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ABSTRACT: The segregation behavior of a small molecule plasticizer additive at an immiscible poly-
mer-polymer interface was explored. Deuterated and nondeuterated plasticizer, benzylbutyl phthalate, were
added to bilayer and multilayer thin films of polystyrene (PS) and poly(methyl methacrylate) (PMMA), and the
resulting interfacial structure was analyzed by direct and indirect depth profiling techniques, using nuclear
reaction analysis and neutron reflectometry, respectively. In the latter, contrast matching of the two polymer
components together with amultilayer sample was used to enhance the scattering cross-section depth profile due
to small molecule interfacial segregation and thus provide greater sensitivity to small amounts of interfacial
segregation. The results indicated a larger-than-expected segregation of the additive to the polymer interface and
consequently a greater degree of compatibilization of the PS-PMMA interface.

1. Introduction

The control of the strength of polymer-polymer interfaces is
desirable in many industrial applications including coatings
and polymer blends.1-3 Copolymers are a principal agent for
improving interfacial adhesion but are considerably slower than
small molecule counterparts to migrate to polymer interfaces.4

This can be crucial in industrial processes where the majority of
strength development is required to take place in a relatively short
amount of time. From an academic point of view, studies of
polymeric adhesion modifiers are simplified by their relative
stability under scrutiny or during preparation. Moreover, inter-
facial phenomena are more easily measured in the larger macro-
molecular systems with subnanometer precise neutron and X-ray
scattering techniques.5 In this paper wewill discuss the interfacial
behavior of polymer interfaces that are modified by small
molecular components, where several of these experimental
advantages are lost and more elegant experimental methods are
called for. Such small molecular additives, especially plasticizers,
are widely used in industry (e.g., coatings and blends).

Consider a ternary system of polymer (A)/polymer (B)/solvent
(S) where the polymer phases are immiscible and the solvent phase
has limited miscibility with both polymers. In such cases, it is
intuitive that smallmolecules segregate to an incompatible polymer
interface. Because of the smaller entropic penalty involved with a
polymer-solvent interface, the three-component system might
evolve into two almost pure polymer phases separated by an
interface consisting primarily of small molecules.6 However, there
is also an entropic penalty if all the solvent is localized at the
interface.A compromise is achievedwhereby the solvent distributes
itself uniformly within the system and still achieves an excess at the
interface. Thus, entropy is the dominating influence in solvent-
based ternary polymer systems in contrast to copolymer modified
blends, where enthalpic interactions have a stronger influence in
determining the nature of copolymer interfacial segregation.7

The determination of the interfacial profile of the three-compo-
nent system is based onminimization of the path along the system
free energy surface as one traverses the composition profile from
one majority polymer phase to the other. This potential surface
contains the Flory-Huggins thermodynamic free energy of mix-
ing and also a component associated with composition gradients.
The latter term is most simply expressed by a square gradient
approximation and is described in many papers discussing multi-
component systems.8-13 In particular, Lifshitz and Freed discuss
compressibility effects on interfacial width by including vacancy
sites in a binary polymer melt.10 This has several similarities to the
ternary polymer/polymer/solvent system. Generally ternary sys-
tems are further complicated by asymmetric polymer-solvent
interactions that require numerical solutions to the interfacial
composition distribution problem. Numerical approaches to self-
consistent mean-field theory (SCMF) that described this system
require the solution of two simultaneous modified diffusion
equations (MDE) for the partition functions of two of the polymer
species in the ternary mixture.7,14 While the application of SCMF
theory has largely been to macromolecular systems (where the
effects of fluctuations are lessened) bothHongandNoolandi14 and
Helfand and Tagami6 have considered the effects of a small
molecule component on binary polymer interfaces. Helfand and
Tagami, by introducing a compressibility term, were able to
formulate expressions for the polymer interfacial profile in the
presence of a solvent.6 Their expression, assuming a symmetric
polymer interface, can be used to predict the extent of the excess
interfacial segregation of solvent as φs,excess(x) = 1 - φs,bulk -
φA(x) - φB(x) where φA(x) = φB(-x) and where
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where

ξ ¼ exp½ð6χÞ0:5Þx=b�
and

χ ¼ ðχAB þ χAS - χBSÞφA;bulk

and

ζ ¼ ½ð1- φA;bulkÞ-1 - 2χAS�φA;bulk

In this expression, φ is the volume fraction and x refers to the
distance from the defined polymer interface. b and σχ are theKuhn
length and a characteristic dimension associated with nonlocal
chain effects, taken as 7 and 5 Å, respectively. χ is the effective
interaction parameter and is a function of the pair interaction
parameters for the ternary components (A, B, and S). It can be
seen for the analytically simple but physically unlikely situation of
a neutral solvent (χAS = χBS) that the solvent simply dilutes the
polymer interaction parameter χAB.

For symmetrical solvent-polymer interactions (χAS = χBS)
and polymer-polymer interactions (χAB=0.1, φS,bulk=0.1), this
leads to an integrated interfacial excess, x* [� R

-¥
-¥(φs(x) -

φs,bulk(x)) dx], of ∼0.01 Å. By contrast, typical excesses for
copolymer interfacial excesses are in the order of 1-10 nm.15

Hong andNoolandi showed that the polymeric interfacial width,
R, increased in the presence of a neutral solvent as RA,B,S =
RA,B(1- φS,bulk)

-0.5 whereRAB is the pure A/B polymer interface
width.14 For our typical values, this represents a 5% increase in
interfacial width. It is perhaps these small effects that have
dissuaded experimental verification of the solvent segregation
phenomenon.

In this paper, we report on such measurements in a ternary
polymer/polymer/small molecule system and compare these to
predictions of solvent-induced interfacial broadening and solvent
segregation. We employ a classical binary polymer system of
polystyrene (PS) and poly(methyl methacrylate) (PMMA) to
which is added awell-known industrial smallmolecule plasticizer,
benzylbutyl phthalate (BBP).

2. Experimental Details

2.1. Materials. Benzylbutyl phthalate (BBP), a liquid at room
temperature with a relatively high boiling point (370 �C), was
purchased and used as-is from Sigma-Aldrich. Deuterated BBP
(dBBP) was used to carry out nuclear reaction analysis experi-
ments. Since commercially available dBBP was only slightly
(4 out of 20 possible substitutions) labeled, a nearly completely
deuterated dBBP (16 out of 20 possible substitutions) was
synthesized and purified to 98% following the original chemical
recipe provided by the Monsanto Corp.16 Anionically synthe-
sized, normal and deuterated polystyrene [PS] and poly(methyl
methacrylate) [PMMA] of low polydispersity (Mw/Mn < 1.06)
obtained from Polymer Source were used. The molecular
weights employed were generally large (PS; Mw=630K, 1.5M;
(d)PMMA Mw=330K or 314K).

2.2. Plasticizer Characterization. In early experiments it be-
came clear that despite the relatively high BP of the plasticizer, it
was prone to evaporate from PS or PMMA thin films at the
typical annealing temperatures (i.e., >100 �C). This was con-
firmed quantitatively bymeasuring the shrinkage of polystyrene
films that initially contained 23% (volume fraction) of BBP
using spectroscopic ellipsometry to determine the polymer film
thicknesses as the initially plasticized polymer films were an-
nealed (Figure 1a, inset). Taking the initial slopes of this
shrinkage data, the rate of shrinkage as a function of tempera-
ture (Figure 1) can be determined.

The plasticization effect of BBP on bulk polymer samples was
determined using differential scanning calorimetry. Samples
were prepared by dissolving both BBP and polymer in a
common solvent (toluene) to the proportions required. Once
homogeneous the solvent was allowed to evaporate from the
mixture. Residual solvent was removed by leaving the sample in
a low-vacuum oven at 80 �C for 1 day. The depressed glass
transitions for PS and PMMA are given in Figure 2 (with DSC
scans in the inset) as a function of the plasticizer content.
Clearly, the Tg is significantly reduced by the addition of BBP;
both PS and PMMA become rubbery for BBP fractions exceed-
ing 20-30%.

2.3. NRA Sample Preparation, Instrumentation, and Analysis.

PS-PMMA bilayer samples containing BBP were prepared.
First, a 200 nm thick PS (Mw 630K) film was spun-cast (from a
toluene solution) onto a hydrofluoric acid-etched silicon wafer.
Then a 220 nm thick PMMA (Mw 330K) film containing dBBP
was spun-cast onto glass and subsequently floated on top of the
polymer sublayer. The films were prepared a week in advance
for NRA analysis to allow dBBP diffusion into the underlying
PS layer.

The Nuclear Reaction Analysis (NRA) facility at Surrey
University (Guilford, UK) was used to determine the composi-
tion profile of dBBP in the bilayer films. The technique involves
probing the composition profile of a deuterated species using a
beam of monoenergetic helium ions (3He).17 By employing a
beam of moderate energy (-0.7 MeV), a resonant nuclear
reaction is possible between helium ions, 3He, and deuterons,

Figure 1. Evaporation rates of BBP from a PMMA film show as a
function of inverse temperature. Inset shows the deswelling of BBP/
PMMA films (23 wt% fraction BBP) during annealing in air at various
temperatures.

Figure 2. Depression of the glass transition temperature in plasticized
PS and PMMA (inset shows DSC analysis for given % of BBP in PS).
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producing protons and 4He ions. The energy of the reaction
products can be calculated using momentum and energy con-
servation. This is related to the 3He energy loss as it traverses a
path through the sample prior to colliding with a deuteron.
Thus, quantitative depth profiling is based on the unequivocal
relationship between the energy of the emergent reaction pro-
ducts and the depth at which the reaction occurred.

The 3He beam, produced by a Van de Graff accelerator,
impinges on the sample in a vacuum chamber (2 � 10-5 Torr).
The sample holder has an internal coldfinger arrangement to
freeze samples that are particularly susceptible to beam damage
or, in our case, plasticizer evaporation. A load-lock attachment
to the chamber ensures quick sample changeover times without
bringing the entire chamber back up to atmospheric pressure.

The exiting protons are collected by an Ortec silicon surface
barrier detector and analyzed by a multichannel analyzer
(MCA). The result is an output of proton counts vs channel
number. Channel numbers are transformed into depth using
known stopping powers of the polymer media and the energy
loss per channel. The latter is calibrated using internal radio-
active alpha sources within the sample chamber, and the stop-
ping powers can be found in the literature.18 The proton counts
are normalized using raw data from a uniformly deuterated
sample of the same density, thus obtaining the composition
profile of the deuterated species.

2.4. NR Sample Preparation and Analysis. Neutron reflecto-
metry is widely accepted as the most accurate current means of
providing quantitative compositional information at surfaces
and interfaces. NR relies on a scattering contrast, making it
sensitive to regions where the neutron scattering length varies
sharply.5 The advantage of NR (for the investigation of poly-
meric systems) over the almost analogous technique of X-ray
reflectometry lies in the use of deuterated isotopes to achieve a
scattering contrast with a typically insignificant effect on the
thermodynamics of the system. A time-of-flight reflectometer
beamline [CRISP] and the spallation neutron source at theRuther-
ford Appleton Laboratories were used in our experiments.

Given the propensity of the BBP to evaporate from annealed
thin films, an alternative method for incorporating the plastici-
zer into the polymer films was used for samples studied with
neutron reflectometry. This was to prepare the polymer films on
silicon wafers prior to annealing them under reduced pressure in
an atmosphere containing the plasticizer. A simple sample
chamber was constructed that contained the unplasticized poly-
mer films and also a tank of 5-10 g of BBP plasticized (50 wt%)
PS. The sample chamber was evacuated to known initial pres-
sures and then placed in an oven at 175 �C for a day before being
cooled to room temperature. Plasticizer was absorbed into the
polymer films from a saturated gaseous condition; the plastici-
zer content in the film was systematically altered by control of
the initial pressure in the sample chamber. Quantitative deter-
mination of plasticizer content was subsequently possible by
neutron reflectivity analysis.

Four sample types were annealed in the chamber for the NR
experiment. Single layers of dPS (50 nm) and dPMMA (50 nm)
were used to measure the amount of BBP adsorption. A dPS
(50 nm)-PMMA (100 nm) bilayer was used to investigate BBP
sorption effects on interfacial broadening.

A more complex sample geometry was used to measure
plasticizer segregation. Multilayers of 10 alternating dPS and
dPMMA layers, each 50 nm thick, were made. The dPMMA
films contained a small amount of PMMA (5%) so that its
scattering length density matched that of dPS. This in principle
created a contrast-matched multilayer film where the only
scattering contrast apparent to the neutrons occurred at the
air/polymer and polymer/substrate. As a result, a reflectivity
profile for this system would correspond to that of a 500 nm
deuterated PS film, characterized by resolution-damped high-
frequency Keissig fringes. Relatively high molecular weight
polymers (dPS, 1.5M; dPMMA, 314K; PMMA, 330K) were

used for these neutron samples to avoid dewetting of the multi-
layers. This molecular weight mismatch was not considered to
have a significant effect on the interfacial properties of the
system.19 The concept of this arrangement was that plasticizer
adsorbed preferentially at the dPS/dPMMA interfaces would
result in periodically spaced scattering holes within the multi-
layer. The periodic combination of these scattering holes should
lead to a Bragg-like scattering shoulder in the reflectivity data.
Suchmanipulation of contrast in neutron scattering samples can
be a powerful method to increase the amount of information
extracted.20,21

The typical method for fitting reflectivity data is by trial and
error. On the basis of other evidence, such as real space profiles
from NRA, a functional form for the composition profile and
hence scattering length density profile for each of the species is
“guessed”. The corresponding reflectivity profile is calculated
via the optical matrix method (OMM),22 and model parameters
are suitably adjusted until satisfactory convergence of data to fit
is achieved. We used an additional method for data fitting to
provide a bias-free suggestion for the distribution of plasticizer
in the multilayer films. This method is based on a free-form
fitting approach to our data using a maximum entropy method,
MaxEnt.23 The algorithm discretizes the sample profile, the
thickness of which is known, and varies the composition of
the resulting segments. Therefore, with typically many more
variables than data points, the resulting real-space profile has
the potential to have no physicality. However, the MaxEnt
method is particularly strong at being able to suggest real-space
composition profile to data where the distribution of compo-
nents is relatively unique. This is for example the case when
MaxEnt is used to suggest the best real-space fitting to the
reflectivity data of a series of alternating deuterated and non-
deuterated polymer layers, as described in our earlier work.24

The typical, bias-free, inputs for fitting reflectivity data with
MaxEnt are the sample’s average scattering length density and
the total sample thickness, which can be determined in advance
with ellipsometry.

3. Results and Discussion

3.1. Analysis of NR Results. In the final analysis, two defi-
nitive NRA samples were prepared which initially contained
20 or 30% (volume fraction) of dBBP in PMMA on a PS
substrate. The NRA data for these are shown in Figure 3.
The raw data were normalized by a thick deuterated PS
sample profile and subsequently by conserving the total
amount of dBBP in the bilayer to the initial amount present
in the upper PMMA layer. Figure 3a,b shows a perceptible
segregation of dBBP at the PS-PMMA interface which is
now ∼120 nm from the air surface. Since the original film
was about 250 nm thick, this can imply that as the plasticizer
diffuses into the PS film, there is shrinkage of the original
PMMA film. However, as can be seen in the data, the BBP
clearly does not extend throughout both films (since the total
bilayer thickness is ∼450 nm) and has not yet reached equilib-
rium. This will also explain the extended dBBP profile that tails
deeper into the film, in comparison to the relatively sharp front
edge (at depth=0 nm). A difficulty in interpreting this data
arises since one cannotmonitor both thepositionof thepolymer
interface and the diffusing component.

A trilayer model (shown in Figure 4) was used to fit the
data. This described the BBP volume fraction within the
PMMA layer, the sublayer, and in an intermediate layer used
to account for BBP interfacial segregation. For comparison,
a single layer fit, describing a uniform plasticizer distribu-
tion, was also applied to the data. The edges of these layers
were convoluted with a Gaussian distribution, the fwhm of
which can be used as an indication of the sharpness of the
profile. The trilayer dimensions for the fits are given in
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Figure 4, and the convolution width of the blocks deep into
the samplewas-50 nmwhereas the fwhmat the front edge of
the sample was ∼25 nm. A physically sharp interface is
expected to be fit by a fwhm value of ∼15 nm. This suggests
there was some removal of BBP from the front of the sample,
despite the use of the cryo-stage.

Plasticizer segregation at the interface is expected to occur
over a distance of a few molecules. Hence, no quantitative
information is expected from the NRA data. Instead, the fits
indicate that there is a segregation peak at the polymer-
polymer interface, the precise height and width of which are

shrouded within the resolution envelope of the ion-beam
technique. The fits also show a relatively small amount of
BBP penetration into the polymer sublayer despite the time
allowed for equilibration. A concern in data interpretation is
the uncertainty of the sample front edge, since it is plausible
that some dBBP will have evaporated from the surface.
Therefore, the NRA analysis provides some evidence, but
not nearly convincing enough, of segregation at the PS/
PMMA interface. It is necessary to use a higher resolution
method, neutron reflectometry, to prove more conclusively
that this is occurring.

3.2. Analysis of NR Results. Plasticizer sorption into
different samples of single layer deuterated films was corre-
lated to the shift in the position of the reflectivity data’s
critical edge (the Q value below which total external reflec-
tion occurs). This shift can be seen in Figure 5 to lower Q
(momentum transfer) values for higher BBP adsorption.
OMM fits for samples of dPS in three different BBP atmo-
spheres were obtained using a single layermodel with a fitted
uniform scattering length density (Figure 5). Since this
density is linearly related to the fraction of BBP and deuter-
ated polymer present, the resulting BBP adsorption can be
calculated as shown in the inset of Figure 5. This data
indicates typical values of up to 7% BBP content in the
films in a manner linearly dependent on the initial chamber
pressure.

A similar adsorption of BBP into layers of dPS and
dPMMAwas measured. In order to correlate the adsorption
at all chamber pressures, an interpolation of themean uptake
into both polymers is used from Figure 5.

Figure 6 shows the reflectivity profiles from four contrast
matched multilayers. The unannealed unplasticized sample
provoked the greatest surprise. Instead of a monotonically
decreasing reflectivity profile synonymous with a thick uni-
formly deuterated polymer layer, peaks were observed at
periodic Q-spacings. Such a profile was expected for plasti-
cizer segregation at the interfaces of the multilayer elements.
This was confirmed by data fitting with MaxEnt using a
uniform scattering profile as an initial guess. Since MaxEnt
uses two reference scattering length densities (of dPS and
PS), changes in scattering length through the sample are
related to the volume fraction of the deuterated species
(Figure 7). The MaxEnt fits clearly show periodic drops in
polymer composition at roughly 50 nm spacings (indicated
by arrows in the figure). The fact that these peaks are largest

Figure 3. NRA profiles for dBBP in PMMA/PS bilayers where the
dBBP content is (a) 20% and (b) 30%. Also shown are single (dashed
line) and trilayer (solid line) fits as described in the text.

Figure 4. Trilayer model fit parameters used to fit the data shown in
Figure 3. With the exception of the air-polymer interface, the model
was convolutedwith aGaussian smoothing functionwith a full width at
half-maximum (fwhm) of 50 nm. The front edge fwhmvaluewas 25 nm.

Figure 5. Reflectivity data for single layers of dPS exposed to no
plasticizer (circles) and aplasticizer environmentproduced in a chamber
pressure of 600mbar (squares) and 950mbar (triangles). The fitted data
indicate a shift in the critical edge of the NR profiles and are used to
determine the amount of BBP adsorbed into the films (see inset).
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near to the ends of the samples is artificial since similarly
good fits are possible when the relative positions of these
peaks are rearranged.

The scattering deficit at the interfaces of the unannealed
unplasticizedmultilayer was unexpected. However, the com-
posite layers are in an as-spun state and likely to have a
density variation between the interface and the bulk. Addi-
tionally, contaminant particles, such as water molecules,
trapped at the interface during multilayer fabrication will
have the effect of locally reducing the scattering length
density. On annealing the unplasticized multilayer sample,
both these effects are removed, as seen in the reflectivity data
(Figure 6) and corresponding MaxEnt fits (Figure 7).

TheMaxEnt profiles fits to data frommultilayers that were
subject to a plasticizer atmosphere once again reveals a
decrease in the mean scattering length density of the sample
indicating BBP uptake. More crucially the MaxEnt profiles
indicate a re-emergence of the scattering holes at the interface.

These results suggest an inverted comb profile with which
to quantitatively fit the data using the OMM. The relevant

fitting parameters, shown in Figure 6, are the two bulk
polymer thicknesses, DdPS and DdPMMA; a characteristic
width, Dint, over which plasticizer segregation occurs; and
the plasticizer volume fractions in these regions, φs,int and
φs,bulk. TheGaussian roughness of the layer interfaces was an
additional parameter and, entered via a Debye-Waller
factor, is used to smooth the artificially sharp model inter-
faces of the comb model. Good fits to the data using this
model are given in Figure 6, and the corresponding fitting
parameters are shown in Table 1. From Table 1, it is clear
that BBP has been adsorbed into the annealed multilayers
exposed to a BBP atmosphere; the amount adsorbed and
segregating at the interface increases at a higher plasticizer
atmosphere. It should be noted that the data fit values of
φs,bulk in Table 1 differ slightly from the values of these
multilayers are labeled with in column one. The labeled
values of φs come from single layer reflectivity samples
(e.g., Figure 5) and are considered more accurate. A more
detailed segregation profile at the interface is found using the
convolution of the plasticizer segregation layer (from the
comb model) with the experimentally extracted roughness
values (Figure 8). The main figure indicates the interfacial
excess volume fraction of BBP (above that of the bulk) and
can be used to calculate the total plasticizer interfacial excess,
x*. The calculated excesses are also listed in Table 1 for both
unplasticized andplasticizedmultilayers and aremuch larger
than the Helfand and Tagami expressions calculated earlier.
This is also apparent when comparing the convoluted pro-
files in Figure 8 to a plot of eq 1. The inset to Figure 8 also
includes a plot of the local density profile, F, of the polymer
multilayers prior to and after annealing. Here F0 is assumed

Figure 6. Reflectivity data and fits (using OMM) for contrast matched
dPS/dPMMA multilayers. The schematic of the comb profile fitting
model is given in the inset. Data are shown for as-made unplasticized,
multilayers (squares), annealed unplasticized multilayers (circles), and
annealedmultilayers exposed to a plasticizer environmentproduced in a
chamber pressure of 600 mbar (triangles) and 950 mbar (diamonds).

Figure 7. Maximum entropy-based free-form fits for contrast matched
dPS/dPMMAmultilayers. The data are described in the text and within
the figure. The arrows indicated are the putative locations of the
polymer interfaces where excesses of plasticizer are observed.

Table 1. Fitting Parameters Extracted from NR Analysis of Multi-
layer Samples

contrast matched
multilayer samples

DdPMMA, DdPS,
Dint (nm) φs,bulk, φs,int

interfacial
width, R (nm),

interfacial excess,a

x* (nm)

0% unannealed 43.0, 49.0, 2.3 0.01, 0.14 1.25, -0.32
0% annealed 42.6, 45.0, 2.3 0.00, 0.04 1.25, -0.09
φs = 0.04 annealed 41.2, 46.1, 2.2 0.03, 0.11 4.0, 0.24
φs = 0.07 annealed 41.3, 46.9, 1.8 0.05, 0.14 3.5, 0.25

aDetermined from integration of fitted interfacial profile.

Figure 8. Convoluted interfacial segregation profiles from combmodel
fitting of multilayer samples. The inset shows the relative density of
polymer for the unannealed (dotted line) and annealed (full line)
unplasticized multilayers. The main figure shows the excess interfacial
plasticizer volume fraction profiles for multilayers with a bulk plastici-
zer content of φs = 0.04 (dashed line) and φs = 0.07 (full line) and the
predicted interfacial excess using eq 1 for the typical parameters used in
this paper (dotted line).
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to be equivalent to the equilibrium density that is achieved
after the multilayers have been annealed into their melt state
and allowed to reach equilibrium chain conformations. The
data are interesting in that it indicates two things. As
expected, the surfaces of the polymer films prior to annealing
are less well packed, and in fact the overall film is less well
packed than an annealed bulk film. The second point is that
even after annealing the polymer interfacial chain packing is
less than in the bulk.

Bilayer NR data (a selection of which are shown in
Figure 9) indicate, through the loss of Keissig fringes at high
Q values, the broadening of the polymer interface on ex-
posure to BBP vapor. These data were fit (see Figure 9) using
the OMM with the archetypal hyperbolic tangent profile,
tanh(x/R), where R is used to characterize the interfacial
width. For bilayerswith no plasticizer, the data fits return the
interfacial width value 4.8 nm, in broad agreement with
previous work.25,26 As seen in Figure 10, there is a general
increase in the interfacial width, R clearly correlated with the
amount of BBP adsorption in the bilayers. Also shown is the
HT-predicted interfacial width for the system RA,B,S. Again
there is an order of magnitude difference between the
experimentally observed interfacial effects and that pre-
dicted by simple theory.

3.3. Conclusions. In spite of the problems that arise from
this particularly difficult experiment, there have been several
notable findings. It was possible to control the amount of
plasticizer absorbed to a reasonable extent. This has been
shown through the relative increases in film thicknesses
measured using ellipsometry and reflectometry as well as
through the decrease in overall scattering power of deuter-
ated polymer films. From this we are able to make definite
conclusions about BBP segregation at the PS-PMMA inter-
face. Such conclusions have also ruled out other possible
causes of the behavior seen with NR. Annealing of unplas-
ticized contrast matched multilayers removed the interfacial
defects that caused scattering deficits at the interface in
unannealed samples. Thus, the regrowth of scattering holes,
in samples annealed in a BBP atmosphere, can only be
ascribed to segregation of the plasticizer at the polymer/
polymer interfaces.

BBP surface segregation and evaporation are very likely to
occur to a small extent and will begin from the moment the

samples are taken from the preparation chamber. The multi-
layer geometry was designed to minimize this effect by
containing many interfaces. Significant surface segregation
would also have been visible from the reflectivity profiles
taken from adsorption to single polymer layer samples,
whereas our data were adequately fit with a uniform com-
position profile.

Another explanation for the disappearance of the reflecti-
vity fringes from the dPS-PMMA bilayers is that surface
roughening and not interfacial broadening is occurring. How-
ever, control of both surface and interfacial width parameters
during the fitting procedure negated this possibility; surface
roughnesses were consistently found to be ∼ l nm.

The experimentally observed phenomena, while qualita-
tively predictable, disagree with the currently available the-
oretical expectations by an order of magnitude or more;
specifically, experimentally determined integrated excesses
are ∼10-1 nm compared to the predicted 10-3 nm from
mean-field theory. Equally, changes in interfacial width are
seen to be more sensitive to the addition of plasticizer than
what is expected from theory (see Figure 10). Some qualifi-
cationsmust bemade for the use of theHT expression since it
models the plasticizer as a neutral diluent of the interaction
between the polymer segments.6 The extent to which asym-
metry affects the prediction is not easily calculated. More-
over, it is a difficult task, from this data, to ascertain the
relative position of the BBP-rich interface with respect to the
two polymers since the small amount of segregation makes
little difference to the interfacial scattering profile when
contrast matching is not used and the interface is effectively
invisible when it is used. It has been assumed, on the basis of
BBP adsorption into single polymer films, that our system is
fairly symmetric and the solvent approximately neutral.
However, it may be that our data can be compared to recent
models put forward by Wang and Sanchez, who specifically
looked at supercritical CO2 effects on a polymer interface27

and includes the asymmetric relationships between the sys-
tem components.

4. Summary

After characterization experiments on some properties of BBP
were performed, nuclear reaction analysis (NRA) and neutron
reflectometry (NR) were used to obtain composition profiles of
the plasticized polymer interface. Early studies showed that
plasticizer volatility in thin polymer films seriously affected the
interpretation of experimental data. Nonetheless, NRA revealed

Figure 9. NRdata and fits (usingOMMand tanhprofile) of four bilayer
samples. The samples contain no plasticizer (circles) and some plasti-
cizer; φs=0.04 (squares), φs=0.05 (triangles), φs=0.07 (diamonds). The
interfacial detail of the tanh profile for the φs=0 case (R=4.8 nm) is
given in the inset.

Figure 10. NR determined interfacial widths, R, obtained from bilayer
samples. The figure also shows (as a line) the expected interfacial width
as predicted by Hong and Noolandi.
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real space evidence of plasticizer interfacial segregation that
supported more quantitative results obtained by scattering
techniques.

NRanalysis indicated a significant amount ofBBP segregation
at the interface with a clear influence on the polymer interfacial
width. While in qualitative agreement, the experimentally ob-
served behavior, solvent interfacial excesses, and interfacial
broadening are an order of magnitude than what is predicted
by a polymer self-consistent mean-field theory (SCMF) for
reasons that are as-yet unknown.

Our experimental results have potential practical implications
that need verification.While an enhanced degree of entanglement
at a pure polymer/polymer interface is synonymous with im-
proved interfacial strength, it has not been determined whether
the plasticizer induced effect will have a similar effect. In fact, a
moremobile interface may increase the toughness of the interface
and, depending on the molecular weights of the two polymers,
induced a shift in the mode of interfacial fracture (for example,
from chain scission to pull-out4).

A wide range of additives are added to commodity polymers
during processing. While these additives are well-known to alter
the blend morphology, an understanding of the mechanisms
behind these processes are poorly understood and can be well
served by these results. The results may also be of interest to a
broader readership beyond polymer films, e.g., additive effects in
solar cell research28 or researchers working in the field of
nanoparticle polymer composites.
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