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ABSTRACT: Homopolymer adsorption and stabilization of colloids in compressible supercritical solvents
are modeled with the lattice-fluid self-consistent field theory (LFSCF). Adsorption at a single surface is
characterized versus bulk solvent density for various polymer chain lengths, solubilities, and concentra-
tions. As solvent density is lowered, adsorbed chains first collapse due to the loss in solvent quality, and
then expand due to an increase in adsorption that raises the excluded volume. This collapse-to-expansion
transition in layer thickness occurs just above the critical solution density for a bulk polymer solution.
Colloid stability is examined by calculating the free energy of interaction of two parallel surfaces coated
with adsorbed polymer. Above a threshold concentration and molecular weight, the surfaces are stabilized
at high density. As density is lowered, the entropically favorable expansion of solvent from the interface
causes flocculation at the critical solution density of the homopolymer in bulk solution, in agreement
with recent light scattering experiments. At lower concentrations, bridging occurs and stabilization is

not possible, even in a high density, good solvent.

Introduction

The potential and current applications of microemul-
sions, emulsions, and latexes in supercritical fluids such
as CO; abound, as reviewed recently.3 Emulsions and
latexes may be stabilized with block copolymers or
homopolymers to prevent flocculation. Of critical im-
portance is the balance of interactions between the
dispersed phase, stabilizer, and the solvent. Because
CO; has a very low polarizability and no dipole moment,
most polymers and surfactants are not solvated well
enough to stabilize colloids in CO,. The ability to design
steric stabilizers for the interface between organics,
polymers, or solids and CO,, offers exciting new op-
portunities in chemical manufacturing including polym-
erizations,*~9 formation of micron and submicron poly-
mer particles in spray processes,%!! extractions, includ-
ing heavy metals,31212 and replacement of chlorofluo-
rocarbons and other solvents in cleaning and purification
processes.® What is needed at this stage in stabilizer
design is a fundamental understanding of how polymer
structure affects adsorption and stabilization in disper-
sions and emulsions.

In a compressible solvent, as temperature is raised
at constant pressure, solvent quality decreases, and
polymer chains collapse as the lower critical solution
temperature (LCST) phase boundary is approached. The
loss in solvent quality is due primarily to a decrease in
solvent density.’* The same phase boundary is ap-
proached as density (pressure) is lowered at constant
temperature. In this case, the critical point is an upper
critical solution density (UCSD). The system gains
entropy when the solvent expands away from the
polymer chain into the lower density bulk solution.
With less solvent present to screen attractive intrachain
interactions, the chains collapse and ultimately phase
separation occurs. Whereas collapse near an upper
critical solution temperature (UCST) phase boundary
is energetically driven, collapse near the LCST phase
boundary is entropically driven.1>16 Just as the UCST
and LCST become © temperatures at infinite molecular
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weight, there is a © density that corresponds to the
UCSD.

Emulsion droplets or dispersed phase particles may
be stabilized by adsorbed polymers due to the unfavor-
able entropy loss when the polymer chains overlap
during a collision. The phase behavior of the polymeric
stabilizer in bulk solvent is a key indicator of the
conditions where stabilization of a dispersed phase is
possible. Figure 1 demonstrates an analogy between
polymers on surfaces and polymers in bulk for a
compressible solvent. In both cases at high solvent
density, the polymer is in a good solvent where it adopts
expanded conformations. At low solvent density, the
polymer collapses as solvent expands away from the
chains to raise the entropy. For this reason, in bulk
solution a polymer-enriched phase separates from the
solvent-rich phase at low densities. For chains on
surfaces, solvent expansion at low densities creates an
attractive force between the layers of adsorbed polymer
and the surfaces flocculate, forming polymer-enriched
domains between them.

Napper has discussed the correlation between the ©
point of polymeric stabilizer in bulk solution and the
critical flocculation point of a sterically stabilized colloid
in subcritical fluids.'” If the molecular weight and
adsorbed amount are above certain thresholds, the
critical flocculation temperature (CFT) of a colloid occurs
near the © temperature for the stabilizer in bulk
solution. This relationship is particularly true for
grafted and block copolymer stabilizers, which tend to
adsorb strongly. A unique aspect of dispersions in
supercritical fluids is the large density dependence of
fluid properties, which influences polymer phase be-
havior and colloid stability. In this sense, supercritical
fluids offer a unique vantage point for understanding
the effect of solvent quality on the structure of polymers
adsorbed at interfaces. As solvent density is decreased
at constant temperature, the dispersion becomes un-
stable at a critical flocculation density (CFD).18-20

Recent experiments have examined solvent density
effects on latex and emulsion stability in compressible
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Figure 1. Schematic representation of analogy between bulk
polymer solution phase behavior and flocculation of polymer-
coated surfaces.

media. Polymers with low surface tensions and thus
low cohesive energy densities tend to be the most soluble
in CO,.21 The stabilization of poly(2-ethyl hexyl acry-
late) (PEHA) emulsions in liquid and supercritical CO,
was recently studied with both dynamic light scatter-
ing?® and turbidimetry.1® The homopolymer poly(1,1-
dihydroperfluorooctyl acrylate) (PFOA), is highly soluble
in CO, and is a very effective stabilizer for these
emulsions and for dispersion polymerization.=® The
CFD is the same as the critical solution density (CSD)
of PFOA in bulk solvent. PFOA also enhances the
stability of PMMA dispersions produced by precipitation
in a compressed fluid antisolvent.??

A variety of theoretical approaches have been utilized
to treat stabilization by adsorbed polymer in incom-
pressible solvents. The lattice self-consistent field (SCF)
theory of Scheutjens and Fleer?® has been applied to
both homopolymer?* and copolymer stabilizers.?>26 The
SCF theories give detailed information about equilib-
rium interfacial properties as a function of chain—chain
and chain—solvent interactions, adsorption energy, and
polymer structure. Off lattice analytical?” and numer-
ical®® SCF approaches have examined the effect of
solvent quality on grafted and adsorbed polymer layers.
Many of the advantages and anomalies of supercritical
fluid colloids are due to the free volume and high
compressibility of the solvent. By introducing holes into
the lattice, the SCF theory of Scheutjens and Fleer was
extended to model end-grafted polymers in compressible
solvents!® and is termed the lattice-fluid self-consistent
field theory (LFSCF).

Our objective is to utilize the LFSCF theory to model
adsorption of homopolymers at a planar surface and free
energies of interaction between such surfaces. Copoly-
mers will be considered in part 2.2 We wish to
understand how solvent density affects adsorbed amount
and layer thickness, which in turn influences colloid
stability. Results are presented for the adsorbed amount,
fraction of adsorbed segments, and adsorbed layer
thickness and are compared with relevant experiments.
The effects of polymer properties such as solubility,
adsorption energy, molecular weight, and concentration
are explored. The effect of solvent density on the
collapse of the adsorbed polymers is compared with the
UCSD for the polymer in bulk solution. When the
polymer concentration is sufficiently high, colloid stabil-
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Figure 2. Two-dimensional representation of the adsorbent
surface and lattice occupied with polymer, solvent, and hole
segments.

ity decreases with decreasing bulk solvent density. The
CFD is determined from the interaction free energy
between two homopolymer-coated surfaces and com-
pared with the critical solution density (CSD) of the
stabilizer in bulk solution. The LFSCF results are
compared with the aforementioned stability experi-
ments that used PFOA-based stabilizers in supercritical
CO,. The interaction free energy is explained in terms
of the corresponding enthalpy and entropy changes. A
distinction is made for high and low concentrations of
polymer. At low concentration, we expect bridging of
homopolymer between two surfaces to induce floccula-
tion.

Theory

Lattice-Fluid Self-Consistent Field Theory. The
LFSCF theory of Peck!® is extended here to model
adsorption of homopolymers onto a solid, impermeable
surface, as shown in Figure 2. The lattice layers
numbered z =1, 2, ..., M each have L lattice sites for a
total of ML lattice sites. Each site is occupied by a
solvent (s), a chain (c) segment, or a hole (0). Polymer
molecules are represented as chains of length r.. The
reader is referred to previous publications!®3 and the
Appendix for further details of the derivation.

The main goal of SCF theory is to find the equilibrium
distribution of all molecules over all possible chain
conformations on the lattice. As a simplifying assump-
tion, lateral density fluctuations within each layer are
neglected. As a consequence, only the distance in the z
direction is relevant in the calculation of interaction
energies and interfacial properties. A segment feels a
mean potential due to neighboring segments in the same
and adjacent layers. This mean field assumption is
common to all forms of the SCF theory. In addition,
the self-excluded volume of a chain is neglected, al-
though intersegmental excluded volume interactions are
included. The equilibrium distribution of polymer and
solvent segments is found by using Lagrange multipliers
to maximize the grand canonical partition function, =-
(u,V,T). Atthe beginning of each LFSCF calculation the
temperature, pressure, and polymer bulk concentration,
¢b, are specified. As in the lattice-fluid theory, ¢° is a
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segment fraction. The final result is the equilibrium
set of segment concentrations in each layer, {fi(z)}.
From this equilibrium configuration all relevant proper-
ties are calculated. Because fluctuations are neglected,
the LFSCF theory will not model the long-range density
fluctuations that occur near the solvent critical point.
Thus, this study does not consider conditions too close
to the critical point. (The temperature is 1.05T, but
the lowest density considered is ~1.4p).

In this paper, chain adsorption is characterized by the
number of adsorbed chains per unit lattice area, o0 =
T'/r.. The parameter T' is the absolute amount of
adsorbed chain segments per unit area and is given by

r= Z(fC(Z) - fc,free(z)) (1)

where fi(z) is the total fraction of chain segments ¢ (per
unit area) in layer z and f.fee(z) is the fraction of
nonadsorbing chain segments in layer z. This absolute
adsorbed amount in a given layer approaches zero as z
increases away from the surface and concentrations
approach their bulk solution values. A chain is counted
as adsorbed when at least one segment is adjacent to a
surface. The parameter o is reduced according to o* =
on(Rg)? where Ry is the bulk radius of gyration. For ¢*
< 1, the chains are isolated from one another on the
surface, and when o* > 1, the chains begin to overlap.
Due to the neglect of fluctuations and the chain self-
excluded volume, SCF theory is most applicable to the
case where chains are overlapping (¢* > 1) on the
surface. When chains overlap, each chain is shielded
from interacting with itself, and the self-excluded
volume is negligible. When o* < 1, results from LFSCF
are expected to be only qualitatively correct. The
limitations of SCF theory have been discussed in light
of exact results from lattice Monte Carlo simulations
for incompressible fluids.3%:32

We calculate the layer thickness as the root-mean-
square surface-to-chain-end distance, which is given by

h= (3 %Gz 1) ~ Gepeelzrl D)™ ()

where G(z,r¢|1) is the normalized probability of finding
a chain-end segment in layer z.18

Interaction Free Energies. The interaction free
energy between two polymer coated surfaces is given
by AGiotal = AGset + AGram. The parameter AGgg is the
free energy obtained using LFSCF theory and results
from intra- and intersegment interactions of solvent and
polymer. The parameter AGg; is calculated according
to the restricted equilibrium assumption,?* where the
collision of two surfaces is modeled on a time scale
shorter than the time required for a polymer chain to
desorb and diffuse out of the interface. As the surfaces
are brought together at constant temperature, T, and
pressure, P, the solvent may freely equilibrate between
the bulk and interfacial region, but the adsorbed chains
cannot leave the interfacial region. The adsorbed chains
can equilibrate within the interfacial region between the
surfaces.

The Hamaker contribution, Gpam, is due to the van
der Waals interaction between the surfaces themselves,
excluding the homopolymer chains. For infinitely thick
flat plates, the Hamaker energy is given by —A/12772
where z is the separation distance. In calculating
AGHam, We take into account the retardation of van der
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Waals energies, which becomes important at distances
greater than ~150 A or 35 lattice layers.33

Selection of Parameters. In the lattice-fluid
theory,6:34 each molecule of type i is described by three
parameters: rj the number of i segments per molecule;
P the segmental cohesive energy density of the ran-
dom close packed reference fluid; and v}, the volume
per segment. The magnitude of P; determines the
strength of pure component interactions, whereas the
difference in (P})? values determines the strength of
intermolecular interactions (e.g., xij = (Pj? — P{1/2)2-
v*/KT). The solvent parameters were chosen by a Ileast-
squares fit to the density versus pressure isotherm for
COz at T =45 °C (T, = 1.05). These parameters are rs
= 1, P{ = 1000 atm, and v* = 52 cm®mol. For
simplicity, the segmental volume for the polymer seg-
ments was set equal to that of the solvent. The reduced
density, p, is defined as p/p*, where p is the actual
density and p* is the characteristic density of a random
close-packed reference fluid and is related to the other
lattice fluid parameters by p* = rM,/v*.16 The reduced
density p is also the volume occupied by chain and
solvent segments divided by the total volume including
holes. Hence p = 1 in the high-density, incompressible
limit. Comparison with experimental densities and
temperatures is best done by using units reduced with
respect to the critical properties. The critical properties
of the model solvent are p. = 0.5 and T, = 319 K.

Parameters for the model homopolymers were chosen
relative to those of the solvent to represent the various
types of polymers studied in experiments. For example,
P? for the homopolymer should be relatively close to P
in an attempt to model a polymer that is quite soluble
in CO,, such PFOA. A high solubility in CO; requires
a low pure polymer surface free energy,?! y, a property
closely related to the cohesive energy density. Because
CO; has a very low cohesive energy density, the most
soluble polymers (e.g., PFOA) have the lowest y values,
and hence have low P} values. Because P; = 1000 atm,
P? values of 1000, 1200, and 1400 atm were used to
model polymers with cohesive energy densities near
(e.g., PFOA) and somewhat above (e.g., poly(dimethyl-
siloxane)) that of the solvent.

In addition to the three lattice fluid parameters, the
adsorption energy of a polymer segment relative to the
solvent, eaw, must be specified. As described in the
Appendix, eaw is equivalent to ys that is used often in
other SCF theories.3® Values between 0.5 and 5 kT are
reported by van der Beek et al.3%:35 for several common
polymers including polystyrene (PS) and poly(ethylene
oxide) (PEO) on silica and alumina. Because of the
nature of homopolymer adsorption, if eaw is too large,
the homopolymer adopts a flat layer incapable of
stabilization. If eaw is too low, there will be insufficient
adsorption. The critical adsorption energy, below which
the chain does not adsorb, was found to be 0.284 for the
re = 1000, P; = 1200 chain. (Scheutjens and Fleer
obtained eaw = 0.288 for a similar model.3®) It is known
that although PFOA adsorbs weakly to a PEHA inter-
face, it does adsorb strongly enough to stabilize a PEHA-
in-CO, emulsion.’®* We therefore chose eaw = 0.5 kT
for most of the calculations in this paper, because it is
above the critical adsorption energy but below 1 KT. The
adsorption of PS onto silica from liquid solvents has
been modeled successfully with a similar value, eaw =
0.42. We have also examined higher and lower values
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Table 1. Lattice-Fluid Parameters and Chain Properties

Macromolecules, Vol. 31, No. 16, 1998

segment type r P* (atm) eaw (KT) Rg
solvent (S) 1 1000 0
homopolymer (A) 300 1200 0.5,1.0 13.0
1000 1200 0.25,0.3,0.5 26.2
3000 1000 0.5 50.4
3000 1200 0.5 50.1
3000 1400 0.5 49.2
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Figure 3. Adsorbed segment volume fraction profiles at
several densities for ro = 1000 (chain length), eaw = 0.5 KT

(adsorption energy), P; = 1200 atm (cohesive energy density),
and ¢° = 1073 (concentration).

of eaw, as indicated in Table 1. Our high adsorption
energies and low concentrations eliminate the need to
consider depletion forces induced by nonadsorbing
polymer, because there is always a surface excess.

The Hamaker coefficient for the surfaces was taken
as that of PS, Aps = 16 kT.37 The coefficient Aps must
be modified to account for the solvent, CO,, with Aps co,
= (Aps + Aco, — (ApsAco,)¥?).37 The solvent Hamaker
constant is found using Aco, = 472(oNa/Mw)?eco,(0co,)®
= 22.5p? KT, where Na is Avogadros number and M,, is
the molecular weight. The Leonard-Jones (LJ) param-
eters used for CO;, were eco, = 192.25k (K) and oco, =
4.416 A.38

Results and Discussion

Adsorbed Amounts, Surface Coverage, and Layer
Thickness. Figure 3 shows concentration profiles of
adsorbed homopolymer at various densities. All other
equilibrium properties are calculated from the concen-
tration profile. Half or more of the total chain density
is confined to the first few layers, and the remaining
chain density tapers off over a large distance. Much of
each chain is close to the surface in adsorbed trains and
short loops, with tails dangling into the solvent. For
comparison, the bulk radius-of-gyration of the ho-
mopolymer is 26 lattice units at p = 1. As density is
decreased from the incompressible limit (6 = 0.997) the
amount adsorbed increases, causing greater extension
of the tails, but the shape of the profile does not change
significantly.

Figure 4a gives the reduced amount adsorbed, o*, as
a function of reduced solvent density for homopolymers
with lengths 1000 and 3000 at several concentrations.
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Figure 4. (a) Adsorbed amount (0%*), (b) bound fraction (p),
and (c) layer thickness (h/Rq (good solvent)) versus reduced
bulk solution density, p, for homopolymers at a single surface.
Adsorption energy, eaw, is 0.5 KT, and cohesive energy density,
P; = 1200 atm. Chain length and concentration are indicated
in the legend. All other parameters are in Table 1. Arrows
indicate the upper critical solution density (UCSD) in bulk
solution.

At high p, in the good solvent regime, o* is <1 for r, =
1000, and the chains do not overlap significantly with
their neighbors on the surface. For r, = 3000, o* >1 at
all densities. As p decreases, the bulk fluid becomes a
poorer solvent and more chains adsorb. When o* ~ 1,
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the adsorbed chains begin to overlap. As solvent density
is lowered beyond this point, o* values begin to increase
more rapidly and the area occupied by an adsorbed
chain (1/0*) decreases. Thus, as p is decreased, both
the number of adsorbed chains and the degree of overlap
increases.

The effect of solvent quality on adsorbed amount is
well known in liquid solvents near the UCST. For
example, the adsorbed amount of PS from cyclohexane
onto chrome increases as temperature is decreased
toward the bulk UCST.3° In our case, solvent quality
is decreased by lowering solvent density, approaching
the bulk UCSD, which is analogous to the LCST. For
comparison, the UCSDs for the r = 1000 and 3000
chains, determined from the lattice fluid theory stability
condition,® are marked by vertical lines in Figure 4.
The UCSD for r, = o« is the © density (pg). For the long
chains in this paper (r. = 1000 and 3000), the UCSD at
finite molecular weight and py are virtually indistin-
guishable. The o* values increase rapidly in the region
near the UCSD for the polymer in bulk solution. At the
UCSD, the surface becomes a nucleation point for phase
separation by adsorption. Although we decrease solvent
density to values just below the UCSD, the LFSCF
theory does not account for formation of a homopolymer-
rich condensed phase, which would reduce free polymer
in solution available for adsorption. However, this is
only an issue close to the critical concentration of ¢° ~
0.015, which is higher than the ¢° values considered
here.?®

The magnitude of o* increases with both the degree
of polymerization and bulk concentration, as is also
observed experimentally in conventional liquid sol-
vents.3940 |ncreasing r. reduces the solubility in bulk
solution at a given solvent density, and as a result more
polymer migrates to the surface. Adsorbed amount
increases only moderately with concentration, indicating
the system is in the plateau region on the adsorption
isotherm, which is described by Scheutjens and Fleer
for a homopolymer with similar properties in an incom-
pressible solvent.23

In Figure 4b, as p is decreased starting from unity,
the average fraction of segments bound to the surface
(p) increases slightly. However, near the UCSD, p
decreases sharply, as solvent strength diminishes, and
fewer anchoring sites are required to hold a chain at
the surface. The decrease in p is related directly to the
increase in adsorption and the resulting overlap transi-
tion seen in Figure 4a. With less room on the surface
for anchoring sites, a larger fraction of the chain may
exist in either tails or loops. It is well established from
previous SCF studies of homopolymer adsorption with
similar parameters that most of the unbound segments
exist as free tails, with relatively few segments in
loops.3® As r. and ¢° are increased, adsorbed amount
increases, the surface becomes more crowded, and the
bound fraction decreases. The following picture of a
structural transition near the UCSD emerges: as
solvent density is decreased, more chains adsorb, thereby
increasing the surface coverage, and the previously
adsorbed chains begin to release some adsorbed seg-
ments from the surface. With longer tails, more ad-
sorbed chains, and less space available on the surface,
overlap increases significantly (entropically unfavor-
able), but this penalty is balanced by the decrease in
bulk solvent quality and the energy gained by adsorbing
segments.
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Table 2. Fraction of Bound Segments (p) from
Experiment and LFSCF Theory

source eaw (KT) My x 1073 P p

experiment? 0.42 42.8 0.0017 0.32

0.42 102 0.0016 0.26

0.42 775 0.0016 0.24

LFSCF theory® 0.5 50 0.001 0.32
0.3 50 0.001 0.035

0.25 50 0.001 0.01

a pS/trichloroethylene (good solvent)/silica at 25 °C (ref 39). P r.
= 1000, P; = 1200 at p = 0.85 (good solvent), and T/T; = 1.05, we
assign an arbitrary segmental molecular weight of 50.

Bound fractions have been measured spectroscopically
for homopolymer adsorption at surfaces in liquid sol-
vents.*142 Table 2 shows data for PS adsorption to silica
from trichloroethylene (a good solvent). Using the
Scheutjens and Fleer SCF theory, Kawaguchi et al.3°
obtained an adsorption energy of 0.42 kT, which is close
to the 0.5 kT used in our study. At a molecular weight
of 42 800 and concentration of 0.17 wt %, the bound
fraction was 0.32, which is in excellent agreement with
our value of p = 0.32 at r, = 1000 (M,, ~ 50 000), ¢° =
1072 (0.1 wt %), and p = 0.85. The agreement results
primarily from the high liquidlike solvent density (good
solvent regime) used in this LFSCF calculation. The
data in Table 2 verify experimentally the decrease of p
with molecular weight seen in Figure 4b. Takahashi*?
gives experimental evidence for the decrease in p with
increased adsorption for PS on silica, which is qualita-
tively similar to what we observe in Figure 3b for a
factor of 2 to 3 increase in adsorption. For liquid
solvents, the amount adsorbed can be increased by
increasing bulk concentration or decreasing tempera-
ture. Although the methods used to increase adsorption
(e.g., temperature or density) are different in liquid and
supercritical solvents, the effect of adsorbed amount on
structure is somewhat similar.

Table 2 also shows that lowering eaw from 0.5 to 0.3
to 0.25 causes a rapid decrease in the bound fraction.
The o* values fall dramatically as well, passing from
adsorption to depletion at eaw = 0.284, which is thus
the critical adsorption energy for the r, = 1000 chains.
Also, at eaw = 1.0 (not shown), the chains begin to adopt
flatter conformations at the surface, with bound frac-
tions approaching 0.6. With so few segments in tails
at eaw = 1.0, significant steric stabilization is not
expected.

Figure 4c shows h/Rg, the r.m.s. surface-to-chain-end
distance divided by the bulk radius-of-gyration in a good
solvent (high-density limit). The parameter Ry is found
from Flory’s lattice theory*® and is given in Table 1.
Figure 4c indicates that most h values are only ~40—
70% of Rq. Scaling theory*° predicts that in good solvent
the adsorbed homopolymer layer thickness scales as r>
compared with r®® for Ry in bulk solution. Thus, the
adsorbed homopolymer layer adopts a conformation that
is compact relative to bulk dimensions because each
segment is attracted to the surface. This result is in
contrast to strongly adsorbed diblock copolymers, which
are often expanded relative to bulk dimensions, due to
the excluded volume of the nonadsorbing blocks.??

As solvent density is lowered, h/Rg indicates that tails
collapse due to the loss in solvent quality. The amount
of collapse is small at r, = 1000 and low concentrations,
but more collapse is observed as r. and ¢° increase.
Longer tails are more susceptible to incompatibility with
a solvent as is evident in the lattice-fluid expression for
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Table 3. Minima in Layer Thickness and Critical
Flocculation Density Compared with @ Density and
UCSD in Bulk Solution

re @° P P ucsb  p(hmin) CFD
300 107 1200 0.784 0.769 0.811  flocc
1000 1074 1200 0.784 0.778 0.837  flocc
1000 1073 1200 0.784 0.778 0.823  flocc

1000 25x 103 1200 0.784 0.778 0.813 0.79
3

1000 5 x 10~ 1200 0.784 0.778 0.805 0.77
3000 1073 1000 0.736  0.733 0.776  flocc
3000 1073 1200 0.784 0.780 0.824  flocc
3000 25x107° 1200 0.784 0.780 0.809  0.775
3000 1073 1400 0.829 0.825 0.865 0.865

the chemical potential.’® As solvent density is lowered
below the UCSD, h/R4 shows a dramatic increase, due
to the increased adsorption and overlap (Figure 4a).
Here the bound fractions begin to decrease (Figure 4b)
creating longer tails, and the longer, overlapping tails
exclude volume from one another and create a thicker
layer (Figure 4c). Thus, there are two competing factors
which influence h as p is decreased: (1) the tails of
adsorbed chains collapse, decreasing h, and (2) chains
add to the surface, increasing h. Starting from a good
solvent and lowering solvent density, collapse wins the
battle at first. A minimum in h occurs where the effects
of these mechanisms are balanced, and at lower densi-
ties a growth of the layer is observed due to overlap.
The balance of layer collapse and expansion is related
to the approach to the critical point of the homopolymer
in bulk solution as solvent density is lowered. Table 3
compares the p(hmin) Where the minimum thickness
occurs to the UCSD for various values of r¢, ¢°, and Pz
The parameter p(hmin) is consistently greater than the
UCSD, but approaches the UCSD as r; and ¢ increase.

Experiments confirm that adsorbed layers of PS in
cyclohexane collapse as temperature is decreased to-
ward the bulk ©® temperature.®® A more recent experi-
ment on adsorbed PS in cyclopentane reveals an expan-
sion of layer thickness from h/Rqy = 0.34 to 0.56 as
temperature is decreased below T,.44 Poly(N-isopropy-
lacrylamide) adsorbed on PS in water shows a collapse-
to-expansion transition as temperature is raised through
the LCST of the polymer in bulk solution.*> These
results show that both collapse and expansion mecha-
nisms are operative as solvent quality is reduced in
liquid as well as supercritical solvents.

Consider the adsorption energy. For the chain lengths
and concentrations of Figure 4, the layer thickness
actually decreases when eaw is increased from 0.5 to 1.0
kT (not shown). The flattened conformation allows more
segments on each chain to interact with the surface. An
adsorption energy of 0.5 KT strikes a balance between
the extremes of low adsorbed amount and high adsorbed
amount with thin layers.

Another important polymer property is the chain
cohesive energy density (CED), which governs the
magnitude of solvent—chain and chain—chain dispersion
interactions. In the LFSCF theory, the CED is equal
to p?P:. At P; = 1000, the P of the polymer is equal to
that of the solvent. As P} increases at constant density
the polymer becomes progressively less soluble. Hence,
as P{ increases, the bulk coexistence curve for the
polymer—solvent mixture shifts to higher values of
pressure and density. For this reason, the shapes and
magnitudes of the three curves for ¢o*, p, and h/Rg in
Figure 5a are similar but shift to higher density as P
increases. The h/Rq values shift with p to about the
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Figure 5. (a) o*, (b) p, and (c) h/Ry (good solvent) versus
reduced bulk solution density, p, for P; = 1000, 1200, and
1400 atm (cohesive energy density); r = 3000 and eaw = 0.5
KT (adsorption energy). Vertical lines indicate the UCSD in
bulk solution at each P;.

same extent as the UCSDs (vertical lines in Figure 5).

Unlike the case for P, changes in other chain prop-
erties, such as re, eaw, or ¢, shift the actual magnitude
of the amount adsorbed, the bound fraction, and the
layer thickness without significantly changing the
transition density (Figure 4). Thus re, eaw, and ¢° can
be adjusted to set a desired layer thickness, adsorbed
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amount, and degree of overlap to influence steric
stabilization. The chain CED only shifts the solvent
density at which important structural changes occur,
and hence should not affect whether steric stabilization
is possible, if the density is sufficiently large.

In our LFSCF calculations, the CED of the chain was
varied at constant adsorption energy. In a real ho-
mopolymer—solvent—surface system a change in the
chemical structure of the chain will modify the CED and
chain—surface interactions simultaneously. The in-
separability of CED and adsorption energy contributes
to the difficulty in finding a homopolymer stabilizer for
supercritical CO,. Such a stabilizer must have a low
CED to ensure solubility and extension of the tails in
CO;, at reasonable pressures, but if the CED is too low,
eaw may be too small for adsorption to typical surfaces.

Free Energy of Interaction. Figure 6a shows
AGg, the free energy due solely to the interactions
between two adsorbed polymer layers and the solvent
at ¢° = 2.5 x 1073, The free energy is repulsive at high
densities, and an attractive minimum appears below p
=0.777. AGuam, Which is due solely to Hamaker forces
of attraction between the surfaces in the solvent (with-
out including homopolymer), is given in Figure 6b. The
total interaction, AGg + AGuam, indicates a repulsive
barrier against flocculation at densities above 0.78
(Figure 6¢), which is close to the UCSD of 0.778. Below
the UCSD, the shape of the free energy in Figure 6¢
changes and attractive minima appear, arising from
both Hamaker and LCST-type attraction. Flocculation
will occur when the minimum is deeper than the
average thermal energy of colloidal particles, 3/2KT.
Using an estimated contact area of 104 lattice units for
500 nm particles, the flocculation threshold is on the
order of AGso/LKT ~ 1074.2° Thus, Figure 6¢ indicates
that flocculation will occur near the UCSD of the
polymer in bulk solution. The flocculation threshold
free energy is only an order of magnitude estimate based
on the kinetic energy of colloidal particles. The con-
centration dependence of the flocculation threshold free
energy has been neglected. Thus, this flocculation
threshold is a minimum attraction necessary for floc-
culation at any concentration and the results are most
applicable to dilute suspensions.

Table 3 gives CFDs for various r;, ¢°, and P: and
indicates that there is a minimum concentration of ¢°
~ 0.0025 for steric stabilization for r, = 1000, P} =
1000, and 1200 atm. For a higher P; of 1400 atm, the
r = 3000 chains stabilize the surfaces at a lower
concentration of 0.001, because the greater adsorption
of the less soluble and longer polymer produces thicker
layers. Stabilization may be achieved at lower concen-
trations by adjusting the CED to achieve an optimum
balance between affinity for the surface and good
solubility (for tail extension). The CFD for the r, =
3000, P; = 1400 chain (0.865) occurs somewhat above
the UCSD (0.825), due to the influence of Hamaker
attractive forces. A slightly higher concentration of
0.0025 produces a thicker layer that screens the Ha-
maker attraction at lower densities, thus shifting the
CFD closer to the UCSD.

A complete understanding of the contributions to the
repulsive and attractive terms in AGs requires consid-
eration of the entropy and enthalpy changes. To
determine the entropy change, we performed LFSCF
calculations in 0.1 degree intervals from 335.7 to 336.3
K. The entropy was determined numerically from AS
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Figure 6. Interaction free energies versus separation dis-
tance, M, for two homopolymer-coated surfaces at a series of
bulk solution densities. (a) AGs/LKT; (b) AGham/LKT; and (c)
AGta/LKT. The restricted equilibrium convention is used as
described in text. The adsorbed amounts at each bulk solution
density correspond to those in Figure 4: r. = 1000, ¢* = 2.5 x

1073, P; = 1200 atm, and eaw = 0.5 kT.

e—

= —(0AG/aT)p and the enthalpy change was found by
AH = AG + TAS (Figure 7). Figure 7a gives AGgs for
¢ =1073. In Figure 7b, the enthalpy change is positive
upon initial approach of the surfaces (M > 2h) because
solvent is pushed from between the surfaces into the



5514 Meredith and Johnston

1_':I':‘"I"'I"'I"'l"'
SR P 2h
L ——0.855 25.0
S - —--0.803 25.0
NI O M D 0.776 26.8 1
O S T 0.764 31.8
~ [ Voo ]
by L 0
O 1N
NP Nad
T of e _
05
30 i LALIRL AN DL AL R A IR R L LA AL LR ]
20 F ;
S 10} :
~N 3 ! S
by [ I"~,§l_ ‘.‘-.,_
T 0 e
N i ]
N _
Tao0f i :
(1)
1 :
-20-.|. Ly EI. ] ] ol
20 [T A SR
(I i
fror
10 Y .
L \ l‘ ::
- LV i
A U H
S0Pt
\“S [ \",—’,I' o
g -10} ; ]
™~ : Y ;
] _20:_ “'. -',v -
_30'...1...1 P PR B
0O 20 40 60 80 100 120

M

Figure 7. Interaction free energy (a), enthalpy (b), and
entropy (c) versus separation distance, M, for two homopoly-
mer-coated surfaces at a series of bulk solution densities: r

= 1000, ¢* = 1073, P} = 1200 atm, and eaw = 0.5 KT.

lower density bulk region, sacrificing the energetic
interactions with polymer in the higher density surface
region (i.e., AE > 0). The corresponding increase in
system volume (not shown) also contributes to the
positive enthalpy change (i.e., AH = AE + PAV). In
competition with this enthalpic repulsion is an entropic
attraction (Figure 7c) that is due to the entropy gained
by solvent when it expands from the high-density
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Figure 8. Interaction free energy, AGs/LKT, versus separa-
tion distance, M, for two homopolymer-coated surfaces at a
series of bulk densities: r. = 1000, ¢° = 1074, P{ = 1200 atm,
EAW — 0.5 kT.

interfacial region to the lower-density bulk region.18
Enthalpic repulsion overwhelms entropic attraction at
densities above the UCSD, stabilizing the surfaces.
Below the UCSD, entropic attraction overwhelms the
positive enthalpy change and the surfaces are attractive.
This behavior is analogous to the LCST-type phase
separation of polymer—solvent mixtures in bulk.

As the surfaces are compressed to M < 2h (values of
2h are given in Figure 7a), considerable overlap of the
polymer tails occurs, resulting in lost entropy and
repulsion (Figure 7c). The enthalpy simultaneously
becomes negative because of favorable chain—chain
intermolecular interactions. Because the chain and
solvent P; are different, chain—chain and solvent—
solvent interactions are preferred over chain—solvent
mixing. At these close distances, entropic repulsion
overwhelms the enthalpic attraction and the surfaces
are repulsive at all densities.

Figure 8 shows the free energy of interaction at a
lower concentration of ¢° = 1074. In contrast to the ¢°
> 2.5 x 1072 cases, at the highest densities, the surfaces
are not repulsive but attractive, because of bridging and
entropic (LCST-type) attraction. The minima in the
profiles at p > UCSD occur at separations closer than
the equilibrium tail thickness and a tail may attach to
both surfaces simultaneously. Bridging occurs at high
densities because the surface coverage is low (only
6—10% of the available area), leading to very negative
enthalpies of interaction (not shown) between the
surfaces. Therefore, enthalpic stabilization is not pos-
sible, in contrast with Figures 6 and 7. As p is
decreased, the attractive minimum in the free energy
profile becomes less negative and moves to higher M
values, due to excluded volume of the increasing number
of adsorbed chains. As p decreases, the increase in
adsorption described previously creates a barrier to
bridging. At densities below the UCSD, LCST-type
attraction occurs, induced by the solvent entropy. When
AGuam is added to AGg¢ (not shown), the Hamaker
forces contribute additional attraction at all densities
because the adsorbed layer is not very thick. Therefore,
colloid stability is not imparted by the adsorbed ho-
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Table 4. Comparison Between Experimental and
Predicted Critical Flocculation Density at T/T. = 1.052

onset of phase
separation or

source system flocculation (p/pc)
experiment: phase  PFOA in compressed CO, 1.72
behavior920
experiment: emulsion in CO; stabilized 1.7
turbidimetry9.20 with PFOA
LFSCF theory® homopolymer in 1.6
bulk solution
LFSCF theory surfaces with adsorbed 1.6

homopolymer

aThe O density for infinite molecular weight is virtually
indistinguishable from the critical density for the 10% molecular
weight polymer used in the experiments. ® For LFSCF theory, P}
= 1200 atm, r, = 1000, and ¢° = 0.0025.

mopolymer at ¢® = 1074 because an attractive well is
present at all densities considered. The results in Table
3 indicate that bridging and LCST attraction cause
flocculation for concentrations below ¢P = 1073, for r, =
300—3000 and various P} values.

The decrease of bridging with an increase in adsorbed
amount has been demonstrated in experiments with the
surface forces apparatus in liquid solvents.*®¢4” The
experimentally determined free energy profiles are
similar to those in Figure 8, where the minima become
more positive and move to higher separation distance
as adsorption increases. (See for example Figure 8 of
ref 46 and Figure 6 of ref 48.) Using incompressible
SCF theory, Scheutjens and Fleer?* found that the
interaction profiles of homopolymer-coated surfaces
become less attractive as solvent quality decreases, in
a manner similar to that shown in Figure 8. They also
attribute this result to diminished bridging as adsorbed
amount increases.

Comparison to Stability Experiments. The CFD
was determined with turbidimetry for PEHA emulsions
stabilized with homopolymer PFOA (M,, = 1 x 10° and
1.2 x 108) in supercritical C0O,.1° The temperature in
the experiments was 45 °C, or T/T, = 1.05, just as in
the LFSCF calculations. In the experiments, the CFD
was observed as a sharp decline in emulsion stability
at the UCSD for the bulk PFOA—CO; solution. At
concentrations of ¢ > 0.0025, the LFSCF theory also
predicts that the CFD occurs at the UCSD for r, = 1000.
Table 4 shows that the UCSD of 0.778 of the model
corresponds to pg/pc = 1.6, which is very close to the
experimental reduced CFD of 1.7.

The LFSCF results can also be compared with latexes
produced by precipitation in a compressed fluid anti-
solvent.’ Here, microparticles were formed by spraying
a polymer solution through a nozzle into an antisolvent,
in this case CO,, at 23 °C and 124.1 bar, above the
UCSD for the PFOA stabilizer. Without stabilizer, large
agglomerated particles >50 um in size were formed.
Addition of 0.01 to 0.05 wt % (¢P ~ 10~% and 5 x 107%)
PFOA (My, = 1 x 108) adds significant stability to the
PMMA latex, resulting in slightly flocculated particles
1—4 umin size. A further increase in PFOA concentra-
tion to 1 wt % (¢° ~ 1072) removes flocculation almost
completely, yielding a particle size of <0.1 um.

At concentrations below ¢° = 1073, LFSCF theory
predicts that bridging makes any correlation between
bulk and surface phase behavior impossible (Table 3).
Because of bridging, the correlation between flocculation
and the UCSD for homopolymer stabilizers in bulk
solution is a sensitive function of concentration and
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adsorbed amount, more so than for block copolymer or
grafted stabilizers.?® Indeed, bridging occurred in sta-
bility experiments with PFOA (M, = 1.2 x 109%), as
indicated by irreversible flocculation.’® However, tur-
bidimetry®® and dynamic light scattering experiments
in CO,2° with homopolymer PFOA indicate that the
correspondence between the CFD and UCSD does not
depend on stabilizer concentration between ¢° ~ 0.0005
and 0.005. This result appears to contradict the LFSCF
results where distinct changes in stability are observed
as a function of concentration. The most likely reason
for this difference is that the chain lengths used in the
experiments are 2 to 10 times longer than those in the
LFSCF calculations, which results in higher adsorbed
amounts and a more effective barrier to bridging in the
experiments. In addition, some caution is needed in
comparing the experiments to the LFSCF theory be-
cause of the possible presence of nonequilibrium effects
in the experiments. Adsorption and rearrangements in
adsorbed chains that are at equilibrium in the LFSCF
calculations may not reach equilibrium in a real system
in the time scale of a collision. If the required time to
form a bridge in the experimental system exceeds the
collision time, then the amount of bridging will be less
than that predicted by the LFSCF calculation.

Conclusions

The LFSCF calculations provide insight into the rich
solvent density-dependent behavior of homopolymer
adsorption in supercritical or compressible solvents. As
solvent density and thus solvent quality are reduced,
the tails of adsorbed polymer chains collapse. At the
same time the adsorbed amount increases, especially
near the UCSD of the homopolymer in bulk solution,
which expands the adsorbed layer due to the excluded
volume of the chains. Competition between the loss in
solvent quality and the increase in excluded volume
causes a collapse-to-expansion transition, indicated by
a minimum in the thickness just above the UCSD.

Free energies of interaction indicate that above a
threshold polymer concentration, bridging is absent, and
at high densities, colloidal particles are stabilized en-
thalpically (for separation distances >2 h) and entropi-
cally (for separation distances < 2h). The enthalpic
repulsion decreases with decreasing bulk density. Just
below the UCSD, the entropically favorable expansion
of solvent from the interface causes attraction and
flocculation. The CFD is predicted to occur very close
to the UCSD. Turbidimetry and light scattering experi-
ments in supercritical fluids support this conclusion for
stabilization with homopolymers.19:20

At lower concentrations (¢ < 1073), another mecha-
nism of flocculation occurs. Due to low adsorbed
amounts and surface coverages, bridging produces floc-
culation, even at high densities (good solvent). The
bridging is diminished as solvent density is lowered and
adsorbed amount is increased, and LCST (solvent
entropy driven) attraction becomes dominant below the
UCSD. At low concentration, the density dependence
of colloidal stability is opposite that at higher concentra-
tion because the surfaces are less attractive as solvent
quality decreases.
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Appendix

The reader is referred to ref 18 for a derivation of the
LFSCF equations. Here we modify the model to treat
adsorbed rather than grafted chains. To perform the
LFSCF calculation, a specific form of the interaction
energy must be introduced. For a compressible lattice
fluid, the energy of mixing is usually represented as'®

1
U-—uU*= Zﬁ(z)v*(z) EkTZ ZfbA(Z)@B(Z)@AB (A1)

where ¢a(z) is the hard core volume fraction, and [¢g-
(2)Uis the average fraction of B segments with which a
segment of A in layer z can interact.’® The parameter
V*(z) is the hard core layer volume, V(z) = ny(z) + V*(2)
is the actual volume including holes, and p(z) = V*(z)/
V(z) is the reduced density. The incompressible limit
is represented by the absence of holes on the lattice
when p(z) = 1. The parameter U* is the reference
energy given by

_Z ZVZ‘PAPZ

which is the energy of pure components in the close
packed state. The parameter P is the cohesive energy
density of pure component A in the random close-packed
reference fluid, and yag = (PAY? — P§Y?)?/kT under the
geometric mean approximation. The P} values control
intra- and intersegmental interactions and are discussed
in the theory section.

In a layer adjacent to a surface, chain segments feel
an attractive potential with the surface, characterized
by the dimensionless adsorption parameter yaw, which
is not to be confused with the Flory interaction param-
eters. The parameter yaw is given by —eaw/(v*11), where
eaw is the energy of adsorption of an anchor segment
relative to that of a solvent segment and is identical to
xs used by Scheutjens and Fleer. The parameter eaw is
given in units of kT and is positive when A segments
are attracted to the surface. The 4; factor represents
the coordination number of surface segments that can
interact with a chain segment in the first layer (1, =
1/4 for a hexagonal lattice).

In the LFSCF calculations, the initial input includes
the bulk chain volume fraction, the temperature, and
the pressure. Pressure is chosen to yield the desired
bulk density. A solution algorithm consists of specifying
initial guesses for the segment potentials, {ua(2)},
defined in ref 18, and iterating over the LFSCF equa-
tions until a consistent set of chain, solvent, and hole
concentrations is found in each layer. In the bulk (far
from the surface), the LFSCF model reduces properly
to the lattice-fluid equation of state.’® This equation of
state is used to calculate the bulk density and chemical
potentials needed to solve the LFSCF equations.
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