 h anneal to ensure that the preequi-
librium distance (range of bombarding species) was sputtered
away before the layer of interest was reached, and a 20 nm
gold coating was deposited on top of the sacrificial layer to
minimize sample charging. The analysis conditions used
provide a nominal depth resolution of ∼8-10 nm. Some
analyses were also made using O2

+ at 5.5 keV impact energy,
but the results showed poorer depth resolution than the Cs+

data for the structure analyzed.
X-ray Reflectometry. The XR measurements have been

carried out at beamline X10B at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory (BNL),
using a photon energy of 14 keV (i.e., X-ray wavelength λ )
0.87 Å). The specularly reflected intensity was measured by
varying Ri and Rf while maintaining Ri ) Rf (Ri and Rf are the
incident and reflected angles, respectively). Because the specu-
lar reflectivity, presented as scattered intensity vs scattering
vector qz ) (4π/λ) sin Ri, detects the variation of the electron
density in the direction normal to the surface, it is sensitive
to film thickness h, density F, interfacial width w, and surface
roughness σ. However, in the case of XR analysis of polymer
bilayer systems, difficulties often arise in obtaining details
regarding polymer-polymer interfaces due to the small X-ray
contrast ∆δ/δ between the individual polymers,32 which is
typically less than 10% for most polymer pairs.33 To overcome
this difficulty, we used a Fourier transformation (FT) analysis

method developed previously.32 A four-layer model (i.e., Si
substrate, native oxide layer, PMMA layer, and PCHMA layer)
was used to fit the XR data.

Results and Discussion
Table 1 shows the ø values for the three binary

interactions at 150 °C. Note the two different values
that have been reported for PS/PCHMA.37,38 To analyze
the PCHMA/PMMA bilayers with XR, single layers of
PCHMA and PMMA were used to measure the disper-
sion δ of the two polymers individually. Those values,
along with the statistical segment lengths a,34,39 h, and
σ, are listed in Table 2. Using the measured values for
δ, the PCHMA/PMMA bilayers were analyzed using the
FT method,32 as shown in Figure 1, and wBC was
determined to be 1.6 nm. It should be noted that the
X-ray contrast between PCHMA and PMMA is quite
small (<3%), and the value for wBC is considered a lower
limit. From the analytical solution of SCMF for wBC

40

øBC was approximated to be 0.1, in agreement with prior
results (see Table 1).38

Using SIMS, the interfacial excess of dPS at the
PCHMA/PMMA interface was determined for initial
dPS concentrations of 5, 10, and 20% (v/v) in PCHMA,
as shown in Figure 2. The convoluted dPS profiles were
fit to a Gaussian error function for the surface and
equilibrium dPS in the PCHMA layer and a Gaussian
peak for the segregated dPS at the interface.27 The
interfacial excess is determined from the expression

where æp is the height and ∆ is the full width at half-
maximum of the Gaussian peak. The full width at half-
maximum of the error function is used as a measure of
the instrumental resolution, which is ∼8-10 nm for this
system under these analysis conditions. As shown in
Figure 3, the use of Cs+ primary ions provides improved
depth resolution when compared with bombardment
using 5.5 keV impact energy O2

+ primary ions for this
system. Using eq 2, Z*/R was determined to be 0.053,
0.055, and 0.068 for initial concentrations of dPS of 5,
10, and 20%, respectively, where R is the rms end-to-
end distance15 of a dPS chain (R ≈ 18 nm). The rms
error for each measurement is ∼5-10%.

The ø parameters for PS/PCHMA,37,38 PCHMA/
PMMA,38 and dPS/PMMA41 (øAB, øBC, and øAC, respec-
tively) have been reported previously as a function of
temperature. The ø for PCHMA/PMMA determined

Table 1. Reported Values of ø for dPS/PMMA, PS/PCHMA,
and PCHMA/PMMA at 150 °C

polymer pair ø (150 °C)

dPS/PMMA41 0.038
PS/PCHMA (1)37 -0.0034
PS/PCHMA (2)38 -0.015
PCHMA/PMMA38 0.097

Table 2. XR Analysis of PCHMA and PMMA Single-Layer
Films

h/nm σ/nm a/nm δ × 106

PCHMA 72.5 0.28 0.7334 1.24
PMMA 61.7 0.43 0.6539 1.21

wBC ) (aB
2 + aC

2

3øBC
)1/2

(1)

Z* ≡ ( π
4 ln 2)1/2

æp∆ (2)
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using XR (øBC ≈ 0.1) is almost identical to the reported
value at 150 °C.38 The measured øBC and the reported
value of ø for dPS/PMMA at 150 °C (øAC ) 0.038)41 are
used in the SCMF calculations. The corresponding

highly incompatible interaction should drive the
PCHMA away from the PMMA interface and lead to
dPS segregation. Two significantly different values of ø
for PS/PCHMA at 150 °C have been reported (øAB )
-0.003437 and -0.015,38 as shown in Table 1), and the
compatibility of each with the experimental measure-
ments will be examined. Details of the equations and
computational methods used in the SCMF calculations
have been outlined elsewhere.11,20,21 Only the results are
presented here for this ternary system of dPS/PCHMA
on PMMA. A constant effective segment length (ae )
0.69 nm)40 was used, where

The effective segment length is almost identical to the
segment length of PS (a ) 0.67 nm),39 and the PS
segmental volume (0.174 nm3)42 is used as the reference
volume. For simplicity, it was assumed that the number
of segments was identical to that of dPS for all polymers
(N ) 700), and the polydispersity of PCHMA was
neglected. Although polydispersity has been shown to
have significant effects on polymer profiles at polymer/
polymer interfaces,43 the depth profiles for dPS, PCH-
MA, and PMMA should be dominated by enthalpic
rather than entropic contributions,44 because øBCN ∼
40 (based on Mv of PCHMA) and there is a highly
favorable interaction between dPS and PCHMA (øABN
, 0).

Figure 4a shows an example of a simulated depth
profile using øAB ) -0.015. The zero-point for the z-axis
is set by the inflection point in the depth profile for C.
To compare the SCMF calculations to the experimental
data, the SCMF Z* was calculated from

where æA
∞ is the value of æA far from the interface (the

depleted value for dPS), as demonstrated in Figure 4b.
As shown in Figure 5, the value of øAB ) -0.015
provides much better agreement with the experimental
measurements than øAB ) -0.0034, indicating that PS/
PCHMA is indeed a highly miscible system at 150 °C,
with Tc ≈ 225 °C.38 Using øAB ) -0.015, the interfacial

Figure 1. XR of PCHMA/PMMA (B/C) bilayers. The Fourier
method (a) was used to determine the interfacial width of this
low contrast system (see Table 2). The low contrast is observed
in the reflectivity profile (b). Using eq 1, øBC was approximated
to be 0.1.

Figure 2. SIMS profiles for bilayers of dPS in PCHMA on
PMMA (A:B/C) with (a) 5, (b) 10, and (c) 20% (v/v) initial
concentrations of dPS. After depletion of dPS due to segrega-
tion to the interface during the 42 h anneal at 150 °C, the
bulk concentration away from the interface (æA

∞) was reduced
to (a) 4.3, (b) 9.2, and (c) 19.2%. The interfacial excess (Z*)
was determined from eq 2 after fitting the SIMS profiles to a
Gaussian error function (dotted line) and a Gaussian peak
(bold line) which superimpose to represent the convoluted dPS
profile (solid line).27

Figure 3. Comparison of Cs+ (O) and O2
+ (b) primary ion

bombardment with 6.0 and 5.5 keV impact energies, respec-
tively. For this system, Cs+ clearly provides improved depth
resolution.

ae ) (aB
2 + aC

2

2 )1/2

(3)

Z* ≡ ∫-∞

∞
[æA - æA

∞(1 - æC)] dz (4)
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tensions γABC and interfacial widths wABC have been
calculated (see Figure 6) using11,20,21

where kT is the thermal energy, F0 is the lattice density,
and ú is a compressibility factor.19 For all of the
calculations performed in this investigation, ú was set
to 8.0, which maintains high degree of incompressibility
(i.e., 1 - æA - æB - æC ∼ 10-3).45 These values are scaled

to wBC (eq 1) and γBC in the limit of infinite molecular
weight,40 where

The seemingly low interfacial excess observed for dPS
initial concentrations of 5-20% is due to the highly
favorable interaction between dPS and PCHMA. This
creates a powerful driving force to keep the dPS in the
bulk.21 Although compatibilization does occur due to
dPS segregation, from Figure 6 we see that the changes
in γABC and wABC are very small over this concentration
range.

Because PS and PCHMA are so highly miscible over
a large temperature range (<225 °C),38 and the poly-
mers have nearly identical Tg’s, this is indeed a model
system for investigation of chain dynamics in miscible
blends.4-6,37 We can also infer that, with known ther-
modynamic constants38 and good agreement with SCMF
(see Figure 5), the PS/PCHMA/PMMA ternary system
would be ideal for investigation of potential driven
diffusion near a bounding interface.46,47 Many of the
polymers previously used for such investigations, such
as PXE,1,14 PVME,7,18 and TMPC,12,13 are extremely
difficult to controllably synthesize,48 often resulting in
somewhat high polydispersities (Mw/Mn > 2). Future
investigations would be greatly improved through the
use of a polymer system with each of the polymers
having a low polydispersity (Mw/Mn < 1.2). PS and
PMMA are well-known for their ability to be controllably
synthesized with a low polydispersity,49 but PCHMA
has also been synthesized with techniques such as
anionic37 and controlled-radical50,51 polymerizations.
These polymerization techniques have resulted in Mw/
Mn < 1.2,49 but unlike the synthesis of PMMA, the
choice of method (radical or anionic) does not strongly
influence the Tg of PCHMA.37,51,52

Figure 4. SCMF simulated profile for æA
∞ ) 0.043 (depleted

dPS concentration for 5% initial concentration) using øAB )
-0.015, øAC ) 0.038, and øBC ) 0.1. Polymer A (dPS) is the
bold line, polymer B (PCHMA) is the dotted line, and polymer
C (PMMA) is the solid line in (a). Z*/R was determined to be
0.044 from eq 4 and is the area between the bold and dotted
lines in (b). Here, ae is the effective segment length for B and
C segments40 from eq 3. The zero-point for the z-axis is set by
the inflection point in the depth profile for C.

Figure 5. Interfacial excess (Z*/R) measured from the SIMS
profiles using eq 2 (O) as compared to SCMF calculations using
øAC ) 0.038, øBC ) 0.1, and øAB ) -0.0034 (9) or -0.015 (2).
Lines are a guide for the eye. The theoretical values of Z*/R
were determined using eq 4. It is clear that øAB ) -0.015
provides far better representation of the experimental values
than øAB ) -0.0034.

wABC ) 4∫-∞

∞
æC(1 - æC) dz (5)

γABC ) kTF0ú∫-∞

∞
(1 - æA - æB - æC) dz (6)

Figure 6. Interfacial width wABC (b) and interfacial tension
γABC (O) as determined using SCMF and eqs 5 and 6 with øAB
) -0.015, øAC ) 0.038, and øBC ) 0.1. Lines are a guide for
the eye. Values are scaled to the infinite molecular weight wBC
and γBC from eqs 1 and 7,34 respectively. Results are also shown
for a numerical solution of a PCHMA/PMMA bilayer, where
æA

∞ ) 0 (N ) 700).

γBC ) kTF0ae(øBC

6 )1/2

(7)
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Conclusions
We have presented an investigation of the segregation

of dPS to an interface between highly immiscible
PCHMA and PMMA. With SIMS, we have measured
Z*/R of 0.053, 0.055, and 0.068 for 5, 10, and 20% initial
concentrations, respectively, of dPS in the PCHMA layer
after 42 h at 150 °C. Using XR, the interfacial width
between PCHMA and PMMA has been determined to
be 1.6 nm at 150 °C. Calculated values of Z*/R from
SCMF calculations have shown good agreement with
the experimental values of Z*/R at all three concentra-
tions using the reported value of ø for PS/PCHMA of
-0.01538 rather than -0.0034.37 SCMF calculations also
show that, because PS and PCHMA are so highly
miscible, there is little change in wABC and γABC over
the concentration range employed here due to relatively
low dPS segregation. We anticipate PS/PCHMA and PS/
PCHMA/PMMA to be model systems for future inves-
tigations of such phenomena as diffusion in miscible
blends13,14 and diffusion near interfaces46,47 by minimiz-
ing problems associated with asymmetric Tg’s of the
polymer constituents.4-6
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