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Abstract Particles that are partially wetted by oil and water
are known to adsorb at oil/water interfaces. By the same
mechanism, particles that are partially wetted by two
immiscible polymers should adsorb at the interface between
those two polymers. However, since chemical differences
between immiscible polymers are relatively modest, particle
adsorption at polymer/polymer interfaces may be expected
to be relatively uncommon. We have conducted experi-
ments with several particle types added to two pairs of
model polymers, polyisoprene/polydimethylsiloxane and
polyisoprene/polyisobutylene. Contrary to our expectation,
in every case, particles readily adsorbed at the polymer/
polymer interfaces. We evaluated the Girifalco-Good
theory as a means to predict the interfacial activity of
the particles. The solid surface energy required by the
Girifalco-Good theory was assumed to be equal to the
critical surface tension, which was then found by float/sink
tests. Our results suggest that this approach is not able to
predict the observed interfacial activity of particles at
polymer/polymer interfaces.

Keywords Interfacial tension - Pickering emulsion -
Immiscible polymer blends - Wettability - Colloids
Introduction

In recent years, there have been several investigations of the

effect of solid particles in blends of immiscible homopol-
ymers. Intriguingly, some of these papers have reported that
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the particles are often found at the interface between the two
immiscible species, raising the possibility of “interfacial
composites”—polymer blends that have particles adsorbed at
the interface between the polymers. Most such reports concern
the interfacial localization of carbon black [1-8] or nanoclays
[9-15], but there have also be some reports of other particle
types such as alumina [16] or silica with various surface
modifications [17-20]. Such interfacial localization of par-
ticles has led to suggestions that the particles are playing the
same role as a block copolymer compatibilizer.

Block copolymer compatibilizers are usually interfa-
cially active due to their amphiphilicity: Since different
blocks of the copolymer have affinity for the two different
phases, localization of the block copolymer at the interface
is thermodynamically favorable. Certainly, none of the
particles used in the research cited above were amphiphilic
“Janus” particles but instead may be expected to have
uniform surface characteristics. What explains the adsorp-
tion of nonamphiphilic particles at interfaces? In small-
molecule systems, especially oil/water, interfacial adsorption
of nonamphiphilic particles has been attributed to the partial
wettability of the particle surfaces. Referring to Fig. 1, the
relevant quantity is the contact angle 6, made by the phase
1/phase 2 interface at the solid surface: if 0°<6;,<180°, the
solid surface is partially wetted by both the liquid phases,
and particle adsorption at the interface is expected. On the
other hand, if the solid particle is fully wetted by either
phase, it will not be interfacially active.

The above partial wettability-based explanation for the
interfacial activity of particles is well established in oil/
water systems and has also been invoked to explain
interfacial activity of particles in polymeric systems [20,
21]. Below we will consider the partial wettability picture
further, specifically commenting on two differences be-
tween oil/water systems and polymer/polymer systems.
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Fig. 1 a Schematic of a phase 1/phase 2 interface making a contact
angle at a solid surface. b A spherical solid particle with the same
interfacial characteristics adsorbs at the phase 1/phase 2 interface

The first difference is that unlike oil and water, polymer
molecules are large. Thus, the partial wettability-based
picture will become invalid for particles whose size is
comparable to the radius of gyration of the two homopol-
ymers, because in that case the particles can swell the
polymer chains, and thus act somewhat like a solvent [22].
This paper however only considers particles that are much
larger than the polymer molecules, allowing the macromol-
ecular nature of the immiscible phases to be ignored.

The second difference, which is more relevant to this paper,
is the degree of chemical incompatibility between two
immiscible polymers, as compared to between oil and water.
In qualitative terms, a particle that is partially wetted by two
immiscible phases may be regarded as having a “chemical
nature” that is intermediate between the two phases. The
chemical differences between oil and water are large, which
may explain why a large variety of particles adsorb at oil/
water interfaces [23-25]. In comparison, the chemical differ-
ences between any two polymers—even highly immiscible
ones—are quite modest, and hence a given particle type is
less likely to have a “chemical nature” intermediate between
two polymers. This qualitative argument (to be made
quantitative later) suggests that particle adsorption at
polymer/polymer interfaces will be much less common than
at oil/water interfaces. Furthermore, as the chemical nature of
the two polymeric phases approaches each other (e.g., as the
critical point for phase mixing is approached), particle
adsorption is expected to become even less likely.

Contrary to this expectation, our early experiments on a
model polymer blend of polyisoprene (PI) and polydime-
thylsiloxane (PDMS), showed that a wide variety of particle
types adsorb readily at the PI/PDMS interface. Intrigued by
this, we then tested a second pair of polymers, PI and

Table 1 Homopolymers and their properties

polyisobutylene (PIB), which are chemically even more
similar to each other (as gauged by the interfacial tension
between them) and still found that most particles types
adsorb at the interface. The goal of this paper is to describe
these observations and interpret them in terms of the
Girifalco—Good theory of the work of adhesion.

This paper is organized as follows. We first show
experimentally that particles readily adsorb at polymer/
polymer interfaces. We then discuss the theory of interfacial
adsorption, followed by experiments to determine the solid/
polymer interfacial energy and finally compare the theoret-
ical predictions with our experimental observations.

Materials and methods

Table 1 lists the three polymers used in this research, along
with some of their properties. These polymers were chosen
for experimental convenience: They are molten at room
temperature, thus allowing all experiments to be performed
at room temperature. The surface tensions of the polymers
were measured by the pendant drop method at room
temperature and are listed in Table 1.

Two blend pairs were made from these three polymers:
PI/PDMS and PI/PIB. The interfacial tension between PI
and PDMS was measured by the pendant drop method and
found to be 2.73 mN/m. The interfacial tension between PI
and PIB could not be measured by the pendant drop method
because the very small density difference between them
causes an unacceptable uncertainty in the result. Accord-
ingly, the PI/PIB interfacial tension was measured by the
deformed drop retraction method. Details of the method are
available elsewhere [26, 27], but briefly, droplet-matrix
blends of 5% PI in PIB were sheared in a home-built shear
apparatus so as to deform the drops into ellipsoidal shapes.
Upon cessation of the shear, the interfacial tension-driven
recovery of the drops to spherical shapes was recorded by
video microscopy. Interfacial tension can then be obtained
from the kinetics of the shape recovery [26, 27]. The PI/PIB
interfacial tension was found to be 0.28 mN/m; this low value
is indicative of the chemical similarity of the two polymers.

The various particles used in this research are listed in
Table 2, and SEM images are presented in Fig. 2 Most of
them are commercial materials and were made available by

Polymer Supplier MW (g/mol) Viscosity (Pa s)* Densityb (kg/m3) Surface tension (mN/m)
PDMS Rhodia 135,600 100 960 19.2
PIB Soltex 2400 333 910 32.1
PI Kuraray America 29,000 131 910 359

 Terminal complex viscosity at 25 °C measured with an ARES 2000 rheometer

° Quoted by manufacturer
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Table 2 Test particles, suppliers, and specified sizes

Particles Shape, average Supplier

size® (um)
PTFE Irregular, 8 Dyneon
Silica® Spherical, 2.7 Tokoyama
Titanium dioxide Irregular, 0.5 Sigma Aldrich

Iron oxyhydroxide
Carbonyl iron

Elongated, 0.6x0.12
Spherical, 3

Elementis Pigments
ISP Technology

* All sizes except silica are approximate
°Rendered hydropbobic by treating with DCDMS

the manufacturers. The only exception is the monodisperse
2.7-um-diameter spherical silica particles, which were
purchased from Tokuyama Corp. The as-received silica
particles had hydrophilic surfaces, which were hydrophobi-
cally modified by treating with dichlorodimethylsilane
(DCDMS) as described previously [20].

Interfacial activity of particles was tested by blending the
particles into blends of the immiscible homopolymers and
then examining the blends by optical microscopy. Blends
were composed of 5 wt% PI, 0.1 wt% of particles, and the
remainder PIB (or PDMS). Blends were prepared by predis-
persing the appropriate amount of particles into the matrix
phase (PIB or PDMS) and then blending in the PI phase as
drops. All blending was performed in a Petri dish by hand
with a spatula. The particle loading was kept to a low value of
0.1 wt% to minimize visualization problems; higher loading
causes intense scattering and/or opacity of the blends. Optical
microscopy was conducted on a CKX-41 microscope
equipped with 20 and x40 magnification objectives, and
images were captured with a Basler 302f area scan camera.

Results
Interfacial adsorption of particles

Initial tests of interfacial activity of particles were con-
ducted with the PI/PDMS system. In some cases, e.g.,
PTFE particles added to PI/PDMS blends, interfacial
adsorption was obvious even in the as-blended samples.
In most cases, however, most particles appeared to be
located in the matrix phase in the as-blended samples.
Interfacially adsorbed particles became evident (or much
more obvious) after allowing samples to sit quiescently for
2-3 days. We believe that under quiescent conditions, the
PI drops rise upward due to their lower density, whereas the
denser particles settle downward. This internal motion
induces collisions between drops and particles, allowing
particle adsorption. Figure 3 shows images of the various
particle types adsorbed at the PI/PDMS interface. In all
cases, interfacial adsorption of particles is unambiguously
evident. Figure 3d is especially striking: The PI drop has a
prominently nonspherical shape indicating that FeOOH
particles jam the interface, and hence interfacial tension
cannot force the drop to retract back to a spherical shape.
This sample was a mixture of mostly spherical and some
nonspherical drops, and such nonspherical drops have been
noted previously in oil/water systems, even in an early paper
on interfacial adsorption of particles a century ago [25].

Figure 4 shows images of PI/PIB blends with added
particles. Once again, all five particle types adsorbed
readily at the PI/PIB interface even though the two phases
are much more miscible (i.e. much more chemically-
similar) than the PI/PDMS system.

Fig. 2 SEM images of particles used in this research: a PTFE, b DCDMS-coated hydrophobic silica, ¢ titanium dioxide, d iron oxyhydroxide,
e carbonyl iron. The scale bar below a represents 10 um, whereas all other scale bars represent 2 pm
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Fig. 3 Optical microscopy images of various particles adsorbed at the
PI/PDMS interface: a PTFE, b DCDMS-coated hydrophobic silica, ¢
titanium dioxide, d iron oxyhydroxide, e carbonyl iron. In all cases,

We note that the images of Fig. 3 have been chosen to show
one or two large drops, whereas most drops in the blend were
smaller. Furthermore, we reiterate that the low particle
loading of 0.1% was chosen only to improve images; we

the drop phase is PI. Note that in d, interfacial crowding of particles
causes a strongly nonspherical drop shape. All scale bars are 20 pm

have also conducted some experiments with higher particle
loadings, which show numerous examples of tightly covered
drops. However, the image quality at higher particle loadings
is usually far poorer. Finally, all the images presented here

Fig. 4 Optical microscopy images of various particles adsorbed at the PI/PIB interface: a PTFE, b DCDMS-coated hydrophobic silica, ¢ titanium
dioxide, d iron oxyhydroxide, e carbonyl iron. In all cases, the drop phase is PI. All scale bars are 20 um
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correspond to drops that were inside the bulk of the sample
(and not resting against or wetting glass slides).

Thus, to summarize the chief experimental result of this
paper, a wide variety of particles were found to adsorb
readily at PI/PDMS and PI/PIB interfaces. We find the PI/
PIB case to be especially remarkable because particles
adsorb at the interface in spite of the chemical similarity of
the phases. The goal of the rest of this paper is to test whether
a simple scheme for estimating interfacial and surface
energies can predict the observed interfacial activity.

Young’s equation

In the Introduction, we discussed partial wettability as the
reason for interfacial activity of particles. Quantitatively,
the condition for interfacial activity is that 0°<6,,<180°.
The contact angle can be related to the interfacial energies
as per Young’s equation:

coselzz}/Zs_}/ls (1)

Y12

where 15, ¥2s, and yi, are the interfacial energies of the
phase 1/solid, phase 2/solid, and phase 1/phase 2 interfaces,
respectively. Thus, the condition for interfacial activity
becomes |cos 02| < 1, 1.e., Va5 — 75| < ¥12. In contrast, if
|cos B12] > 1, i.e., |Yas — Yis] > V12, the particle will be
located entirely in the phase, which fully wets the particles
(phase 1 if ¥, < ¥, and vice versa otherwise).

In the Introduction, we made a qualitative argument that
interfacial activity at polymer/polymer interfaces is less
likely than at oil/water interfaces; we can now make this
argument more quantitative. Immiscible polymers are much
more chemically similar to each other than oil and water.
As the chemical nature of the two phases approaches each
other, the denominator 4, is expected to approach zero faster
than the numerator |y,, — ¥ [28-30]. Thus, with increas-
ing similarity of the phases, |cos 82| < 1 is not likely.

Theory: Work of adhesion, solid surface tension, and critical
surface tension

While Eq. 1 is theoretically rigorous, it cannot immediately
predict interfacial activity. Specifically, while the interfacial
tension y;, between the two polymers can be measured
experimentally (see “Materials and methods”), the solid/
liquid interfacial tensions y;¢ and y,¢ cannot be determined
by a direct experiment. We will therefore use well-
established approaches to estimate the interfacial tensions
between two phases from the surface tensions of the two
phases. For immiscible phases a and b, the interfacial
tension y,, can be written as:

Yab = Ya + 7o — Wl (2)

where y, and yy, are the surface tensions (against air) of the
two phases and W33 is the work of adhesion. A large body
of literature has been devoted to correlating the work of
adhesion with the surface energies of each of the two
phases, their chemical nature, and polarity [31-33]. A
commonly used equation for the work of adhesion is the
Girifalco—Good equation [31, 32]:

Wab :Z(ﬁ\/m (3)

where ¢ is an empirical fitting parameter, often taken to be
1; ¢=1 will be assumed in the remainder of this paper.
Thus,

Yab = Ya + Vb — 2¢/7a?b (4)

¥1s and ¥, required in Eq. 1 can be obtained from Eq. 4, if
the three surface tensions y;, y», and y, are known.
Substituting ys and y,s from Eq. 4 into Eq. 1 yields:

Y2 — V1 — 272¥s T 717 (s)

712

cos 01y =

Solving this equation for :

(Y2 =7i—7Y1nc0801 ’
“‘( 27z = v7) ) )

Interfacial activity of the particle requires that —1<
cos¢ o<1, i.e.

2 2
Y2=71—Yn <y < Y2Vt 7 (7)
2zvra-vm)) 7 \2(vr—vn)

In summary, Eq. 7 is the Girifalco-Good theory’s
prediction for the range of y, values that permit interfacial
activity of the particles at a phase 1/phase 2 interface. For
the PI/PDMS case, we can substitute the surface tensions
for yp; and yppms from Table 1 and ypyppms=2.73 mN/m

noted in “Materials and methods” to obtain the condition
for interfacial activity in the PI/PDMS system:

18.8 < y,(mN/m) < 36.4 (8)

A similar calculation for the PI/PIB system yields:
29.1 < y,(mN/m) < 39.2 9)

It is of immediate interest to test whether the surface
energies of the interfacially active particles of Figs. 3 and 4
do indeed lie within these ranges; if so, Eq. 7 would have a
predictive value.

How can -, be measured experimentally? We use the
Zisman’s concept of critical surface tension [32, 34, 35].
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Consider a liquid/air meniscus in contact with a solid
surface. Applying Eq. 1 to this situation:

cos 0, s (10)

149

where 6 is the contact angle of the liquid/air interface at
the solid surface, and y; is the surface tension of the liquid.
It has been observed that as the surface tension of the liquid
decreases, 0, approaches 0° (cosf; approaches 1); that is,
the liquid has an increasing tendency to wet the surface [32,
34, 35]. The critical surface tension of the solid, ¥, is
defined as the highest surface tension of a liquid that can
completely wet the surface; that is, liquids with yp <y,
fully wet the surface, whereas those with y; >~ partially
wet the surface. By definition, at the critical surface
tension, cosfy =1, and hence from Eq. 10:

Vse = Vs —7sL (11)
Applying Eq. 4 to ys in Eq. 11, it is easy to show that

Vs = Vse (12)

thus allowing the solid surface energy to be obtained
experimentally. Fox and Zisman’s procedure [34] for
finding y,. was devised for solids that were available in
the form of a flat solid substrate. In this case, the contact
angle of various test fluids on the solid substrate is
measured, cosfy is plotted as a function of 6 (the so-
called Zisman plot), and then the data are extrapolated to
cosdp=1. However, in the case of solid particles, this
procedure cannot be applied since it is not possible to
measure 6 values directly. Hence, Marmur et al. [36, 37]
have developed an alternate method, called the float/sink
test. In this test, the solid particles are scattered on the

Table 3 Results of float/sink tests

surface of a test liquid. If the particles sink, they are
regarded as being fully wetted by the fluid, whereas if they
float, they are only partially wetted. This test is repeated
using several test fluids spanning a range of surface
tensions; it is then easy to determine y . as the surface
tension below which particles sink. This is the method we
will follow in the next section to determine y..

Finally, we note that Eq. 3 is not the only means of
correlating the work of adhesion to the surface tension. An
alternate form is the harmonic equation:

4
W:t;ih — Ya¥b ( 1 3)
Va + 7b

which has been shown to work well for interfaces between
materials of low polarity such as polymer/polymer inter-
faces [33, 38]. The corresponding prediction for the
interfacial tension is:

47/a7/b
Yab = 7a + Yo ——— 14
o b Va + 1) ( )
Using Eq. 14 in Eq. 11 still predicts Eq. 12; that is, the
idea that the solid surface energy is equal to its critical
surface tension is broadly applicable, and is not dependent
on the Girifalco—Good equation for the work of adhesion.

Determination of critical surface tension

Float/sink experiments were conducted using the liquids
listed in Table 3. Initial experiments using the eight fluids
marked with a superscript “1” yielded approximate critical
surface tensions for most of the particles used. Additional
experiments were then conducted with the fluids marked
“2” to establish the critical surface tensions more narrowly.

Test liquid Surface tension PTFE DCDMS TiO, FeOOH Fe
71 (mN/m)

Hexane' 18.4 Sink Sink Sink Sink Sink
Octane' 21.6 Sink Sink Sink Sink Sink
Cyclohexane' 25.0 Sink Sink Sink Sink Sink
Toluene' 28.5 Float
1,2 dichloroethane' 333 Float Sink Sink Sink Sink
Benzaldehyde? 38.8 Sink
Nitrobenzene' 439 Float Float>Sink Sink Sink Sink>float
Ethylene glycol® 46.5 Sink Sink
Diiodomethane' 50.8 Float Float Sink>Float Sink Sink
Glycerol® 63.3 Float Sink Float
Water' 72.3 Float Float Float Float Sink>float
Particle surface energy, v, assigned 25-28.5 38.843.9 50.8-63.3 63.3-72.3 Uncertain; 46 for pure iron
Limits as per Eq. 7 PI/PDMS 18.8/36.4

PI/PIB 29.1/39.2
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In each case, approximately 10 ml of the liquid was placed
in a vial. A small quantity of particles were placed on a
weighing pan and spread with a spatula to disrupt any large
aggregates. They were then transferred to the vial by
inverting the pan on the mouth of the vial and tapping the pan
gently. If particles floated, they were observed for at least
10 min. The values of critical surface tension assigned to
each particle type are listed in the Table 3. Two values are
quoted for each particle type: an upper bound (y at which
particles float) and a lower bound (y; at which particles
sink). Some comments about each particle type are in order.

The critical surface tension of PTFE particles was found to
be between 25 and 28.5 mN/M. This is significantly higher
than the value of ~20 mN/m noted previously [32]; however,
the manufacturing process for these particles involves thermal
degradation, which may have raised their surface energy.

In the case of DCDMS-treated particles in nitrobenzene,
most of the particles floated, and only a small fraction sank.
Hence, the corresponding surface tension of 43.9 mN/m is
regarded as the upper bound. In contrast, most of the TiO,
particles sank in diiodomethane, and hence 50.8 mN/m is
regarded as the lower bound for TiO,.

The float/sink test gave ambiguous results for the iron
particles; these particles floated in glycerol but sank in
water. This contradicts the idea implicit in the concept of
critical surface tension that particles sink only when 7y is
reduced. The critical surface energy for pure iron [39] of
46 mN/m suggests that they should have floated in ethylene
glycol. In summary, we are unable to obtain a reliable value
for y; for the iron particles using the float/sink method.

Finally, we note that gravitational effects are expected to
be weak in the float/sink experiment. The relevant
dimensionless quantity, R Apg (where R is particle size,
Ap is the density difference between the particle and liquid,
and g is gravity) is on the order of 10~ for iron particles and
much smaller for all the others. This small value indicates that
gravitational forces are much weaker than interfacial forces.

Comparison with experiment

Equations 8§ and 9 had noted the Girifalco-Good prediction
of the range of surface energies within which particles are
expected to be interfacially active in the PI/PDMS and PI/
PIB system. These same ranges are listed in the last two
rows of Table 3. It is immediately apparent that the PTFE
particles are the only ones whose surface energy lies
unambiguously within the bounds predicted by the Gir-
ifalco—Good theory. The surface energies of TiO, and
FeOOH and possibly Fe are much larger than the upper
bounds, and hence these particles are predicted not to be
interfacially active. Experimentally, however, Figs. 3 and 4
show interfacial activity of all particle types. Thus, we

conclude that the Girifalco-Good theory with ¢ =1, combined
with the Zisman concept of critical surface tension, is
inadequate to predict the interfacial activity of the particles.

Some comments about errors are in order. All the
interfacial and surface tensions measured by the pendant
drop method are expected to be highly accurate, to well
within 5% [40]. The interfacial tension between PI and PIB
measured by deformed drop retraction method may have a
more significant error (estimated to be about 15% based on
repeated measurements). However, the range of y, for
interfacial activity (Eq. 7) is not highly sensitive to y,,, and
even a 20% error in measuring ¥, does not change the
conclusion at the end of the previous paragraph.

We have also considered whether an alternative equation
for the work of adhesion, the harmonic mean equation
(Eq. 13) can predict the observed interfacial activity.
Following the same procedure as used to derive Eq. 7, we
derived the range of surface energies within which the
harmonic mean equation predicts interfacial activity. These
limits are 22.6 < y(mN/m) < 31.5 for interfacial activity
at the PI/PDMS interface and 31.5 < y,(mN/m) < 36.5 for
PI/PIB interfaces. Once again, the experimentally deter-
mined surface energies of most of the particles lie above
these ranges; that is, the harmonic mean equation cannot
predict the interfacial activity.

Both the Girifalco-Good equation and the harmonic
mean equation are simplistic approaches for obtaining the
interfacial tension from the surface tensions; however, these
equations have the advantage of involving quantities that
are readily accessible experimentally. The more sophisti-
cated Fowkes theory of the work of adhesion may be able
to make more accurate predictions of interfacial activity;
however, it is not clear how the information required to
apply this theory may be obtained experimentally.

Summary and conclusions

The primary conclusion of this article is that a wide variety
of particle types adsorb at the interface between immiscible
homopolymers, even when the homopolymers are chemi-
cally quite similar to each other (as gauged by the low
interfacial tension between them). Research on “interfacial
composites”—polymer blends in which solid particles are
adsorbed at the interface—is a newly active area of research,
and our results suggest that a wide variety of particles may be
candidates for use in interfacial composites.

Secondarily, we have tested the value of the Girifalco—
Good theory as a means to predict the interfacial activity.
The solid surface energy required by the Girifalco—Good
theory was assumed to be equal to the critical surface
tension of the particles. The critical surface tension was
then found by float/sink tests with several test fluids. Our
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results suggest that the Girifalco—Good theory is not able to
predict interfacial activity of particles. While we still
believe that partial wettability of particles by both phases
is responsible for their interfacial adsorption, some more
elaborate theoretical approach is necessary to capture the
relevant surface energies.
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