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Lennard-Jones chains grafted to solid surfaces in a supercritical solvent are simulated with a
continuum grand canonical Monte Carlo method. The force of interaction between two surfaces is
calculated as a function of solvent density and temperature and analyzed as a function of the
conformational properties of the grafted chains. At high, liquidlike bulk solvent densities, the chains
are solvated and the interaction forces are repulsive. As the solvent density is lowered, the chains
collapse, and the surfaces become attractive, indicating flocculation. The critical flocculation density
coincides with the critical solution density for a bulk mixture of chains and sol@ntected for

local density enhancemgntThe bulk critical solution density, in turn, corresponds to the
coil-to-globule transition of a single chain in bulk solution. The predicted correspondence between
these properties agrees with results from lattice-fluid self-consistent field theory and colloid stability
experiments. In good and poor solvents, the range of the interaction force between surfaces is much
longer than the length of the grafted chains, due to expulsion of solvent from the interface as the
surfaces are compressed. Very similar ranges were seen for forces measured with the surface forces
apparatus in liquid solveG. Hadziioannowt al,, J. Am. Chem. Socl08 2869(1986]. © 1998
American Institute of Physic§S0021-96068)70439-9

I. INTRODUCTION grafted polymers in a compressible supercritical solvent. Un-
Polymers grafted irreversibly to the surface of colloidal like the case for |IQUI-d solvents, a supercrltlgal solvent offers
an opportunity to adjust solvent quality continuously at con-

particles prevent flocculation when solvent conditions are fa-t ! i d solvent i b ing th
vorable. Also grafted chains are a good model for stronglyS ant temperature and solvent composition, by varying the

adsorbing block copolymers. Most simulations of polymerspreshjure(degs'fy'MC imulation i ll-suited f
do not include solvent, but mimic the effect of solvent qual- onte Carlo(MC) simulation is well-suited for an open

ity by changing temperature to vary the relative importancesys_tem' where solvent partitions petwgen bulk an.d.interfacial
of attraction and repulsion between chain segments ifedions. However, the MC technique in an explicit solvent
vacuum. This approach is valid for phase behavior near thE2uires an efficient chain movement algorithm, like the con-
upper critical solution temperatufgCST), since this type of tinuum configurational bia€CCB) method® Recently studies

phase separation is driven by energetic differences betwedlfve included solvent explicitly and utilized the CCB
the solvent and chain. However, in a supercritical fluid-method to study athermal grafted chains in monomer and

polymer mixture, the lower critical solution temperature POlymer solvent chain collapse, and phase behavior of
(LCST) phase boundary often plays a central role. Becausben“a{g_'fzoneQ-J) chains in bulk polymer solution near the
solvent compressibility and entropy drive LCST phase belCST,”“and the swelling of athermal %lle%

havior in a supercritical fluid, the solvent must be included  In & supercritical solvent, Lunatal™~ found that a

explicitly in the simulation, which significantly increases the Single chain collapses from a random coil to a globular struc-
computational requirements. ture as solvent density is decreased, since less solvent is

There are many applications for colloid stabilization in available to screen attractive intrachain interactions. A coil-
supercritical fluids, including dispersion and emulsionto-globule transition temperature and dendi@-GTT and
polymerizationt™ coatings formed by rapid expansion from C-GTD) were identified as the point where binary attractive
supercritical solution, formation of submicron polymeric par-and repulsive intrachain interactions cancal quasi-ideal
ticles in spray processé$,preparation of drug carriers, and chain. The C-GTT for a single chain was shown to corre-
extraction of hydrophiles with water-in-G@nicroemulsions ~ spond well with both the UCST and LCST for LJ chains in
and emulsion$ Because of weak van der Waals interactions,solution.

CO, is a poor solvent for many surfactants and stabilizers.  Lattice-fluid self-consistent field theofy FSCH shows
Therefore, designing stabilizers for the interface betweerthat in a supercritical solvent, chains grafted to a surface
CO, and a dispersed phase is a significant challenge. A kegollapse under the influence of attractive interactions as sol-
to further development of these technologies is a fundamen¢ent density is lowered. The solvent expands away from the
tal understanding of colloid stability and the structure ofsurface, into the lower density bulk region, to gain
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entropy***® The collapse of grafted chains precedes phase periodic boundary
separation, or flocculation, of the surfaces, just as collapse
and phase separation occur in bulk solutions. LFSCF theory
predicts that when two surfaces with grafted polymer are
compressed together, the free energy is repulsive at high sol-
vent density(good solvent but becomes attractive at the
upper critical solution densityUCSD) for the polymer in
bulk solution. The UCSD is the critical density correspond- ¥
ing to the LCST. Light scattering of emulsions in g6ta- fard wal ~ \—" %

hard wall

b"'ze_d by _po!ymer'(_: surfactants Slf710W that the ﬂOCCU|at|0nFIG. 1. Schematic of the simulation box showing a configuration snapshot
density coincides with the ucsH: atT*=1.3, p* =0.3, andN=20. For clarity the size of the chain segments

The simulation of forces between polymer coated sur-s reduced and the solvent is not shown. The critical point of the solvent is
faces can provide physical insight into the mechanism of ¢ ~108:pc =0.31, andP; =0.1.
steric stabilization in supercritical fluids. The simulatidn
and theory® of grafted polymers in liquid solvents have been ||, SIMULATION METHODOLOGY
rewewgd. Structural propert:)ezs’1 of grzza;t;ald polymer layer hav%\_ Parameters
been simulated under godd®?'theta?®?* and poor solvent
conditions?®~2% There are only a few simulation studies of In this study the chains are fully flexible and consist of
the force or free energy of interaction between grafted polyfangent LJ segments with a constant bond lengi afd the
mer layer2*?> These simulations were performed for ather-S0lvents are LJ monomers. The segment—segment LJ poten-
mal systems in vacuum under gotithplicit) solvent condi- tial is cut atr_C apd sh|f_ted such that the energy is zero for
tions. We know of no force calculations for grafted chainsrc;z'&r’ as indicated in Eqel),
under theta or poor solvent conditions, or in an explicit sol-u(r;;)
vent, which are necessary to model colloids realistically in

12 6 12 6

liquids and supercritical fluids. 4g;; (?) _(?) — (%) + (%) r<r
A key goal of this work is to determine the relationship = 1 1 ¢ ¢

between the critical density of chains in bulk solution and the 0 r>rg

flocculation density of our model colloidal surfaces. Another (1)

objective is to relate structural changes of the grafted Iayer this symmetric system, solvent and chain segments have
and the flocculation behavior as solvent density is decrease qual volume &= o _(’T —1) and energy parameters
ss Yecm Yes™

We“utlllz.e the semigrand canonical ensemble to perm%sszscczgcszlkBT)_ A neutrally energetic system allows
equilibration of solvent between the bulk phase and thg, tocys on LCST phase transitions which are caused by
grafted layer. First, we investigate chain collapse as densitys|yent compressibility and are entropic in nature. In con-
is lowered by calculating the end-to-end distance for a singlgrast, UCST phase transitions are caused primarily by ener-
grafted chain, and we compare these results to the collapse gétic differences between solvent and chain segments. Tem-
LJ chains in bulk solution, available from previous woPk?! perature, pressure, and density were reduced with the LJ
In addition, we present a method to calculate the force oparameters in the usual manner, i.@*=Tkgl/e, P*
interaction between two coated surfaces. Forces between su=Po®/e, p* = po®, wherep is the number density. Confor-
faces are then calculated in vacuum, and compared to previnational properties and forces were calculated Tor

ous result$? These simulations provide a reference for the=1.15, 1.3, 1.5, and 2.0, and for &}p* <0.5. For compari-
next section which addresses the effects of explicit solven$0n, the pure solvent critical properties arg=1.08 and

For systems containing explicit solvent, forces are presenteds =0.31, for the cut-and-shifted LJ potentfdl.

at a series of temperatures and densities spanning the good to Figure 1 is a schematic of the cubic simulation box,
poor solvent regimes. The critical flocculation dengFp) ~ Which has two impenetrable walls normal to thaxis and

is identified and compared to the UCSD in bulk solution,for periodic boundary walls. The two hard walls have sides

known from previous simulatiors. Conformational proper- of length L, but the distance between the walks, varies.

ties such as end-to-end distance and segment density distlrzl-aCh of the solid walls have, chains grafted at random

buti o th I dt lain the behavi ositions, each of lengtN. In most cases.=20-30 and
utions norma 1o the walls aré used 1o explain the behavio =20, although we also present results for longer chain

of the forces.. The range of the forces is compare.d t9 th_aﬁtengths ofN=40 and 60. More important than the number of
measured with the surface forces apparatus in "qu"brafted chains is the grafting densify,=n,/L2, which was
solvents®® We identify general trends in the range of colloi- 0.1, 4 value used in previous simulatidds? Grafting den-

dal forces as a function of solvent quality, applicable to bothsjty can be conveniently reduced with respect to the bulk
liquid and supercritical solvents. These simulations lend imTadius-of-gyration,Rg, with p* :PaWRS- A mushroom-to-

portant insight into the physics and structure of polymers abrush transition, where chains grafted to a single surface be-
interfaces in a solvent, which is currently unavailable fromgin to overlap laterally, occurs at; =1. In this work, p,
experiment for highly compressible solvents. =0.1 corresponds to<d p; <5, depending on solvent den-

Downloaded 03 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6426 J. Chem. Phys., Vol. 109, No. 15, 15 October 1998 Meredith et al.

sity and chain length. Experiments commonly haeval- 2.2 . . . . . %

ues between 1 and 28 At higherp? values the efficiency of 24f T Source 1]

the Monte Carlo technique suffers considerably. In all of the o Hg :l?il;axgrk‘)fsme %

simulations,L=N/2, to prevent artificial intrachain interac- Rl 1.30 equation of state , - ]

tions; for examplel =14.14r for p,=0.1, n,=20, andN g 0 D0 isvek R

= 20 * oaw 3L ]

=

B. Semigrand canonical ensemble simulations 3260 ]
The solvent is moved by random displacements, and 34F ]

moves are accepted according to the standard Metropolis a6k ]

Monte Carlo criteriorf? Chain movement is considerably B

more difficult, especially at higher solvent densities; we use B o 02 03 04 05 T oe

two methods to generate chain conformations. The first seg- .

ment of a chain was grafted to a wall at a random site, and Py

was not allowed to move. Chain segments 2 throdyB _ - _
FIG. 2. Solvent chemical potentigl; vs solvent density for the pure LJ

were moved by ”S'”Q a “crankshaft . routln(_a, which per- monomer aff*=1.3 and 1.15. The points are calculated with the Widom
forms a random rotation about the axis passing through thgarticle insertion techniquéhis work and the lines are the Johnson equa-

center of the neighboring segments. The chain half farthegion of state(Ref. 27 shown for comparison.
from the wall,N/2+1 to N, was moved by using the CCB

algorithm. We use both CCB and ‘“crankshaft” moves be—I ting th vent chemical potential b ina Wid
cause the efficiency of CCB alone is poor for regrowing theaing e solvent chemical potential by using vvidom par-

entire chain, considering the high chain density that developIsiCIe insertion;® and by calculating the average density of the

near the wall. The CCB method consists of cutting the chai polvent. We tested the method by ensuring that conforma-
: r%(i]onal properties of single chains in solvent were the same in

at some randomly selected site. The chain is then deleteb : : .
o : . : . .._both canonicaNVT and semigrand canonical ensembles.
from this site to the end is then regrown site by site until its The simulation was initialized by first choosing the

°T'9'”a_' Ieng_th Is restored. For ea_lch Site 0 be regroMag grafting sites at random on each surface, with the restriction
trial orientations of the connecting bond vector are gener;[hat sites not be placed closer thiah/n.. This ensures that
ated, andng,mg=6—16, with highemMNg,,,values needed at P c

high densities and chain lengths. The possible positions 0g';raftmg sites cover the surface in a relatively uniform man-

) . . ner. ThenN chain segments were grown in a stretched con-
each appended site are sought uniformly on a spherical SY5rmation in a nonoverlapping manner on each grafting site
face centered at the previous existing site. This method pping 9 9 '

. ; o : he initially stretched conformation facilitates equilibration
selecting the new site position favors nonoverlapping, low-

. . . . and helps to avoid “locked” configuratiorfS.Longer chains
energy configurations and thus introduces a bias that must he — . . . .
. : e . =60) were equilibrated by starting with an equilibrated
removed to ensure microscopic reversibility. This is accom- - . : :
lished by introducing th ropriate weights into th layer of N=20 chains, and then adding five segments at a
plis et y/ . ot.uc g't © aDth) (')Ip aeth €Ignts t ° letime to randomly selected chains by using the CCB algo-
acceptanceirejection criteria. Letails on the computer imp _er'ithm, until all chains hadN=60. Solvent was added to the

{n;a'ntan(r)]n B l’;he ccB metthocl)d Iand r%t%s?é:apabllmes and IImI'box next, in a random fashion, while avoiding overlap with
alo_Ps _avel teet?] prese_lrjbe. esiw | .t bet the b Ikother segments. The frequency of attempted moves was 35%
0 simufate the equilibrium of solvent between the bu CCB, 35% CS, 10% solvent displacement, 10% solvent in-

phase and interfacial region, simulations were performed in Qertion. and 10% solvent removal Acceptance rates were
. - . * * L "

semigrand canog@al ensemBlewith ne, 43, V and'T . found to be 5%—20% for chains, 10%—-40% for solvent dis-

constant, where.; is the reduced solvent chemical potential placement, and 5%-30% for solvent insertion and removal,

* __ * H
(s = psle). Values Of'“f were *determmeoi for the pure it the lower rates at high densities. Equilibration was de-
bulk solvent at a giverT™ and pg, where pg is solvent  ineq by fluctuations of less than 0.5% for energy and a few
density, using the Widom particle insertion method in a caw, tor end-to-end distance. For a bulk solvent density range
nonical ensembl& Theseu? values, given in Fig. 2, were of 0.1<p*<0.5, 5-25<10° attempted moves were re-
. . . . . . S ]

used to fix the solvent chemical potential in the semigrandired for equilibration. Average properties were collected
ensemble grafted-chain simulations. For comparison, we ingyer 20— 15 10° attempted moves, and the box contained
clude in7Fig. 2us —ps isotherms from the Johnson equation pepyeen 1000 and 4000 segments. The end-to-end distance,
of staté” for LJ monomers. Because of the proximity to the radius-of-gyration, and volume fraction profiles agreed with

critical temperature Tg =1.08), the Johnson equation of oiher workers for grafted chains in vacud.
state does not fully capture the flat portion of thg curve

near the critical densityp; =0.31). During the course of the c
simulation, solvent insertions and removals are attempted
with a specified rate, and trial moves are accepted or rejected The configurational force per unit area is found with
according to the standard grand canonical prescrigfidine  the standard virial calculation for pressuref/a
solvent bulk density was used to determine the initial number —=2w;; /(3V), wherew;; = —7;;-f;;=F;;-Vu(r;;) is the

of sovlent molecules in the box. Convergence to the specivirial and f;; andr;; are the force and distance vectors be-
fied ¥ , which is reasonably fast, was monitored by calcu-tween segmentsandj. We desire only the-component of

Force calculation
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—=— grafted N=40 _
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T (a) ps* (solvent density)
FIG. 3. Normalized end-to-end distance squaffdN vs reduced tempera- 3.00 T T T R
ture, T* =¢/KT, for single chains of lengtihl=20 and 40 in vacuum. Solid ]
lines denote a chain grafted to the surface, and dotted lines denote a single 2.50
free chain in bulk. The intersection of the curves denotes the coil-to-globule T
transition, for grafted and bulk chains, respectively. 2
b
<
g 2.00
& [
force normal to the hard wall§;,/a, and thus we need the '3 150}
_z-component of the virialvvz_,ij =r,;(du/dry,), Wher_erzyi_j = [
is thez-component of the distance vector. Substituting in the 1.00
potential into the force expressions yields '
F. 1 0500 bwes Lo a1 0 101
—=—= Z W ij 0.0 0.10 020 030 0.40 050
a VT = ° N .
(b) p, (solvent density)
4e B 1201 1248
= —2 E rijl —m@— —s— 2 FIG. 4. (a) End-to-end distance squardrf, and its normal and perpendicu-
VT =oo Fij Fij lar components vs solvent densipy; , for single grafted chain. Dimensions

. . . . . . for single chains in bulk solutiofdotted lineg are included for comparison;
Equation(2) includes only the configurational contribution to 1« ~; 5 (b) Two ratios of a single grafted chain's dimensions. Binary at-

force. The ideal gagkinetic) term for thez-component of  tractive and repulsive interactions within the chain effectively cafmpesi-
pressure (1/8*T*) was added as welf The forces pre- idea) whenRZ/RZ, =2 andR?/6R%=1.

sented in this paper are normalized by subtracting the force
at “infinite” separation, where the surfaces are far enough
not to affect one another. The statistical error for the forces
and conformational properties was taken as the root-mean-
square fluctuation divided by the square root of the number_,
of independent data blocks.

Consider the effect of adding solvent to the system at
=1.3. Figure 4a) present®R? and the perpendiculaR@)

and parallel R§+ Ri) componentgrelative to the surfaces

for single grafted chains at solvent densities frpth=0 to

IIl. RESULTS 0.5. For purposes of comparison, values for single chains in
A. Conformations of a single isolated chain ~ (p,—0) bulk solution are included also, wheRé= R§= R2=R?/3.

n'ét high density both the grafted and bulk chains are swollen
with solvent and adopt expanded conformations, but as the
éolvent density is decreased, the chain collapses. There is no
attractive interaction between the surface and the chain,

solution data taken from Ref. Llsince the hard surface 'atner it is the diminishing solvent density which drives
excludes volume and eliminates many of the more compaéfha'n collaps.e. Becauge the bul-k solvent ghem|cgl potential
conformations® As temperatureKT/¢) is decreased, atrrac- decreases with decreasing density, due to increasing entropy,
tive interactions become more pronounced and the chain cof® solvent “expands” away from the chain into the bulk.
lapses. For an ideal chaR?~N; therefore, the intersection With less solvent available to screen attractive chain—chain
of theN= 20 andN =40 curves in Fig. 3 defines the C-GTT, interactions, the chain naturally must collapse upon itself. At
where the binary attractive and repulsive interactions effecall densities in Fig. @), R? andR? indicate that the grafted
tively cancel. For a single chain in bulk solution the C-GTT single chain is more swollen than the single chain in bulk,
is 2.5 whereas the C-GTT of the grafted chain shifts to aagain due to the additional excluded volume of the surface.
lower temperature of 2.25. The excluded volume of the surHowever, the parallel component Bf is almost identical to
face creates additional repulsion, requiring a lower temperahe bulk solution case.

ture to make attraction strong enough for collapse. At the coil-to-globule transition the chain adopts a quasi-

Figure 3 shows the normalized mean squared end-to-e
distanceR?/N, for single grafted chains in vacuum, for both
N=20 and 40. At all temperatures, the grafted chains ar
more swollen than single chains in dilute bulk solutibolk
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2 hermal ILJ(N‘ 20) 0120~
0.8 p athermal = i 1
. I e 0.10}
06L o 20 ——3.0 | 0.08
’ “‘ ~-e--60 ——2.5 006‘
@ o4l s x 100 (ref 24) —=—2.0 ] 0‘04'
~. ——1.7 = I
<3 ~ 0.02
0.2 | B [~ 0‘00-
. = ) -0.02]
\;/‘\V -0.04
-0.2 ! L ( I 1 -006 [
0.1 0.2 0. 04 05 06 0.7 -0.08
0.20]
z (c) /2N 0.15
FIG. 5. Normal force per unit are&, /A vs normalized separation distance, 0.10 I
z/2N, when two surfaces coated with grafted chains are compressed in L
vacuum. For the athermal casBl{20 and 60, the LJ potential with a « 0.05
cutoff of r,.=2%% is used to eliminate attractive interactions. The molecular ~a -
dynamics results of Muragt al. (Refs. 24, 25 for athermal chains N = 0.00
=100) are included for comparison. For all other casgs;2.5 andN [
B . - ; X -0.05 ——0.52 A
=20. The coil-to-globule transition temperature of a fteelk) single chain 0.45 1
is 2.5. -0.10 ——0.39
—=—0.35 1
0.15F ——0.19 7
ideal conformation which is described ly=R?/6R;=1 for 020 Locecr s o 7o 010
a single chain in bulk solutioh: At T*=1.3, the C-GTD is 50 10 15 20 25 30 35 40

0.391 For a single ideal grafted chain, DiMarzio found that
R2/(R2)pui=222 Figure 4b) indicates that for the single
grafted chain in Fig. @), this ratio of 2 occurs ap: =0.1. FIG. 6. Force vs separation distance for two surfaces bearing grafted chains
This C-GTD is depressed far below the bulk C-GTD of 0.39.(N=20) in solvent afa) T*=1.3 and(b) T*=1.15. For comparison, the
The | hift in C-GTD d to th fth coil-to-globule transition densit§C-GTD) of a single chain in bulk solution

e large shift in C- occurs due to the presence o ceurs at@) pt=0.39 (T* =1.3) and(b) p? =0.44 (T* = 1.15).
hard wall, which allows only a fraction ({N) for an ideal
chain of the conformations available to a free chi{rBe-
cause of the excluded volume of the surface, the solver} mpgralture(b?ttvgeeﬂ 2(3 gg)d 2)hc_ishc!oste to .theI_C h(t;;TTd of
density where attractive and repulsive interactions within the € single grafted chailk.29, which In tum 1S slightly de-

. . : pressed from the C-GTT of a single chain in bulk solvent
?c:? f:ﬁg (;r;zﬁegar;ﬁzlmls Ciﬂzﬁegesé%g?ﬁ!ﬁg, pcrlecz) s;(zng (2.5).1! Thus, the flocculation of surfaces coated with grafted

=0.1, where the DiMarzio ideality condition holds. In addi- polymers is intimately tied to the coil-to-globule, or collapse

tion k approaches a value of 1.23 at high densities, comparef[ranS'tlon’ of a single chain, where the chain becomes quasi-

to 1.05—-1.07 for the bulk casé.The higherx value for the ideal. In an z_analo_gous manner, bulk phz_ase separa;ion of
grafted chain at high densities indicates the additional nonpolymer_ solutlons_mto h'ggé?z”gs égFW densn_y phases IS ac-
ideality (expansioh due to the excluded volume of the sur- compa}nleq by ghaln collapse.™=Flacculation is a phase

face transition in which the two grafted layers attract and form a

high density chain region between the surfaces, due to in-

creasing attractive chain—chain interactions as temperature is
B. Forces for multiple grafted chains in vacuum decreased. The interesting result is that the temperature of

Figure 5 shows the average force per unit aReda vs either phase_ separ{:\tion or f_Ioc_:cuIation essentially matches

normalized distancez/2N, when two surfaces coated with theé C-GTT, illustrating the similar nature of the two phe-
grafted chains are compressed in vacuum. The force calcfilomena.
lation begins at a distance large enough that the layers do n%t
interact, which in vacuum is determined by ensuring that the™
outer layers of tails on each surface are separated by a dis- Figures 6a) and &b) show force vs distance profiles for
tance greater than,. For athermal chaind.J potential trun-  grafted layers in equilibrium with a pure bulk solventTat
cated atr =2, the force for chains witiN=20 and 60 =1.3 and 1.15 for various bulk solvent densitigsted:
agrees well with molecular dynamics results for chains withT =1.08). AtT* =1.3[Fig. 6], the force is repulsive at
N=100 at the same, of 0.124?° |t appears that chains of high density, and becomes attractivepdt= 0.39, which is
length 20 capture the essential physical features of longeronsistent with the UCSOor C-GTD) of 0.39 for abulk
chains. When the attractive portion of the LJ potential issolution at the same temperature. Flocculation occurs closer
included, the force is repulsive fdr* =2.5 and the transition to the C-GTD for the chain in bulk solution than to the
from repulsion to attraction occurs betweEh=2.5 and 2.0. C-GTD of the single grafted chain, which is only 0.1. The
Flocculation occurs wheR,/A<0. The critical flocculation volume excluded by the surface does affect the confor-

z (G)

Forces and conformational properties in solvent
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0.40 e e TABLE I. Range of force from Fig. LCST-type compared to that from

0.35 b ] experiments in liquid solventdJCST-type.
+ 030 _ Detectable range of force, within error bars
& L Experiment Simulatior? Simulatiorf
o, 0.25F Solvent quality (range/Ry) (range/Ry) (range/ R,)
a
+ 020F good (+)¢ 10 11 2.4
‘.f,; 015k - theta(+) 3-4 5 1.2
=~ poor (—) 11 11-12 2.6-3.6
& 0.10F

Range of force at half maximum
0.05 poor (—) 8 8-9 1.9-2.7
0.00 b

aPoly(vinyl-2-pyridine)-b-polystyrene adsorbed onto mica in toluene and cy-
clohexaneR,=7 nm in a good solvent. UCST-type phase behavior.

P bForces are from Fig. 6. Bulk simulations giRy=2.40 in a good solvent.
LCST-type phase behavior.

Fa ; . .
FIG. 7. Excess solvent density at the middle of the bop? (¢ Eér:s the rms end-to-end distance of grafted chains at each solvent condi-

=0)—p2)/p% vs bulk solvent densityp? , at T*=1.15 and 1.3 T,=1.06 el . L .
and 1.2. Local solvent density enhancement occurs below the critical den_(+)7repulswe force—) =attractive force.
sity of the solvent, 0.31.

0.44 whenp} =0.39 in the bulk. Figure ®) shows that the
mations of the grafted chains, depressing the C-GTT anfpree is still repulsive aps =0.39, since the density of sol-
C-GTD (Figs. 2 and B but it does not have a noticeable vent between the surfaces is 0.44 due to enhancement. At
bulk densities lower than 0.39, the solvent density surround-
solvent critical temperature, there is a similar transition fromNd the outer tip of the grafted layer is less than the UCSD
repulsion to attraction as density is decred$dg. 6b)]. The  (Fi9- 7, and the force becomes attractiéig. 6b)]. Ac-
C-GTD of a single chain in bulk solution is 0.44 &t cording to the force data in Figs(& and &b), flocculation

—1.151 but the surfaces do not become attractive until 2°¢curs when the solvent densibetween the two surfaces
bulk S(;Ivent density belows* =0.39. AtT* =1.15, close to becomes less than the UCSD of the stabilizer in bulk solu-
+=0.39. .5,

the critical temperature, flocculation occurs at a bulk densiyfion- The relatively short chains in the simulations phase
lower than the bulk UCSD. separate at low densities, closedd, where local solvent

Figure 7 is a plot of the excess solvent density at thedensit_y enhaqcement is significant. Because the stabilizers
midpoint of the box, p* (z=0)—p*)/p* vs the solvent den- used in experlmeqts are generally m_uch longer than ZQ seg-
sity in the bulk phasey* , at a separation of 36 As density ment;, 1tgula7UCSD is ugually 1.6—1...7 times the solvent critical
is decreased towards the solvent critical densify® ( dENSIY-"T" At these higher densitieso{ >0.5), local sol-
—0.31), the local density of solvent in the middle of the box V&Nt density enhancement is min@ig. 7) and the critical

is enhanced over the bulk density. The density enhancemefipcculation density can be compared directly to the bulk

reaches a maximum somewhat below the solvent critica?owerlt density. In Fig. @) at a higher temperature df*

density and becomes less pronounced as temperature is in- +-3+ thelocal density enhancement is much less signifi-

creased above the critical temperature. Local density erf@nt than in Fig. @) due to the greater thermal energy. In

hancement has been observed before in bulk supercriticHiS case, the flocculation density is about the same as the

solutions>”*¥ The excess adsorption of solvent bears similar-C"GTD 0f 0.39.

ity to the adsorption of supercritical fluids in por&sn our
case the solvent adsorbs into a hairy, polymer coate

“pore,” due to attractive interactions with the chains. > e X s
Experiment® simulation3**! and theory?>“2 of adsorption b-polystyrene in liquid solvent® The force is considered
’ ’ ' innonzero when its magnitude is greater than an error bar. To

of a supercritical solvent in pores indicate a maximum i - X X i
adsorbed amount below the critical density. The maximum ifacilitate comparison to the experiments, which measure

excess adsorption is caused by an increase in the correlatidfif Orthogonal crossed cylinders of radigs we integrated
length of density fluctuations somewhat below the solvenf'€ forces in Fig. &) to obtain the free energy. From ther-
critical point, which increases the effective range of surfacdnodynamics, thezreverS|bIe work of compression fromo
attraction*? Confinement within the pore causes the maxi-Z2 18 AG*(2)=J'F,(2)dz. According to the Derjaguin
mum to occur below the bulk solvent critical density. approximatiorf® the free energy per area for flat plates is
Local density enhancement near the solvent critical poinequal toF/R for crossed cylinders. Table | shows that the
effectively increases the solvent quality above that expectethnges, normalized bR, of a bulk chain in a good solvent,
at the bulk solvent density. We will show that this enhance-are very similar for a given solvent quality. This is interest-
ment adds resistance to flocculation and enhances the stahiitg because the experiments correspond to UCST phase be-
ity of colloids at densities below the bulk UCS@r C-  havior and the simulations correspond to LCST phase behav-
GTD). In bulk solution, the UCSD is 0.44 &*=1.151  jor. In both cases the range of the forces is quite long
Figure 7 indicates thaps (z=0) in the simulation box is compared tR,. For the simulations the range is also given

effect on the flocculation density. At* =1.15, closer to the

Table | compares the range of the forces in Figp) @o
the range of forces measured with the surface forces appara-
tus for surfaces coated with adsorbed paiyyl-2-pyridine-
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represent the increase in interfacial chain segment volume fraebiog,,
(b) z (6) as surfaces are compresséa.Average chair_1 volume fraction in the grafted
chain simulations{¢. i, Vs plate separatiorg. The data correspond to
FIG. 8. () Free energy of interactior\G* vs separation distance, at  forces in Fig. 6b) measured af* = 1.15,pg =0.35(poor solvent The bulk
T*=1.15 and various bulk densities. The free energy was obtained by intecfitical concentration, 0.24, is given by the horizontal arrow.
grating the forces in Fig.(6), as described in the text)) AH* andTAS*
of interaction vsz at bulk solvent densitiep? =0.19 (poor solvenk 0.39

UCSD), and 0.52(good sol _— .
( ) an (good solvent UCSD (0.44, AG* initially does not change as solvent is

expelled because the entropic and energetic contributions are

balancedFig. 8b)]. The force becomes repulsive only when
relative to R, of the grafted chainsR;, thez-component of  the chains begin to overlap. Thus, at the UCSD, the range of
the end-to-end distance on each surface, is a good indicattiie force is set by the distance where the grafted chains on
of layer thickness.In the good and poor solvent regimes, the each surface touch. At densities below the UCB;* be-
range of the force is more than twice as long as the extensiocomes negative. In Fig(B) at p} =0.19, the gain in entropy,
of the grafted chains. Thus the solvent plays an importantiue to solvent expansion into the lower density bulk region,
role in mediating the force. However, near the UC@Beta  overcomes the loss in enthalpy, due to lost interactions at the
density forN— ) the range of the repulsive force is only lower density** During compression of the surfaces, solvent
about R,, the point at which the chains begin to overlap. is expelled into the bulk region before the chains attached to

The transition from long to short to long ranged forceseach surface begin to touch. The forces become attractive at

while passing from the good to theta to poor solvent regimea range whereTAS* >AH*, as solvent is expelled from
can be rationalized by considering the free energy changbetween the surfaces.
when the surfaces are compressed at constant bulk density The long range behavior of the attractive force can be
and temperaturé€rig. 8. Also shown areAH* and TAS*, further understood by analysis of the bulk LCST phase dia-
whereAH* =AU* + P*AV. P*AV is the flow work asso- gram. As the surfaces are compressed, the volume fraction of
ciated with the expulsion of solvent from between the surgrafted chain segments in the interfagg, j,;, increases.
faces, given byP} Ang(1/py — 1/p]). The bulk solvent pres- Figure 9a) presents a schematic of the buik-¢. phase
sure, P} , is taken from an equation of stateAng is the  diagram, showing the increase . ine during compression.
number of solvent segments squeezed out of the interfackt high pressureghigh density, ¢, ; never crosses into the
during the compression, ang andp; are the solvent den- two-phase region. The first point where phase separation is
sities in the bulk and interface, respectivelf.AS* is found  possible is at the critical pressu@@CSD) and critical con-
from the difference betweeAH* andAG*. LFSCF theory centration, ¢, .iica- Simulations of the phase boundary of
for grafted chains in a compressible solvent shows similathese 20 segment chains in bulk solution show thagica
trends inAH* and T*AS* .1 At p¥ =0.39 (theta solvent  is about 0.24 for a LCST of 1.16, close to dtif of 1.1501
where the solvent density between the surfaces is equal to tiiegure 9b) shows the average concentration of grafted
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05 distibation ticeable ap} =0.1. These peaks in solvent density reflect the

(zlx) lsolverllt distribution

packing of solvent around the grafted chains. At the lowest
bulk density of 0.1, the solvent density drops to the bulk
value beyond the second peak. There is a higher solvent
density immediately surrounding the chdid25-0.3 than
; in the bulk phasé0.1), which provides a large driving force
..... : for attraction as the high density solvent is expelled into the

0.4F

0.3 [

p, (2)

024 —"‘8?3 bulk, as discussed above. The expansion of lower density

o1 S — solvent from the middle of the surfaces does not contribute
as much to attraction per solvent molecule. At higher bulk

0.0 bbb e densities(0.35 and 0.4f Fig. 10@a) indicates that the en-

0.5 _(Q)chain segment distribution hancement of solvent density between the surfaces, dis-
cussed above, persists out to aboatféom the outer edge of
s the grafted layer. A local solvent density enhancement to

p, (bulk) about 6—% was seen in chain—solvent distribution func-
—045¢ . . ; : X
= o3\ . 035 ¢ tions from simulations of dilute polymer solutions above the
*:_o ......... 0.1¢ critical point with the same LJ potenti#i.Also, MC simu-
lations of solvent adsorption to an attractive walshowed a
170% excess in solvent density at a distance @fflom the
wall, at a bulk density of 0.2 an@i* =1.15. The number of
excess solvent layers increases furthepasp; —0 and as
505 T*-T%—0 because the correlation length of density fluc-

tuations increases upon approach to the critical gint.
z(0) | When the correlation length becomes equal to the pore size,
FIG. 10. (8 Chain and(b) solvent segment density distributiop; (z) vs excess _SOIVem density may perS|_st throughout the entire pore
distance from the wallz, for grafted chains withp,=0.1, T*=1.15 and  S€paration, even for large pore sizes.
p?=0.45, 0.35, and 0.1. The collapse of the grafted chains is noted as  There is a sharp peak in the chain distribution in Fig.
solvent density is decreased. The solve_nt dengiz/:an is enhanced with N 10(b) at 1o, due to the first |ayer of grafted segments, fol-
Le;%e;crfsti(t)yfhe bulk solvent density, particularly just below the solvent Cm"lowed by a shoulder at® The peaks are more pronounced
at higher solvent densities, reflecting excluded volume ef-
fects within the first few layers of segments. The tip of the
chains in the simulation box,¢. i), as the surfaces are largest peak, between 3-e4is parabolic and decays with an
compressed gb¥ =0.35 andT* =1.15 (poor solvent. The  exponential tail. This shape is similar to that from previous
force becomes detectably attractive just afigg ;) exceeds simulations in vacuum at the same grafting denSit? Den-
the bulk critical concentration. Thus, the force becomes atsity profiles from neutron scattering in liquid solvents at
tractive at a range where the chain—solvent mixture in therafting densities similar to ours also indicate a parabolic
interface passes into an unstable region of the bulk phasghapé® and collapse as solvent quality is decrea®&a.(In
diagram. these scattering experiments, solvent quality was varied by
At densities above the UCSD, Fig(d shows that a changing the composition of a binary solvent mixtura
repulsive free energy is caused by positivel* values'®  our case solvent density does not change the general shape of
Here the gain in entropyT(AS*) is not sufficient to over- the chain distribution over the density range of 0.1-0.5, but
come the lost interactions as solvent is pushed from betweesplvent does affect the extension of the grafted chains. As
the surfaces. The range of the repulsive force is determinebulk solvent density is lowered, the chains collapse toward
by the separation distance whetdi* >TAS*. The long- the surface, due to loss of solvent screening within the
range force is caused by solvent expulsion from the highgrafted layer. As the chains collapse, the distribution nar-
density regions surrounding the chains during compressiorows, and a high density globular layer is formed. The col-
of the surfaces. Solvent begins to be expelled before th&apse of the distribution explains why, as density is lowered,
chains on each surface touch. The force is repulsive since the point where the forc¢Figs. §a) and &b)] becomes
is energetically unfavorable to push solvent out of the interstrongly repulsive occurs at a closer separation distance. For
face. the globular structure, the surfaces must be brought closer
Simulation offers the opportunity to observe structuraltogether before entropic repulsion occurs due to excluded
guantities not currently available through experiment in SCvolume of the overlapping chains.
fluids, for example the solvent and chain segment density Because the force is the derivative of the free energy of
distributions in Figs. 1@ and 1@b). Consider the solvent interaction, the free energy is a minimum at the separation
distribution in Fig. 1@a), at a separation just before the force whereF,=0, denoted byz,. In Figs. Ga) and Gb) the at-
becomes detectable. Because there is no wall—solvent attraitactive minimum grows deeper ag shifts to closer sepa-
tion, the density of solvent is very small at the wall. Thereration distances as density is decreased. The decreagésin
are two peaks in the solvent density on each side of theelated to the collapse of the grafted chains caused by the
maximum in the chain distribution profile, particularly no- expansion of solvent away from the surfaces as density is
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50 e . . TABLE Ill. Comparison of critical flocculation density from simulations,

45 experiment, and theory a/T.~1.05.

40 Critical density of stabilizer  Critical

in bulk solution flocculation

35 System (plpe) density (/p¢)
x® 30 Experimertt 1.7 17

25 Lattice-fluid self-consistent 15 15

field theory

20 Simulation(this study 1.4 1.4

15 aPoly(ethyl hexyl acrylatg emulsion in CQ stabilized with PS-PFOA at

10 et e T=45°C, Refs. 16, 17.

0.08 0.16 024 032 040 048 0.56 bCopolymer and grafted stabilizers, Ref. 15.

ps* (solvent density)

FIG. 11. End-to-end distance squared for grafted chaifi$ at1.3 at vari-

ous solvent densities. The open symbols refer to a single grafted chain, and The Correspondence between critical flocculation density
the solid symbols refer to grafting density pf=0.1. The normal and

perpendicular components & are included, as well aB? for a single ~ @nd critical solution density of stabilizer chains in bulk solu-
chain in bulk solution(dotted ling. tion has been observed in experiments. Ralyylhexyl acry-
late) emulsions in SC C§ stabilized with polystyreng-b-

decreased. Figure 11 givé&® and its components for mul- poly(1,1-dihydroperfluorooctyl acrylale flocculate at the

tiple grafted chains ap,—0.1, along withR? for a single UCSD for the fluoroacrylate stabilizer tafable III).lfS'17
grafted chain and for a single chain in bulk solution. TheAIthough bI_OCk copolymers were used in the experiments,
multiple grafted chains are swollen slightly with respect to9rafted chains are a good model for strongly adsorbed block
the single grafted chain, due to the intersegmental excludegPPolymers. In addition, lattice-fluid self-consistent field
volume of overlapping chains. For the same reason, the mutheory for grafted tails and adsorbing copolymers in a super-
tiple grafted chains do not collapse with a reduction in dencritical fluid predicts flocculation at the UCSD for the stabi-
sity as much as the single grafted chain. For both the singlbizer tails in bulk solution:> Experiment, theory, and simu-
and multiple grafted chains, most of the collapse occurs bdation yield the same correspondence between flocculation
low p% =0.3 and the curves are concave downward, whereagnd stabilizer phase behavior. In Table Ill, there is a system-
the bulk chain begins to collapse at higher densities in atic variation in the value of the CFD from experiméht?),
more linear fashion. The grafted chains resist collapse until gheory (1.5), and simulation(1.4). This variation in CFD
poorer solvent condition than bulk chains, because of theccurs because the molecular weight of stabilizer employed
excluded volume of the grafting surface, as was discusseigh the experimentg27 000 is higher than the molecular
above in Fig. 4b). The components oR? indicate that the weight considered in the theory and simulations. Although
surface orients the grafted chains so most of the collapsgelf-consistent field theory provides qualitative insight, it
transition occurs normal to the surface. The structure of thgjpes not fully model the excluded volume of a single chain,
force profiles can be related to the end-to-end distance. Thg g pecomes quantitatively correct only when many ad-
perpendicular componenR,, indicates the average exten- gqrheq or grafted chains overlap, which screens their self-
sion of the layer normal to the surface. ThuR,avill be an oy q1yded volumé® The advantage of simulation is that the
estimate of the separation \{vher(_a two grafted Iayer; begin Pelevant physics of the chains is modeled more correctly.
overlap. Values of B, are given in Table Il along with the The simulations measure the forces at full equilibrium,

equilibrium separatiorz,, where the force is zero in Figs. . L X X
6(a) and 8h). Interestingly, R, correlates strongly witlz which certainly is not true when two colloidal particles col-
i 'z 0 lide at Brownian velocities in solution. However, forces be-

particularly at low densities. Thus, for solvent densities be- ) )

low the UCSD, the force becomes repulsive again when théWeen mica ;hegts W't_h adsorbed polymers can be measured

chains on the two surfaces begin to overlap. close to eqwhbnum with the.s.urface forces apparétusor
adsorbed polgvinyl-2-pyridine)-b-polystyrene M.,
=60000/60000) in liquid toluene and cyclohexane, the

TABLE II. Values of 2R, (normal component of end-to-end distanat  fgrces are repulsive at temperatures above and near the theta

rafted chains and, (separation wher&, becomes equal to zero .
9 o (sep ‘ d 9 temperatureT,, and the forces become attractive at tem-

T* ot 2R (o) 2o(0) peratures below ,.2®*8 The difference betweel, and the
UCST is often only a few degrees for polymers with molecu-

13 0.31 10.1 11.1 : AR

13 0.2 93 9.9 lar weights above~10*, so it is difficult to say whether

1.3 0.1 8.2 8.0 attraction occurs af , or the UCST. Our simulations indicate

that in a supercritical solvent the flocculation of surfaces
ﬁg 8'25 13'; 192';’ coated with grafted polymer occurs at the UCSD for the
115 01 79 8.0 same length of stabilizer, rather than at the theta density
(infinite molecular weight
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IV. CONCLUSIONS compressed, solvent expulsion from between the surfaces de-
termines the sign and range of the free energy of interaction.
The force between surfaces coated with grafted poly\When the density between the surface is above the UCSD, it
mers has been calculated in an explicit supercritical solvenis energetically unfavorable to push solvent out of the high
and related to the phase behavior of chains in bulk solutiondensity regions in the interface. At densities below the
The critical flocculation density, where the force becomesJCSD, it is entropically favorable to expel solvent into the
negative, corresponds to the previously simulftagbper lower density bulk region. At the critical solution density for
critical solution density of the stabilizer chains in bulk solu- finite molecular weighitheta solvent for infinite molecular
tion. The UCSD is also equal to the coil-to-globule transitionweight the competing entropic and enthalpic contributions
density of a single stabilizer chain in bulk solutithThe  due to solvent expulsion cancel, and the force becomes re-
binary attractive and repulsive interactions effectively cancepulsive only when the grafted chains begin to overlap.
at the CFD, the bulk UCSD, and the bulk C-GTD. This cor-
relatl_on_ between roccu_Iatlon an_d stabilizer phasg behawor N CKNOWLEDGMENTS
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