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ABSTRACT: We have examined the effect of deuterium labeling on surface interactions
in mixtures of random olefinic copolymers [C4H8]12x[C2H3(C2H5)]x. Based on surface
segregation data we have determined a surface energy difference xs between pure blend
constituents. In each binary mixture components have different fractions x1, x2 of the
group C2H3(C2H5), and one component is labeled by deuterium (dx) while the other is
hydrogenous (hx). The mixtures are grouped in four pairs of structurally identical
blends with swapped labeled constituent (dx1/hx2, hx1/dx2). For each pair the surface
energy parameter xs increases when the component with higher fraction x is deuter-
ated, i.e., xs(dx1/hx2) . xs(hx1/dx2) for x1 . x2. A similar pattern has been found
previously for the bulk interaction parameter x. This is explained by the solubility
parameter formalism aided by the lattice theory relating the surface excess to missing-
neighbor effect. xs has also an additional contribution, insensitive to deuterium swap-
ping effect, and related to entropically driven surface enrichment in a more stiff blend
component with a lower fraction x. Both enthalpic and entropic contributions to xs seem
to depend on the extent of chemical mismatch between blend components. © 1998 John
Wiley & Sons, Inc. J Polym Sci B: Polym Phys 36: 2691–2702, 1998
Keywords: surface segregation; polyolefin copolymers; deuterium labeling effect

INTRODUCTION

The bulk and surface thermodynamical proper-
ties of polymer mixtures have been a topic of
considerable interest from a fundamental1 as well
as from an applications2 point of view. Over the
last decade much experimental and theoretical
work has focused on model systems of polymer
mixtures formed by molecules with different iso-
topic or/and microstructural composition.

Partial miscibility3,4 observed in isotopic mix-
tures has been attributed to cohesive energy dif-

ferences between the blend components. The
same effect leads to the phase separation5 of iso-
meric blends composed of random olefinic copoly-
mers. These copolymers, of mean composition
E12xEEx, where E and EE are linear di-
ethyleneO(C4H8)Oand branched ethyl ethylene
O[(C2H3(C2H5)]Ogroups, are molecules whose
mean microstructure varies continuously with x
from polyethylene ( x 5 0) to poly(ethyl ethylene)
( x 5 1). Cohesive energy differences due to iso-
topic and microstructural disparity could be cou-
pled in the bulk interaction parameter x: A con-
siderable change in x is observed6–9 in the mix-
tures of random olefinic copolymers caused by the
swap of the component labeled by deuterium (la-
bel swapping effect).
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The enrichment by one of the components at
the free surface observed in most isotopic mix-
tures10 has been explained by extending11 the
enthalpic arguments describing bulk interac-
tions. These arguments predict a surface excess
in the component with lower cohesive energy.
Such predictions turn out to be wrong when ad-
ditional entropy-related forces are present, for in-
stance, driving the segregation of protonated but
much shorter chains in isotopic mixtures.12 A
competition of enthalpic and entropic consider-
ations is commonly advocated for real polymer
blends.12–16

Various entropy-based mechanisms have been
proposed for different types of molecular architec-
tures. The restriction of configurations available
to linear chains is considered to play a decisive
role when the components have different
lengths12,17,18 or surface interactions.19 Long-
branched chain additives are expected16,17,20 and
observed17,21 to segregate preferentially at sur-
faces of linear polymer matrix because they act20

as a collection of unconnected short linear chains.
Short-branched polymers represented by random
olefinic copolymers E12xEEx are modeled13b,15,22

as effective linear chains with tuned bond flexi-
bility, or chain stiffness. Their blends form sys-
tems with stiffness disparity, similarly to the
moieties of poly(ethylene propylene)–poly(ethyl
ethylene) diblock copolymers.23 Although prefer-
ential segregation of more flexible units is attrib-
uted15,22 to configurational entropy effects, a pro-
nounced surface excess of the stiffer component is
expected13,24,25 due to13b packing entropy and en-
tropy effects due to local rearrangements of seg-
ments at the surface. It was shown25 that an
entropic mechanism preferring more rigid seg-
ments might be of equal importance to one of
purely enthalpic origin.

In a series of studies we examined the free-
surface behavior of mixtures with stiffness dis-
parity, composed of short-branched olefinic copol-
ymers E12xEEx: initial direct observations26 of
the complete wetting by the more flexible compo-
nent (with higher EE content x) were followed by
detailed studies26–29 monitoring surface segrega-
tion as a function of concentration, temperature,
and blend components. An earlier discussion of
some of these results27 suggested that the driving
potential for the surface enrichment is predomi-
nantly enthalpic, rather than entropic in origin.

This article focuses on the deuterium label-
swapping effect observed for surface interactions.
It allows us to separate the enthalpic and entropic

contributions, argued to be either strongly6–8 or
weakly15b sensitive to the change of the isotopic
composition of the molecule, respectively. Cumu-
lative analysis performed on the segregation da-
ta27–29 yields a better insight on the role and
relative amplitudes of both enthalpic and entropic
forces driving the segregation of copolymers with
higher and lower EE fraction x, due to lower
cohesive energy and due to higher stiffness, re-
spectively.

This article is organized as follows. In the Re-
sults section we show the label-swapping effect as
observed in segregation profiles and surface ex-
cess data. We briefly describe a mean field ap-
proach used to determine the concentration de-
pendence of the compositional derivative of “bare”
surface-free energy. In the Surface Energy Pa-
rameter section this is used to calculate the sur-
face energy differences between blend compo-
nents, represented for a given temperature by a
dimensionless surface energy parameter xs. The
main result of this section is the comparison of
absolute magnitudes and of changes due to the
label swapping effect between surface energy dif-
ference xs and bulk interaction x parameters. The
enthalpic contribution to xs is calculated in the
Missing Neighbor Effect section, based on avail-
able cohesive energy density data. Its comparison
with overall values of the surface parameter xs
estimates its entropic part. It is found that the
strength of both contributions seems to depend on
the extent of chemical mismatch between blend
components.

RESULTS

We have studied the effect of deuterium labeling
on surface interactions in the blends of random
olefinic copolymers E12xEEx, whose molecular
characteristics are given in Table I. In each bi-
nary mixture components have different fractions
(expressed as percentages) x1, x2 of the EE group,
and one component is labeled by deuterium (dx)
while the other is hydrogenous (hx). The compo-
sition–depth profiles of the deuterated30 or hydro-
genated27 component within the samples (normal
to the free surface) were determined using nu-
clear reaction analysis.30 The change of surface
enrichment upon the exchange of the blend com-
ponent labeled by deuterium is observed for pairs
x1/x2 of isostructural mixtures (dx1/hx2, hx1/
dx2). This label-swapping effect is illustrated by
Figure 1(a) and (b) for the blend pairs 66/52 and
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86/75, respectively. Figure 1(a) compares compo-
sition–depth profiles28,29 of the copolymer x
5 66%, obtained for mixtures d66/h52 (open
symbols and dashed lines) and h66/d52 (solid
symbols and solid lines) annealed at similar tem-
peratures. Analogous profiles29 of the blend com-
ponent x 5 86% are presented in Figure 1(b) for
the blend pair 86/75. As the nuclear reaction anal-
ysis30 profiling technique has limited depth reso-
lution, the essential observable is the area under
the surface peak [shaded in Fig. 1(a)] defined as
surface excess G in the component with higher EE
fraction x1( x1 . x2):

G 5 E
0

z~f`!

@f~z! 2 f`# dz (1)

Here z(f`) is the distance from the surface ( z
5 0) to the plateau (f`) in volume fraction f( z)
of the blend component A with EE content x1( x1
. x2).

We may deduce from Figure 1(a) that the ex-
cess G of the copolymer x 5 66% at the surface is
larger when this copolymer is deuterated. The
opposite situation, when x 5 66% is fully hy-
drogenous, results in a smaller excess. This pat-
tern is in line with that observed previously9 for
the bulk phase diagrams recalled in the inset to
Figure 1(a) (for each blend we use the same nota-
tion in figure as in its inset). The critical point Tc,
and hence, also the bulk interaction parameter x,
is higher for the d66/h52 blend than for the h66/
d52 mixture (dashed and solid curve in the inset,
respectively). A similar trend can be concluded
from Figure 1(b) for the blend pair 86/75, i.e., for
mixtures d86/h75 and h86/d75. Here also, the

surface and bulk interactions are both increased
when the blend component with higher EE con-
tent ( x 5 86%) is deuterated.

The main output of our segregation stud-
ies27–29 is the surface excess G evaluated at vari-
ous temperatures as a function of bulk composi-
tion f`. The resolution in determining G was
equal to ca. 10% of its absolute value for segre-
gated deuterated copolymers, and it was addition-
ally worsened by ca. 1 nm for the surface enriched
by protonated chains. The analysis presented in
this work is based on the segregation isotherms
G(f`) determined for four isostructural blend
pairs x1/x2: 86/75, 75/66, 66/52, and 52/38 at tem-
peratures ranging from 40 to 165°C. These results
are illustrated in Figure 2 by a limited data set
corresponding to annealing temperatures close to
Tref 5 100°C. It is supplemented by surface excess
values G(f`) measured also for other tempera-
tures whenever the temperature dependence28 of
G(f`) is not very strong. Open and solid symbols
in Figure 2 correspond to mixtures with a deuter-

Figure 1. Isotope label-swapping effect as observed
in blend pairs x1/x2: 66/52 (a) and 86/75 (b). Composi-
tion-depth profiles28,29 of the copolymer x1( x1 . x2)
across films of dx1/hx2 and hx1/dx2 annealed to equi-
librium. The bulk compositions f` of the presented
profiles are marked on corresponding phase diagrams
presented in the insets. Open circles and dashed lines
correspond to the dx1/hx2 blend, while solid circles and
solid lines are for the hx1/dx2 mixture. Clearly the
surface excess G (marked as hatched area for h66/d52
in (a)) increases when hx1/dx2 mixture is exchanged for
the dx1/hx2 blend in line with the shift noticed9 for
phase diagrams in the insets.

Table I. Molecular Characteristics of the E12xEEx

Copolymers

Polymer
dx/hx N a[nm] fD

d38/h38 1830 0.76 0.37
d52/h52 1510 0.72 0.34
d66/h66 2030 0.68 0.40
d75/h75 1625 0.64 0.40
d86/h86 1520 0.60 0.40

x is the % EE (ethyl ethylene) segment randomly distrib-
uted along each polymer backbone. N is the weighted-aver-
aged degree of polymerization (polydispersity , 1.08 in all
cases), fD is the fraction of hydrogen replaced by deuterium on
the dx chains, and a is the statistical segment length.
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ated blend component with higher ( x1) and lower
( x2) EE content ( x1 . x2), respectively. We note
that the amplitude of the change in surface excess
G due to the label-swapping effect decreases from
the 66/52, through 86/75 and 75/66 to the 52/38
blend pair. The same sequence of blend pairs is
associated with a monotonic decrease of the
difference in critical temperature Tc(dx1/hx2)
2 Tc(hx1/dx2) (yielding values 116, 84, 68, and
27 deg, respectively9). This apparent relation be-
tween surface and bulk amplitudes of the label
swapping effect is analyzed more precisely below.
Because the surface excess G is a function of both
bulk concentration f` and temperature, the
quantitative analysis must be based on a model
that includes these two dependences.

We start with briefly outlining the mean field
(MF) theory,31–34 used to analyze our segregation
data.27–29 The excess free energy F of the polymer
mixture bounded by the surface is represented as
a sum (F 5 Fb 1 fs) of the bulk Fb and (“bare”)
surface fs free energies, dependent on the concen-
tration profile f( z) and its surface value fs, re-
spectively. While the bulk free energy Fb is quite
well understood, only simplified descriptions of fs
are available.11 The Fb term contains a contribu-
tion due to concentration gradient plus the free
energy of homogenous mixture FFH 5 [f/NA]ln f
1 [(1 2 f)/NB)]ln(1 2 f) 1 x f(1 2 f). Here,
NA and NB are the polymerization indices of both
blend components, and bulk interaction parame-
ter9 x depends on temperature. It is assumed that

the “real” composition profile f( z) and its surface
value fs are those that minimize the excess free
energy F expressed within a MF approach. Then
the formula for the surface excess G(f`):

G~f`! 5 6 1
6E

f`

fs

3
Î~1 2 f!aA

2 1 faB
2 ~f 2 f`! df

Îf~1 2 f!@FFH~f! 2 FFH~f`! 2 Dm~f 2 f`!#

(2)

allows us to determine the corresponding surface
composition fs. The positive and negative sign in
eq. (2) corresponds to the surface enriched27–

29,31–33 (i.e., fs . f`) and depleted29,11b,34,35 (i.e.,
fs , f`) in copolymer x1, respectively. Dm is the
chemical potential difference between blend com-
ponents, while aA and aB denote their statistical
segment lengths. Using the values of fs obtained
with eq. (2), it is possible to calculate the deriva-
tive of the surface-free energy (2dfs/dfs), repre-
senting the driving force for segregation:

2
dfs

dfs
5 6

Î~1 2 fs!aA
2 1 fsaB

2

3

3 ÎFFH~fs! 2 FFH~f`! 2 Dm~fs 2 f`!

fs~1 2 fs!
(3)

The signs above are governed by the same con-
vention as for eq. (2).

The procedure outlined in eqs. (2) and (3) yields
for each singular segregation isotherm point
G(f`) a corresponding locus of the “bare” surface-
free energy derivative (2dfs/dfs) plotted as func-
tion of concentration fs on so-called Cahn con-
struction. This is illustrated in Figure 3 by the
loci corresponding to the segregation data of the
86/75 blend pair plotted in Figure 2. The same
types of symbols are used in both figures to relate
different data sets: open circles correspond to
d86/h75 at T 5 106°C, while black squares and
circles to h86/d75 at T 5 86 and 110°C, respec-
tively. For each set an additional locus is calcu-
lated27–29 for lowest fs, based on interpolation
between zero and the lowest measured G(f`)
value. Marked error bars illustrate uncertainties
due to limited resolution in determining surface
excess G. The derivative (2dfs/dfs) relation of the
h86/d75 blend zeroes at surface concentration Q

Figure 2. Representative surface excess G(f`) data of
blend pairs x1/x2( x1 . x2): 66/52, 86/75, 75/66 and
52/38. Open and solid symbols correspond to the blends
dx1/hx2 and hx1/dx2, respectively. The resolution in
determining G is marked by error bars, otherwise it is
smaller than the size of symbols used.
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, 1. Negative values of (2dfs/dfs) for surface
concentrations fs . Q are excluded, as no sur-
face enrichment in the d75 component was ob-
served27 for this mixture at similar temperatures.
Limited resolution (of ca. 0.25 nm) in determining
a related zero surface excess G results in an esti-
mated uncertainty range (21 z 1023, 0) nm im-
posed on the (2dfs/dfs) value for fs . Q.

The question of curvature in the (2dfs/dfs) vs.
fs relation has been examined in our previous
work.27 Its origin was related36 to composition
gradient terms present in “bare” surface energy
fs, reexpressed as a nonlinear function dependent
only on fs. Elsewhere28 we have observed a
monotonic change of this curvature with temper-
ature. For instance, the (2dfs/dfs) loci corre-
sponding to the d86/h75 blend at temperature of
178°C are similar to these plotted in Figure 3 for
the h86/d75 mixture. Existing mean field theo-
ries11,35 allow for temperature variation of the
relation (2dfs/dfs) vs. fs. They also expect en-
richment-depletion duality11b,34,35 and a critical
wetting transition33 to occur possibly for (2dfs/
dfs) going to zero at surface concentration Q
, 1. The former effect has been recently ob-
served29 in our laboratory. Cahn constructions
analogous to that presented in Figure 3 have been
performed for other segregation data sets27–29

and they constitute now the basis of further anal-
ysis.

SURFACE ENERGY PARAMETER

The concentration dependence is eliminated from
our considerations when the force driving the seg-
regation is described not by the derivative of the
surface-free energy (2dfs/dfs), but rather by its
integrated form:

Dfs ; fs~fs 5 1! 2 fs~fs 5 0!

5 2E
0

1S2 dfs

dfs
D dfs (4)

expressing the surface energy difference Dfs be-
tween two pure blend components. The amplitude
of Dfs is, hence, obtained by integrating (see
hatched area in Fig. 3) the relation (2dfs/dfs) vs.
fs. In all cases where the surface energy deriva-
tive goes to zero at concentration Q , 1, we
assume its zero value also for surface concentra-
tions fs . Q, save that experiment reveals en-
richment-depletion duality.29 Related uncertain-
ties estimated for zero (2dfs/dfs) values contrib-
ute to the error bars imposed on the surface
energy difference Dfs. However the uncertainty in
Dfs is caused mainly by the scatter in the loci on
the Cahn plot, originating from that in segrega-
tion data.

The procedure10a,37 expressed by eq. (4) has
been shown to yield reasonable estimations of Dfs
(compare, e.g., refs. 10c and 38), although it as-
sumes39 a MF-type shape of the segregation pro-
file f( z). A more general approach10c using the
Gibbs adsorption equation (GAE) is plausible
when not only the surface excess G but also sur-
face concentration fs data are available: The
GAE produces Dfs values slightly higher (by ca.
20%) than those yielded by MF. Another origin of
possible uncertainty in the calculated Dfs is re-
lated to the precise value of bulk interaction pa-
rameter x or alternatively to the location of phase
diagram (compare, e.g., refs. 36 and 40). This
factor can be neglected in our analysis because we
always use binodals determined directly for iden-
tical blend films.9

The surface energy difference Dfs may be ex-
pressed in terms of the difference Dg in a surface
tension between blend components. Alterna-
tively, it could be formulated in terms of the di-

Figure 3. Cahn construction for the surface enrich-
ment G(f`) data set presented in Fig. 2 for the blend
pair 86/75. Loci describing the concentration fs depen-
dence of the ‘bare’ surface free energy derivative (2dfs/
dfs) are determined for the d86/h75 blend at 106°C
(open circles) as well as for the h86/d75 mixture (solid
symbols) at 86 (solid squares) and 110°C (solid circles).
Error bars illustrate uncertainties due to limited reso-
lution in determining surface excess G. Lines denote
best fits.27–29 The surface energy difference (2Dfs) be-
tween components of the h86/d75 blend at 86°C is
marked by dashed area.
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mensionless surface energy difference parameter
xs defined per lattice site:

Dg 5
kBT
V~T!

Dfs (5a)

xs 5
Dfs

V1/3~T!
(5b)

The value of the segmental volume V, appro-
priate for different temperatures T and EE frac-
tions x, is obtained from an empirical expression
V( x, T) [Å3] 5 (108.79 2 1.149 z 10 2 2 x[%])
1 8.1 z 10 2 2 (T[°C] 2 23), fitting a wide range
of corresponding experimental data.41

The existing MF theories only qualitatively ac-
count11,35 for the temperature variation of the
surface tension difference between blend compo-
nents. On the other hand, it has been established
that the surface tension of simple liquids and
polymers varies with temperature following the
empirical Guggenheim formula:

g~T! 5 g0~1 2 T/Tcr!
11/9 (6)

where Tcr is an imaginary critical temperature of
the polymer.42a Parameters g0 5 53.7 mJ/m2 and
Tcr 5 1030 K, were determined earlier42b for the
linear polyethylene ( x 5 0).

In Figure 4 we present the temperature varia-
tion of the relative difference in the surface ten-
sion 2Dg/g(T) between components of six iso-
structural blend pairs 66/52, 86/75, and 75/66 (the
data of the 52/38 pair are not included here for the
sake of clarity of presentation). Identical patterns
mark symbols describing the same blend pairs
x1/x2 ( x1 . x2), while circles and squares are for
dx1/hx2 and hx1/dx2 mixtures, respectively. The
differences in surface tension Dg are calculated
within MF based on segregation isotherms28,29

(larger symbols) and singular surface excess
data27,29 (smaller symbols). For g(T), we take the
relation for polyethylene ( x 5 0), because no
data on g(T) for each copolymer E12xEEx are
available. In all cases, the value 2Dg/g(T) does
not exceed some 2%. The cumulative plot of Fig-
ure 4 suggests that the surface tension difference
2Dg is monotonically decreasing with tempera-
ture. The rate of this reduction in 2Dg seems to
be described well by the formula [eq. (6)] in the
wide temperature range between 40 and 150°C.

Our further analysis is based on the relative
surface tension difference 2 Dg/g(T) between

blend components, evaluated at a reference tem-
perature Tref 5 100°C. Determined 2Dg/g(T)
values (see Fig. 4) are always higher for the mix-
tures with a deuterated blend component with
higher (circles) than with lower (squares) EE con-
tent. This pattern is almost undetectable for the
52/38 blend pair with the 2Dg/g(T) values at Tref
equal to 0.92(13)% and 0.87(17)% for d52/h38
and h52/d38, respectively. Again, the magnitude
of the isotope label-swapping effect, expressed
now more precisely by the change in 2Dg/g(Tref),
is highest for the 52/66 blend pair (open symbols
in Fig. 4) and decreases through 86/75 (symbols
with crosses) and 75/66 (solid symbols) to the
52/38 blend pair.

Now we determine the relation between sur-
face xs and bulk x parameters at a reference tem-
perature Tref 5 100°C. The values of surface
energy difference parameter xs are determined
based on evaluated 2Dg/g(Tref) data (Fig. 4). Un-
certainties in xs are due to the dispersion in
2Dg/g around the plateau values. To calculate
relevant values of bulk interaction parameter x
we eliminate first its concentration dependence.
Here and in the next section we approximate its
complete formula x(T,f) 5 ( A9/T 1 B)(1 1 v
f) by a simpler Flory–Huggins form x 5 A/T.
For the polymers studied here this last formula

Figure 4. The relative surface tension difference
2Dg/g(T) between components of 6 mixtures, grouped
in 3 blend pairs x1/x2( x1 . x2): 66/52, 86/75 and
75/66, presented as a function of temperature. Differ-
ences Dg are related to (2Dfs) values determined for
segregation isotherms (larger symbols) and singular
surface excess data (smaller symbols), while g(T) is
given by eq. (6). Circles and squares correspond to
blends dx1/hx2 and hx1/dx2, respectively. Error bars
are due to uncertainties in (2Dfs). Solid lines denote
average 2Dg/g(T) values around Tref 5 100°C.
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was shown to describe well9 the temperature re-
lation whenever the f dependence is not relevant.
We use x values evaluated9 at Tref for the Flory–
Huggins form.

Figure 5(a) presents the relation between the
surface energy difference xs and the bulk interac-
tion x parameters determined for the eight mix-
tures of four isostructural blend pairs x1/x2( x1
. x2) with exchanged-labeled component. Fig-
ure 5(b) compares the magnitude of the label-
swapping effect observed for surface and bulk
interactions, expressed by the change in surface
2[xs(dx1/hx2) 2 xs(hx1/dx2)] and bulk parameter
[x(dx1/hx2) 2 x(hx1/dx2)]. Each blend pair is
marked in Figure 5 by a different symbol. The
relations between surface xs and bulk x parame-
ters, presented in Figure 5, are the main finding
of this study. Before discussing them we recall in
the next section’s enthalpic arguments describing
bulk and surface interactions. Then we present a
possible explanation, also including entropic con-
siderations, followed by remarks on the role of
microstructure and isotope labeling.

MISSING-NEIGHBOR EFFECT

Enthalpic Arguments

In the lattice model the bulk interaction parame-
ter x is expressed43 by the contact energies «ij
between the i and j segments:

x 5
z 2 2
kBT @«AB2 1

2 ~«AA 1 «BB!# (7)

where z is the coordination number of the lattice.
For molecules that are approximately nonpolar,
the Van Laar44 relation «AB 5 2 («AA«BB)1/ 2 is
applicable, and the solubility parameter di 5 [2(z
2 2)«ii/(2V)]1/2 may be introduced, related to the
cohesive energy density Ei

coh 5 [2(z 2 2)«ii/
(2V)] of the ith polymer. This simplifies the ex-
pression for the interaction parameter:

x 5
V

kBT @dA 2 dB#2 (8)

This formula has been used previously to ex-
plain6–8 the label-swapping effect in bulk inter-
actions. The solubility parameter d is reduced for
deuterated molecules and for copolymers with
higher EE content x (see inset to Fig. 6). The first
change is due to the COH bond length decreasing

Figure 6. The absolute value of the solubility param-
eter d for deuterium labeled (solid triangles) and non-
labeled (open triangles) copolymers E12xEEx as a func-
tion of EE fraction x determined at a reference temper-
ature Tref 5 100°C. This relation is based on the
phase coexistence data9 and the interpolation of the d
values yielded by PVT data41,45 at 83°C ({) and 121°C
(E). The inset shows the reduction in d caused by deu-
teration (Dd 5 b) and due to the increase of the EE
fraction x(Dd 5 a).

Figure 5. (a) The surface energy difference parame-
ter xs plotted as a function of bulk interaction param-
eter x for blend pairs x1/x2( x1 . x2): 66/52 (E), 86/75
(Q), 75/66 (F) and 52/38 (R) at a reference temperature
(Tref 5 100°C. For each pair the point with higher
(2xs) and x values corresponds to the dx1/hx2 mixture.
(b) The corresponding change in surface 2[xs(dx1/hx2)
2 xs(hx1/dx2)] and bulk [x(dx1/hx2) 2 x(hx1/dx2)]
parameter due to the isotope label swapping effect.
Data for different blend pairs are marked as in Fig. (a).
The solid and dashed lines mark predictions yielded by
the r.h.s. of eq. (12) for zs/( z 2 2) equal to 0.5 and 0.75,
respectively.
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with deuteration.3 The second variation6–8 could
be related27 to the monotonic decrease of the sta-
tistical segment length27,41 with EE fraction x:
Higher x copolymers have shorter and thicker
segments, which, therefore, have fewer interac-
tions with segments from other chains responsi-
ble for the cohesion of the material. Reductions in
d due to isotopic (Dd 5 b) and microstructural
(Dd 5 a) disparity (see inset to Fig. 6) sum up
(Dd 5 a 1 b) for the deuterated copolymer with
a higher composition x, but reduce Dd(Dd 5 a
2 b) for the blend with swapped-labeled compo-
nents.

Based on bulk interaction data9 and eq. (8), we
determine for each blend the solubility parameter
difference Dd 5 |dA 2 dB|. These results point
out the relations between the absolute values of
the solubility parameter d for pure components
grouped in two sequences: h86–d75–h66–d52–
h38 and d86–h75–d66–h52–d38. Indepen-
dently, the absolute values of d 5 17.2 MPa1/2 for
h86 and d 5 17.44 MPa1/2 for h75, both at 100°C,
were interpolated based on available data on pure
component PVT properties.41,45 This information
allows us to determine, for all polyolefins studied
here, the absolute value of the solubility param-
eter d plotted in Figure 6 as a function of the EE
fraction x for labeled (solid triangles) and nonla-
beled (open triangles) copolymers. We find these
values in line with the d values obtained from
independent PVT measurements of pure blend
components ({, E). This shows that the enthalpic
arguments alone explain well the miscibility of
studied mixtures, a conclusion that has been
drawn in earlier studies.41,45

The surface segregation in polymer blends is
driven by the net difference xs in the surface
energy between blend components. An enthalpy-
based short-range lattice model describes this net
surface difference xs

H as given by the following
formula11:

xs
H 5

zs

kBT @~«SA 2 «SB! 2 1
2 ~«AA 2 «BB!# (9)

where zs is the effective number of surface/blend
contacts per lattice site.11 The first term in this
equation arises from the contact interactions
(«SA, «SB) of blend component segments with the
surface. The second term accounts for the inter-
actions lost as the surface constrains the blend to
a half-space. For the free surface, which is the
case studied here, only the second “missing-

neighbor” term xs
H,mn is present. It is expressed

by the solubility parameters di of both blend com-
ponents:

xs
H,mn 5

zs

z 2 2
V

kBT @dA
2 2 dB

2 # (10)

These enthalpic arguments predict the free-sur-
face segregation of the blend component with
lower cohesive energy density (lower d).

Forces Driving the Segregation

Now we are ready to discuss the relations be-
tween surface and bulk interactions presented in
Figure 5. Nonzero values of bulk interaction pa-
rameter x read from Figure 5(a) reflect [eq. (8)]
distinct differences between solubility parame-
ters of blend components. They result in nonzero
and large surface energy difference parameters xs
expected [eq. (10)] for the missing-neighbor effect.
These predictions are not borne out by the exper-
imental results presented in Figure 5(a), where xs
values close to zero correspond to relatively large
bulk interaction parameters x. We deduce that
surface interactions have an additional contribu-
tion that reduces their amplitude expected for the
pure enthalpic considerations. In turn, a correla-
tion between the label-swapping effect observed
for surface and bulk interactions may be con-
cluded based on Figure 5(b). This suggests that
the label exchange could modify surface interac-
tions predominantly due to an enthalpic mecha-
nism analogous to that describing bulk interac-
tions.

Following recent theoretical suggestions12–16

we propose that the effective surface interaction
xs parameter is composed of enthalpic xs

H,mnand
entropic xs

S contributions:

xs 5 xs
H,mn 1 xs

S (11)

The missing-neighbor component xs
H,mn favors

the surface segregation of the copolymer with a
higher EE fraction x and lower cohesive energy
density [Fig. 6 and eq. (1)]. As noted above, this xs
value is reduced due to the second, entropic term
xs

S, preferring surface excess in the stiffer blend
component with lower EE content x. Recently,
Monte Carlo,13 MF,24 and self-consistent MF25

studies predict a pronounced17 surface excess of
the stiffer component from the mixtures of stiff
and flexible polymer chains. The forces preferring
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stiffer polymers at the surface are related by ref.
13(b) to packing entropy and entropy effects due
to local rearrangements of segments at the sur-
face.

An essential measure of the polymer stiffness
in the models considering entropic segregation is
the statistical segment length.13b,15,24 The change
of the isotopic composition of olefinic copolymers
hardly affects their statistical segment lengths,46

and only to a small extend the segmental volume
(DV/V < 0.2%7). Thus, it may be argued that
entropical factors driving to surface enrichment
would be insensitive, to a first order, to the deu-
terium labeling of molecules. A similar conclusion
has been drawn recently by Donley et al.15b As a
result, the entropic contribution xs

S is almost
identical for a pair of blends x1/x2 with a
swapped-labeled component, i.e., xs

S(dx1/hx2)
> xs

S(hx1/dx2). Hence, the change in xs due to
the swap of the deuterated constituent may be
related to the missing-neighbor effect alone:

xs~dx1/hx2! 2 xs~hx1/dx2!

> xs
H,mn~dx1/hx2! 2 xs

H,mn~hx1/dx2! (12)

Based on eq. (10) and solubility parameters d of
Fig. 6, we calculate the right-hand side of eq. (12)
for two values of the ratio zs/( z 2 2) 5 0.5 and
0.75. Results are marked in Figure 5(b) by a solid
and a dashed line, respectively. The ratio zs/( z
2 2), related to the change in the coordination
number at the surface, is a constant equal to 0.25
or 0.3 in the lattice models47 and an adjustable
parameter in experimental studies (e.g., an esti-
mate 0.25 # zs/( z 2 2) # 0.5 was obtained for
different blends48). Figure 5(b) shows that the
extent of the label-swapping effect is well ex-
plained by enthalpic arguments expressed by
eq. (12).49

For each blend pair x1/x2 the calculations also
yield the average value of the enthalpic contribu-
tion ^xs

H,mn& shown in Figure 7 for zs/( z 2 2)
5 0.5 and 0.75. Comparing for each pair x1/x2
the average values of the surface parameter ^xs&
and its calculated enthalpic part ^xs

H,mn&, we are
able to evaluate also the entropic contribution
(2xs

S). Both entropic ( 2 xs
S) and enthalpic

^xs
H,mn& components of the surface energy param-

eter are plotted in Figure 7 as a function of the
difference Dnb in the extent of ethyl branching
between copolymers x1 and x2. The magnitude of
both contributions seems to depend on chemical
mismatch between blend components expressed

by Dnb rather than by Dx. Similarly to bulk in-
teractions9 the relevant parameter better describ-
ing the microstructure is the number of ethyl
branches per 100 carbon backbone units nb
5 x/(4 2 2 3 /100) and not the EE fraction x.
The magnitude of ( 2 xs

S) is comparable to that of
^xs

H,mn& in accordance with a recent self-consis-
tent MF analysis25: this predicts an equal weight
for the missing-neighbor effect and for the en-
tropic mechanism favoring stiffer chains at the
surface. The absolute values of ( 2 xs

S) evaluated
for zs/( z 2 2) 5 0.5 are similar to those eval-
uated previously for entropic segregation (of dif-
ferent origin) in isotopic polystyrene mixtures
with chain-length disparity.12

The Role of Microstructure and Isotope Labeling

The above analysis reveals a relatively complex
relation between surface interactions and micro-
structural and isotopic characteristics of olefinic
copolymers in binary mixtures. The situation in
the absence of isotopic effects is illustrated by
Figure 7.50 Both enthalpic and entropic forces
driving the segregation of the copolymer with
higher and lower EE content x, respectively, seem
to increase with the extent of chemical mismatch
Dnb. However, because they compensate each
other, the resulting effective surface interactions
do not exhibit a significant dependence on the
microstructural difference (Dnb or Dx) between
blend components.

The isotope labeling seems to alter mainly the
enthalpic rather than entropic segregation mech-
anism. The scenario is analogous to that deduced

Figure 7. Average enthalpic ^xs
H,mn& (lines) and en-

tropic xs
S (symbols) contributions to surface energy dif-

ference parameter xs plotted as function of the differ-
ence Dnb in the number of ethyl branches between the
components x1 and x2 of 4 blend pairs x1/x2. These
values are for zs/( z 2 2) equal to 0.5 and 0.75 (see
lower and higher part of the figure, respectively).
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for bulk interactions (see inset to Fig. 6) coupling
the changes in cohesive energy density due to
isotopic and microstructural disparity. Surface
interactions are predicted to be enhanced/dimin-
ished for the deuterated blend component with
higher/lower EE fraction x. The missing-neighbor
mechanism also accounts for the extent of the
label-swapping effect: larger amplitudes are ex-
pected for blend components with larger chemical
mismatch and larger difference in the fraction of
hydrogen replaced by deuterium.6

The label-swapping effect results in extended
range of surface and bulk interactions centered at
their relatively high values. This range is, how-
ever, shifted down for the surface parameter xs
due to additional entropic contribution. As a re-
sult, the isostructural blend pairs dx1/hx2 and
hx1/dx2 have a large disparity in the absolute
values of surface xs but not in the bulk x param-
eter [see Fig. 5(a)]. This leads to completely dif-
ferent types of surface phase diagrams. For in-
stance, the d66/h52 mixture exhibits28 an ex-
tended critical wetting region (Tc 2 Tw . 100
deg), while its swapped counterpart h66/d52
shows29 behavior typical for a wetting point Tw
located close to Tc(Tc 2 Tw , 10 deg).

Most of theoretical models applicable to the
mixtures of random olefinic copolymers E12xEEx
treat them as linear chains with effective proper-
ties, such as segment length or cohesive energy,
tuned by EE fraction x. However, additional
mechanisms driving segregation are plausible for
copolymers with an ordered sequence of building
blocks E and EE. Consider, for instance, the ef-
fects due to local rearrangements of segments in
the immediate vicinity of a surface.13b When a
chain segment is located exactly at the surface,
then the probability that the next segment of the
same chain will also be at the surface is larger for
a stiff chain than it is for a flexible chain. This
effect would be much stronger in the case of
blocks with stiff segments. The effect of segment
sequencing also influences the cohesive energy
density (compare, e.g., data for the mixtures of
d78 with random h66 and alternating hPEB41a)
and, hence, it would also change the enthalpic
forces driving the segregation.

SUMMARY AND CONCLUSIONS

We have performed a cumulative analysis of the
segregation observed at a wide temperature
range at the free surface of eight blends formed by

random olefinic copolymers E12xEEx. We deter-
mined a surface-energy difference parameter xs
and found out that its value changes when the
blend component labeled by deuterium is
swapped. The pattern and the magnitude of this
change for a surface parameter xs is related to
that for the bulk interaction parameter x, re-
ported earlier.6–9 Although bulk interactions are
well explained by enthalpic arguments alone41,45

the comparison of surface xs and bulk x parame-
ters reveals that surface interactions have also an
important entropic contribution, in accordance
with theoretical expectations.12–16,25 Copolymers
with higher ethyl ethylene (EE) content x and
lower cohesive energy density are attracted to the
free surface by enthalpic forces. The stiffer chains
with a lower EE fraction x are driven there by an
entropy-related mechanism. This causes the ob-
served surface excess to be reduced compared
with purely enthalpic predictions. The change in
xs upon isotope label swapping is accounted for by
enthalpic effects, while entropic forces are
argued15b to be hardly sensitive to the isotopic
status of the polymers. It is found that the
strength of both segregation mechanisms seems
to depend on the extent of chemical mismatch,
expressed by the difference Dnb in extent of ethyl
branching between the blend components. The
effect of entropy on surface segregation observed
here for short-branched polymers is comparable
to the enthalpic contributions. It does not domi-
nate over the enthalpic effects, as was observed
recently for long-branched chain additives in the
linear polymer matrix,17,21 or for the mixtures of
linear polymers with chain-length disparity.12
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