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Deuterium labeling has been shown previously to affect thermodynamic interactions at polymer surfaces,
polymer/polymer heterogeneous interfaces, and in bulk (away from a surface or interface). However, the
changes in polymer-polymer interactions due to deuterium labeling have not been thoroughly investigated
for highly immiscible systems. It is shown here that deuterium labeling can influence polymer-polymer
interactions at heterogeneous interfaces with highly immiscible systems, namely, polystyrene/poly(2-
vinylpyridine) (PS/P2VP), polystyrene/poly(4-vinylpyridine) (PS/P4VP), and polystyrene/poly(methyl meth-
acrylate) (PS/PMMA). Using secondary ion mass spectrometry, segregation of deuterium labeled polystyrene
(dPS) in a dPS+ unlabeled PS (dPS:hPS) blend layer was observed at the dPS:hPS/hP2VP, dPS:hPS/hP4VP,
and dPS:hPS/hPMMA heterogeneous interfaces. However, a reference system involving PS on a PS brush
shows no segregation of dPS to the interface.

Polymer blend phase behavior can often be described in terms
of a mean-field interaction parameter (ø).1 For values ofø e 0,
a binary blend is completely miscible, and weak to moderate
incompatibility will occur forø ∼ 0.001-0.01, where miscibility
windows are still readily available. However, for highly
incompatible blends (ø > 0.1) such as polystyrene/poly(2-
vinylpyridine) (PS/P2VP)2 and polystyrene/poly(4-vinylpyri-
dine) (PS/P4VP),3 miscibility windows are only achievable with
very low molecular weight constituents (oligomers), if achiev-
able at all. Increased control over the properties of incompatible
polymers4,5 has led to significant advances in the emerging fields
of bio- and nanotechnology.6 These advances have been greatly
aided by the fundamental understanding brought about with
improvements in characterization methods.6,7 Many of these
methods, including small angle neutron scattering (SANS),
neutron reflectometry (NR), forward recoil spectrometry (FRES),
nuclear reaction analysis (NRA), and secondary ion mass
spectrometry (SIMS), utilize deuterium labeling in order to
provide enhanced contrast for proper experimental characteriza-
tion.8,9

Deuterium labeling involves replacing protium (1H) in a
compound (organic or inorganic) with its isotopic analogue (2H).
Although this method of labeling seems simple and unobtrusive,
it has been shown to have a small, albeit finite, impact on
polymer interactions at polymer surfaces,10,11polymer/polymer
heterogeneous interfaces,12 and in bulk (away from a surface
or interface),13,14 but these effects have not been thoroughly
investigated with highly immiscible systems. Here, we show
that effects of deuterium labeling on polymer-polymer interac-
tions are also readily observable in highly immiscible polymer

blends (ø . 0.01). Three model systems, PS/P2VP, PS/P4VP,
and polystyrene/poly(methyl methacrylate) (PS/PMMA),12 show
segregation of deuterium labeled PS (dPS) to the heterogeneous
polymer/polymer interfaces. However, a reference system
involving PS on a PS brush15 shows no segregation of dPS to
the interface. The PS/P2VP, PS/P4VP, and PS/PMMA systems
have been previously utilized in many technologically relevant
investigations, including polymer blending,2,3,16 reactive com-
patibilization,17-19 and tailoring of block copolymer morphology
for directed nanoassembly.15,20-23 Therefore, the findings pre-
sented here will provide an increased understanding of the
effects of deuterium labeling on polymer phase behavior as well
as improved characterization using techniques such as SANS,
NR, FRES, NRA, and SIMS.

All polymers used in this investigation were purchased from
Polymer Source or Scientific Polymer Products. Their chemical
structures are listed in Figure 1. For the remainder of the paper,
isotopic labeling will be distinguished with anh or d to signify
specific unlabeled or deuterium labeled polymers, respectively.
Differential scanning calorimetry was used to determine the
glass transition temperatures (Tg), while thermogravimetric
analysis was used to determine the degradation temperatures
(Td). Silicon (100) wafers were cut to 2.5 cm× 2.5 cm squares
and cleaned in Baker Clean JTB-111 (J.T. Baker) and washed
with deionized (DI) water. They were then etched with 10%
(v/v) aqueous hydrofluoric acid, washed in DI water, and blown
dry with N2, thereby providing a hydrogen-passivated substrate
(SiH). To prevent thermal degradation during the long annealing
times used here, 3% (w/w on a solvent free basis) Irganox 1010
(Ciba-Geigy) was added to all polymers. Irganox 1010 has been
shown to have a negligible surfactancy effect (i.e., preferential
segregation) in polymer films.24 hPMMA (Mn ) 1490 kDa;Mw/
Mn ) 1.05; Tg ) 130 °C; Td ) 360 °C), hP2VP (Mn ) 1110
kDa; Mw/Mn ) 1.10;Tg ) 100 °C; Td ) 390 °C), and hP4VP
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(Mn ) 94.6 kDa;Mw/Mn ) 2.25;Tg ) 150 °C; Td ) 360 °C)
were all cast onto the SiH substrates from chlorobenzene or
pyridine to a thickness≈200 nm and annealed at 176°C for
18 h. For production of an hPS brush,15 SiH wafers were
exposed to UV-ozone for 30 min to produce a native oxide layer
(SiOx ≈ 2 nm), and hP(S-b-2VP) was cast from chlorobenzene
onto the substrate. These samples were annealed for 18 h at
176 °C and subsequently washed with chlorobenzene, thereby
producing a 10 nm hPS brush (Z*/Rg ≈ 1.6, whereZ* is the
brush height, andRg is the gyration radius of the hPS block),15

as determined using ellipsometry. Thick PS layers (∼1.1 µm),
containing 10% (v/v) dPS (Mn ) 1500 kDa;Mw/Mn ) 1.3; Tg

) 100°C; Td ) 400°C) + 90% hPS (Mn ) 1530 kDa;Mw/Mn

) 1.03; Tg ) 100 °C; Td ) 400 °C), were cast from toluene
onto the hP2VP and hP4VP layers and the hPS brush. For
production of the hPS:dPS/hPMMA films, the PS layer was cast
onto SiOx, scored with a sharp tip, floated into DI water, and
picked up with the hPMMA layer. All samples were then placed
in a vacuum at 176°C for 64 days.

The dPS depth profiles were acquired using a CAMECA
IMS-6f magnetic sector spectrometer.25 The analysis conditions
involved a 50 nA O2

+ primary beam with a 5.5 keV impact
energy that was rastered over a 180µm × 180µm area. Positive
secondary ions were detected from a 60µm diameter optically
gated area at the center of the raster crater. The use of O2

+

primary ion bombardment with detection of positive secondary
ions was implemented in order to minimize sample charging
of these thick insulating films.26 A mass resolution (m/∆m) of
1250 was used to completely separate2H from 1H2 while
maintaining a high detection sensitivity.25 Before the bilayers
were depth profiled, a 70 nm (approximate) hPS sacrificial layer
was floated onto the sample surface to ensure uniform sputtering
rates and secondary ion yields before the start of the hPS:dPS
layer. A 20 nm conductive Au coating was deposited on top of
the sacrificial layer to further prevent charge buildup.27 At least
two spots were analyzed on each sample to ensure reproduc-
ibility of the depth profiles. The PS depth profiling rate (0.57
nm/s) was calibrated from three hPS:dPS/hPS brush profiles
after measurement of the crater depths using profilometry.25

Measurement of the unconvoluted surface concentration of
dPS (æs) for each sample (no sacrificial layer) was performed
using time-of-flight (ToF) SIMS28 with a PHI TRIFT I ToF
mass spectrometer. The analysis conditions included a 15 keV
Ga+ primary ion energy with detection of positive secondary
ions. A 600 pA primary ion current was used over a 100µm ×
100µm detection area with a 7.2 kV extraction voltage. Charge

neutralization was accomplished with a pulsed low energy
electron beam (∼24 eV). The data acquisition time was set to
7 min, resulting in a total ion fluence of∼5 × 1011 ions/cm2

per analysis. Because this is below the so-called static limit,
analysis was constrained to the top monolayer (<1 nm) of the
film assembly.29 Mass spectra were collected from three to four
different spots on each sample and were subsequently analyzed
using WinCadence software.

After annealing for 64 days at 176°C under vacuum, the
samples were analyzed using SIMS, with the respective dPS
depth profiles shown in Figure 2. Segregation of dPS is observed
at all interfaces (see Figure 2), except the hPS:dPS/hPS brush
interface (Figure 2a). Figure 3 shows that the hPS:dPS blend
with 10% dPS (v/v) at 176°C is within the single-phase region
of the phase diagram,13 and therefore, the observed segregation
is not due to bulk phase separation of the hPS:dPS blend.10

Negligible dPS segregation at the hPS:dPS/hPS brush interface
confirms that variable dPS segregation at the heterogeneous
polymer/polymer interfaces is not entropically driven (e.g.,
driven by polydispersity effects30), nor is it an artifact of sample
preparation (i.e., dPS diffusion is strictlyto a surface or interface
from a homogeneous hPS:dPS blend and notfrom a surface or
interface), and this control experiment eliminates any influence

Figure 1. Chemical structures of the polymers used in this investiga-
tion.

Figure 2. Depth profiling results for the (a) hPS:dPS/hPS brush, (b)
hPS:dPS/hP2VP, (c) hPS:dPS/hP4VP, and (d) hPS:dPS/hMMMA
blends. The previously reportedø values2,3,13,14between dPS and the
bottom layer are also shown. It is quite clear from the diffusion gradient
near the hPS:dPS surfaces and hPS:dPS/hPMMA interface that the
systems are not at complete equilibrium, even after 64 days at 176°C.

Figure 3. Phase diagram for a 1500 kDa symmetric hPS:dPS blend,
as generated using parameters reported in ref 13 (ø ) 0.20/T - 2.9×
10-4). The solid line is the binodal (coexistence curve), while the dashed
line is the spinodal. The experimental temperature (T ) 176 °C) and
initial dPS volume fraction (0.1) is also shown (b).

Letters J. Phys. Chem. B, Vol. 110, No. 22, 200610603



of the SiH or SiOx substrates on the strength of the observed
segregation. It is also shown that the segregation of dPS to the
hPS:dPS surfaces (Figure 2) and the hPS:dPS/hPMMA interface
(Figure 2d) are strongly diffusion-controlled,10,12 implying that
the enthalpic preference for dPS over hPS is greater thankT
(thermal energy) per chain at these locations.12 The diffusion
gradient at the hPS:dPS surfaces and hPS:dPS/hPMMA interface
(Figure 2) demonstrates that the diffusive flux (chemical
potential gradient) favors an increase in dPS segregation to the
hPS:dPS surfaces and hPS:dPS/hPMMA interface.10,31The lack
of a gradient at the hPS:dPS/hPS brush, hPS:dPS/hP2VP, and
hPS:dPS/hP4VP interfaces (Figure 2a-c) shows that the dPS
segregation strength is weaker (<kT per chain), or nonexistent
in the case of the hPS:dPS/hPS brush interface, for these systems
than with the hPS:dPS/hPMMA system.12 Because there is no
driving force for reversal of the observed segregation under these
constant experimental conditions, the observed segregation in
Figure 2 can be considered a lower limit of the equilibrium
amounts.10

Theoretical analysis of equilibrium segregation of dPS to an
hPS:dPS surface further confirms that the observed segregation
for all systems shown in Figure 2 is indeed a lower limit. Using
a previously reported model and parameters,10 a surface volume
fraction of dPS (æs) of approximately 0.75 for the system and
experimental conditions implemented here is expected. Experi-
mental analysis ofæs using ToF (static) SIMS28 reveals much
lower surface compositions than theoretically predicted, as
shown in Table 1. However, the enthalpic preference for dPS
over hPS at a heterogeneous interface can be ordered, from
strongest to weakest, as the hPS:dPS/hPMMA interface (∼1 ×
10-2kTper segment),12 hPS:dPS/hP4VP interface (>2 × 10-3kT
per segment), and hPS:dPS/hP2VP interface (>1 × 10-3kTper
segment). The lower limits for the dPS enthalpic preference at
the hPS:dPS/hP4VP and hPS:dPS/hP2VP interfaces were ap-
proximated from the square-gradient model described in ref 10.

Figure 2 also shows the previously reported values forø
between dPS and hPS (Figure 2a),13 dPS and hP2VP (Figure
2b),2 dPS and hP4VP (Figure 2c),3 and dPS and hPMMA
(Figure 2d).14 According to mean-field theory, the enthalpic
preference for dPS at the interface can be approximated by32,33

where∆øp is the enthalpic preference for a dPS segment at the
heterogeneous interface (scaled tokT),12 øh,d is the mean-field
interaction parameter for hPS and dPS,ød,b is the interaction
parameter for dPS and the bottom layer polymer,øh,b is the
interaction parameter for hPS and the bottom layer polymer,
andλ1 is a weighting factor (1/6 for a cubic lattice).32 In deriving
eq 1 (far right side), it was assumed thatøh,b ) (ød,b

1/2 + øh,d
1/2)2

(geometric mean approximation)33 and the bottom layer polymer
has a more favorable interaction with dPS than with hPS, which
is experimentally observed in Figure 2b-d. Equation 1 does
predict the correct order of magnitude for∆øp for the hPS:dPS/
hP2VP and hPS:dPS/hP4VP interfaces, but it predicts a∆øp

value that is over an order of magnitudelower than the
experimentally determined∆øp for the hPS:dPS/hPMMA in-

terface.12 Also, although a monotonic increase in∆øp should
be observed with an increase inød,b at constantøh,d, there is no
clear relationship between the values ofød,b and the strength of
dPS segregation observed here. Because the influence of the
bottom layer on the degree of dPS segregation cannot be related
to the bulk phase behavior (ød,b), the observed changes in
interactions at polymer/polymer heterogeneous interfaces due
to isotopic labeling may not be consistent with current mean-
field theories.12,34 The underlying mechanism and relevant
parameters behind these varying degrees of segregation are
unknown at this time, and future work should indeed focus on
the molecular level mechanisms behind this macroscopically
observed phenomenon.13

In conclusion, we have observed segregation of dPS to
heterogeneous polymer/polymer interfaces from hPS:dPS blends
using model PS/P2VP,2 PS/P4VP,3 and PS/PMMA12,14systems.
This confirms that deuterium substitution can affect polymer-
polymer interactions at interfaces between highly incompatible
polymers. Because deuterium labeling is often employed in order
to experimentally characterize phenomena such as polymer
blending2,3,16 and reactive compatibilization,17-19 improved
understanding and predictive capabilities into the effects of
deuterium labeling is technologically relevant. However, the
relative strength of these effects could not be predicted using
the independently determined mean-field interaction parameter
(ø) between dPS and the bottom layer polymer (see eq 1), and
as such, future work should focus on the molecular level
mechanisms and relative parameters behind the observed
segregation phenomenon.
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