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Influence of solvent quality on polymer solutions: A Monte Carlo study
of bulk and interfacial properties
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The effect of solvent quality on dilute and semidilute regimes of polymers in solution is studied by
means of Monte Carlo simulations. The equation of state, adsorption near a hard wall, wall—polymer
surface tension, and effective depletion potential are all calculated as a function of concentration and
solvent quality. We find important differences between polymers in gooddasmlvents. In the

dilute regime, the physical properties for polymers i aolvent closely resemble those of ideal
polymers. In the semidilute regime, however, significant differences are foun@00@ American
Institute of Physics.[DOI: 10.1063/1.1756571

I. INTRODUCTION 1/y/L. Thus a polymer solution is characterized by three tem-
eraturesT,, Tg, and T, of which the first is a single-
olymer property, defined in the—oe limit. For any given
it is believed thafg(L)>T,>T.(L),>*but in the scaling

The properties of polymers in solution are determined b)P
the balance between effective monomer—monomer attra(E—

tions and excluded volume repulsions. Upon increasing thﬁmit Lo, Ta=T.=T,. In fact, when simulating simple
] — Ic™ - ]

relative strength of the attractions—for example, bymodels of nonideal polymers, probably the most accurate

cooling—several regimes are encountered. As long as th(‘aafstimate fofT 4 in the scaling limit is obtained by extrapolat-
therm.al energkgT far exceeds the a}bsolute valeeof the ing results forTg(L) to 1.=05. In this paper the opera-
foectlve monomer—monomer attractlor\, good solvent Condlfional definition of T, will be T,=Tjg for sufficiently long
tions prevail and individual polymer coils are swollen due 0 hains (>500).

the dominance of excluded volume effects. The polymer ra-
dius of gyrationRy scales likeL ", whereL is the number of
monomers or(Kuhn) segments and~0.59 is the Flory
exponent> When the temperature is lowered, the coils
shrink due to the action of effectivésolvent-inducegl
monomer—monomer attraction, until theegime is reached;
at the § temperaturel ,, monomer—monomer repulsion and
attraction cancel, at least at the two-body level, and indi
vidual coils behave essentially like ide@élandom walk
polymers, such that their radius of gyration scales LiR€.
Below T, individual coils collapse into dense globules with
Rg"‘LlB.

Moving away from the infinite-dilution limit, interac-
tions between different polymer coils come into play and
give rise to the lowest-order correction to the van t'Hoff limit
of the osmotic equation of state, valid for noninteracting
polymers[see Eq.(1) below]. The correction, due to pair ,81'[25 1)
interactions, is proportional to the square of the overall L
monomer concentratiogy the coefficient is the second virial
coefficientB,(T;L). The Boyle temperatur@g is the tem-  for a larger concentration range than is found for polymers in
perature at whichB, vanishes—i.e.B,(Tg,L)=0. Since good solvent. Nevertheless, as concentration is increased fur-
this condition is met when the monomer—monomer repulsionher, the effect of higher-order virial coefficients will even-
and attraction cancel, one expects thgt=T,. tually kick in, leading to deviations from the simple van

Finally, upon lowering the temperature at a finite poly- tHoff behavior. Similar differences with ideal-polymer be-
mer concentration, the polymer solution is found to separat@avior should also be observable for interfacial properties
into polymer-poor and polymer-rich phases below a criticalsuch as the adsorption or surface tension near a hard nonad-
temperaturd .. Within Flory—Huggins mean-field theorly, sorbing wall.
is found to coincide withTg within corrections of order While much theoretical and numerical work on simple
models of interacting polymer solutions has been devoted to
3Author to whom correspondence should be addressed. Electronic maiP€havior for athermal conditions or =T, (see, e.g., Ref.
aal20@cam.ac.uk 7), less is known about how properties of polymer solutions

For a finiteL, there is a ‘9 solvent regime” of tempera-
tures aroundT,, where the polymer behavior most re-
sembles that predicted for theta polymers. The longer the
polymer, the sharper the transition betweehsblvent” and
“good solvent” regimes:?° A typical phase diagram for so-
lutions of polymers of finite length is presented in Fig. 1.

In the low-concentration limit, the physical properties of
interacting polymers in solution closely resemble those of
ideal polymers with the samiy. For good solvents, how-
ever, important deviations from ideal behavior rapidly set in
for increasing concentration, even in the dilute regime; see,
e.g., Ref. 6. On the other hand, the fact tBaT,L)=0 for
T nearT, suggests that in thé regime the osmotic pressure
IT will follow van t'Hoff’s law
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dilute good solvent regime polymer segmento account for excluded volume and where
. pairs of nonsequential monomers of nearest-neiglidf)
% . . .
®,  Semi-dilute good solvent regime sites experience an attractive energye. The parametee
(A gt accounts for the difference between solvent—solvent,
'l, ““lll“‘ S solvent—monomer, and monomer—monomer interactions and
Qggguunnt 8 ; X .
T g includes both energetic and entropic componéAtas the
E BT dile® regime semi—dilute® regime B dimen_sionless ratig@e= e/kgT incre_ases from zer¢corre-
g T = ° sponding to the athermal solvent limib larger values, the
g 1. Z quality of the solvent decreases; i.e., effective monomer—
g ¢ N ) g monomer attractions become increasingly important, so that
2 critical point g . . . . .
& the polymer coils tend to shrink until theregime is reached.
two—phase region Upon further cooling at finite concentrations, phase separa-
tion sets in at som&<T,; see, e.g., Fig. 1.

In this paper we consider polymer chains made up of
monomers on a simple cubic lattice Mf sites(coordination
FIG. 1. Schematic phase diagram of a polymer solution as a function oNumberz=6), with periodic boundary conditions. N poly-

temperaturél and monomer concentratian for a finite lengthL. HereR, mers reside on that lattice, the polymer concentratiop is

decreases with decreasifigso that for good solvents, the monomer concen- — N/M . while the monomer concentration s=NL/M.
tration at which the dilute regime crosses over to the semidilute regim ' Vo _ . 1
increases. AS is lowered further, there is also a crossover to theré- ﬁ_'ere Rg L” (with »=0.59 in good solvent ana=3 in 6

gime,” denoted schematically by the shaded region. In the limit=, Tg solveny is the radius of gyration of a polymer coil, and the
and T, both approactT,, so that the size of the ¢ regime” decreases.  overlap concentration is defined ap*~ %ng, WhereRg,
Furtherm_o!’e,the monomer concentration at the_(_:rossoyer between the dilfghich depends OIBe, will conventionally be chosen to be
%r:di;?rmglll_lfte regimes, as well as that of the critical point, both tend to zer?he radius of gyration in the infinite dilution |imitp(—>0).
p* separates the dilute regime of the polymer solution
(p/p*<1) from the semidilute regimep(p*>1).
vary with temperature and concentration in the intermediate  In the scaling limit ¢ —), the properties of a polymer
regime ¢>T=T,). solution in the dilute and semidilute regimes depend only on
In the present paper we present Monte CAMIE) data  »/p* andRy, and are independent of the monomer concen-
for the bulk and interfacial properties of dilute and semidi-tration ¢ (Refs. 1 and 2 In other words, simulations with
lute polymer solutions for the same model as used in Ref. ifferentc but the same/p* should give equivalent results
over a range of temperatures between the atheftiigh-  When length is expressed in units Bf. This requires that
temperatur:e]imit and T,. The main objective is a system- simulations be carried out with Sufficiently Iong polymers SO
atic investigation of polymer solution properties over a widethat the monomer concentratian<1. Under good solvent
range of concentrations, to determine how equilibrium propconditions,R,~0.4.%%%for polymers on a simple cubic lat-
erties like the osmotic pressure, the adsorption near a walfice, so that
the surface tension, and the polymer-induced depletion po- 4
tential between two walls vary as thermal conditions change c*=Lp*~ o7 2
from the good solvent to thé regime. In particular, we are
examining the important problem of how, as their concentrawhereas ing solvent,Rg~0.55_l’2 (Ref. 5, and so
tion increases, the behavior of polymersdrsolvent differs 14
from that of ideal(noninteracting polymers. c*~ 5. 3
The paper is organized as follows. The polymer lattice '

model and the computational methodology are introduced ifjost of the subsequent MC simulations have been carried

Sec. Il. Results for the osmotic equation of state will begyt for L =500 polymers, such that* =0.027 under good
presented and discussed in Sec. lll. We shall next turn ou§glyent conditions, while* =0.06 in @ solvent. In order to

attention to monomer density profiles near a nonadsorbingnsyre that<0.25 in all simulations, the semidilute regime

wall as well as the polymer—wall surface tension as a funcyhich could be explored was hence restrictegfp* <10 in

tion of temperature and concentrati@®ecs. IV and V. The good solvent angh/p* <4 in @ solvent. For higher concen-

polymer-induced depletion potential between two walls Will trations, thec dependence of the results would no longer be

be discussed in Sec. VI, and concluding remarks will benegligible and nonuniversal effects would become important,

made in Sec. VII. depending on the property under consideration. For this rea-
son, much smaller polymers—saly=100—could not be

1. MODEL AND SIMULATION METHODOLOGY used to study the semidilute regime.

The previous extensive MC study by Grassberger and
Hegger determinedT as a function oL for a model iden-

A familiar coarse-grained representation of linear poly-tical to the one used here. They found that for 500, the
mers in a solvent, which captures the essential physical fedBoyle temperaturd g gave Be=0.265, the value which we
tures, is a self-avoiding walkSAW) lattice polymer, where shall use throughout the discussion in this paper as a reason-
each lattice site can be occupied by at most one monéoner able estimate for the theta-temperattire.

monomer concentration ¢

A. Lattice model of polymer solutions
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B. Monte Carlo simulation methodology °~f1 LA B : LA R e R T
We used four different types of moves to sample con-  *%®[ - 1
figuration space: The pivot algorithm attempts to rotate part o.s6|- -
of the polymer around a randomly chosen segment. Transla-Z gs4| i
tions move the whole polymer through space, and reptationsg ]
remove a segment at one end of the polymer and attempt t(% '
regrow it at the other end. Since translation and pivot rapidly & *°[° i j
become less efficient for increasing polymer concentratlon,g 048~ .
we also used configurational bias Monte Catf@BMC) & ga6 i i
moves® These are also very effective at lower temperatures, * ol ]
since the attraction between polymers reduces the accepte 1
number of pivot and translation mov&s 042 ]
Simulations were carried out in a box of size ¥6000 04 e
X100 for polymers of length. =500. For calculations of Be

radii of gyration and other bulk properties, periodic boundary _ , _ o
conditions were used in all directions, whereas for surfac IG. 2. Effective expc_)nentsa extracted from simulations with different
ngths L, as a function ofBe. Note that the value presented Bt

properties calculations, hard walls were placed at 0 and 1680 256, corresponding g for L =500, was calculated at slightly different
along thex axis. Simulations extended over typically 510 temperatures, corresponding g, for each polymer length.

MC moves per monomer, and statistical error bars are nor-

mally expected to be smaller than the symbols on the graphs.

The osmotic pressures were calculated using the method ¢émperatures; i.e., the polymers are still in the good solvent
Dickman!! An external repulsive potential, that acts on regime. Thus the effect of lowering the temperature is simply
monomers next to the wall is introduced and varied such thao renormalize the effective step length.

the parameter € =e “w/keT<1. \=0 prevents any par- For T=Tg, with Tg for each length taken from Ref. 5,
ticles from being adjacent to the wall, and the varying wallwe find »=0.498+0.008, as expected for theregime!* As
hardness allows the osmotic pressyfd to be calculated the temperature is lowered further,continues to decrease,

from the integral and for low enouglT the polymer should collapse to a com-
pact globule state whene= 3. The beginning of this trend is

LdA evident in the plot forBe=0.285. The larger error bars re-

All(p)= fo  PuM ) flect the more pronounced finite-effects expected at this

temperature. For short polymers the transition from extended

where p,,(\) is the site occupation fraction of monomers to collapsed states occurs over a broad range of temperatures,
right next to the wall. We performed five simulations at dif- whereas for longer polymers the collapse transition is
ferent\ values, chosen from a standard Gauss—Legendre disharper.
tribution, to carry out the integral above. By using two walls Ry shrinks (for fixed L) as the temperature is lowered,
of varying hardness, the statistics is enhanced over using lzecause the excluded volume interactions are partially com-
single wall. Adding repulsive walls increases the bulk den-pensated for by attractive interactions between monomers.
sity at the center of the simulation cell, an effect which be-Similarly in the good solvent regim&; decreases with den-
comes more pronounced for smaller boxes. TR should  sity because the excluded volume interactions are screened
not be taken as the bulk density. Instead, we have determinday overlapping polymer coils. This decrease follows a scal-
the bulk density by averaging over the region, near the centéng law Ry~ p®*?*(Refs. 1, 2 once the semidilute regime is
of the box, where the influence of the two depletion layerswell developeo15 At the 6 temperature, on the other hand,
has completely decayéd. chain statistics are nearly ideal on all length scales and

As a first application of the MC code, we have computedconcentrationé,so thatR, should be nearly independent of
the radius of gyration of an isolated polymer for lengths concentratiort® For even lower temperaturébg>T>T,,
=100-5000 and extracted an expon&yt-L”, shown in  the screening of attractive interactions now implies tRgat
Fig. 2. For higher temperatures;=0.588 within error bars, should increase with concentration. These trends are indeed
as expected for the good solvent regime, butder=0.2 the  observed in our MC simulations, as illustrated in Fig. 3 for
exponent v appears to deviate slightly, and we find L=500 polymers.
=0.570:0.003. In the limitL—«, this scaling should be
independent of temperature, as long BsT,. However, IIl. EQUATION OF STATE IN THE DILUTE
here we observe some rounding, most likely due to flnlteAND SEMIDILUTE REGIMES
length crossover effects. The precise temperature at which
¢-type scaling behavior d, sets in is dependent on length. ~ The thermodynamic property which is most readily ex-
The longer the polymer, the smaller the range of temperatracted from the simulations is the internal energy of polymer
tures over which the transition from the good solvent todhe solutions, which is simplyJ = —N.e, whereN, is the aver-
regime occurs:*® Note also that for a giveh, the Ry for, age number of nearest-neighbor “contacts” between noncon-
e.g.,8e=0.1is smaller thaiR, for Be=0. Nevertheless the nected monomers. The energy per polymer UgN=
scaling with lengthR, ~L°59 is still the same for those two —eLn., wheren, is the average number of nonconnected
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FIG. 3. Ry, calculated for. =500 polymers, decreases with concentration F|G. 5. Linear graph of the EO%= BII(p)/p as a function of concentra-
for polymers in good solvent, is virtually independent of density Tor  tion for different temperatures. Inset: a blowup of the dilute regime high-
=Tg, and increases with concentration whier Tg . For each temperature  lights the differences between nesolvents and polymers in good solvent.
simulations were performed up to a maximum monomer concentration The former show behavior that mimics that of ideal polymers.

~0.25, so that the totgl/p* range accessible decreases with temperature.

a 2., o3
nearest neighbors around a monomer. Within a simple mean- Z= 7 =1+ BaCHBac™+ O(CY). ®)

field picture, n, is gxpected tq increase I|_nea_r|y_ with the This is indeed confirmed by the MC results in the dilute
polymer concentration. Such linear behavior is indeed ob-

) . . . . s
served in Fig. 4 for# conditions. At higher temperatures, regime, as |IIu.stra.1t.ed in the inset of Fig. 5. Up,:bq: 1’.2

. L . hardly rises withp; i.e., the system behaves like a solution of
there is a significant downward curvature tt{p), while

below T, but aboveT,, U(p) curves upward. ideal polymers. At higher concentrations, however, interac-

: ; tions between monomer triplets come into play, so that, ac-
The osmotic equation of statEOS Z=11(p)/(pkgT) . . : R
was calculated using Dickman’s metHbdlescribed in the cording to Eq(5), Z s expected to increase ligé, in agree

orevious section. The MC results firs a function op/p* ment with a standard scaling arguméAtThe same scaling

for various temperatures, are plotted in Figs. 5 and 6 Oﬁalrgument predicts that the EOS of polymers in good solvent

_ 1((3v—1) _ 13 ;
linear and logarithmic scales. As expect&dncreases with jv?t?:efhzgslop es of thpe d;ﬂslee-)l(gogﬁtnr:rii': mltcj)(tasedzitg)rees
plp* and decreases with temperattifeSince thed solvent P 9 P P

H H *
regime is defined by ~Tg, the EOS is expected to be very shown in Fig. 6, forp/p 2.1 and Osﬁgs.O:Z. The slope of
i : ) . the 6 temperature EOS is clearly significantly larger and
flat at low polymer concentrations sin@g is defined as the

temperature at which the second virial coeffici&3{(T,L) comp_anble W'th the expected exponent of 2i However, for
. . o . theL =500 chains used in the present simulations, the acces-
vanishes in the virial expansidrf:

sible semidilute regime of concentrations is too small to al-

T T T T T T T T T T T L B B | T T T T T T

A Pe=00
] v Be=0.1 /.
- & Pe=0.2 ]
O Pe=0.265 N

R S !

U(p)e

N, N % G0 fe=0.0
: .. @@ Pe=0.1
300 ..
A & ©Pe=02
A-A Pe=0.265
p—p> Be=0.3

.....

S|

400 . 1 . L . 1 . l . 1

Pou/P

FIG. 4. MC data for the reduced internal energy per polytdép)/e= FIG. 6. The EOS as a function of concentration for different temperatures,
—N, for L=500 chains, plotted as a function of polymer concentration plotted on a double-logarithmic scale. In the semidilute regime, the EOS is
plp* for five different temperatures. Note how the curvature changes withconsistent with scaling theory, which predig@$I(p)/p~ p'2for good sol-
solvent quality. vents andBII(p)/p~ p? for 6 solvents.
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FIG. 7. Monomer density profiles(z)/c for polymers near a hard nonad- FIG. 8. Monomer density profiles as a function of temperature for two
sorbing wall. The upper panel shows the density profiles for polymers indensities. The upper panel is fpfp* ~0.14, and the lower panel is for
good solvent, while the lower panel is for polymersTat Tz . At these plp*=~4, well into the semidilute regime. The density profiles at lower
near# conditions, the density profiles in the dilute regime are nearly indis-temperatures are more extended when plotted in ternzsRyf.

tinguishable from those of ideal polymers, but important deviations emerge

in the semidilute regime.

and several bulk concentrations. The differences between the
low a fully quantitative estimatécf. the discussion in Sec. two regimes are very significant. In the dilute regime the
II). Since the EOS ob polymers scales with a larger expo- density profiles in thed solvent hardly change and are re-
nent than that of polymers in good solvent, there will even-markably close to that of ideal polymers, while the profiles in
tually be a concentratiop/p* where the EOS of thé poly-  good solvent already differ significantly from the latter and
mers becomes larger than that of polymers in good solventare “pushed” closer toward the hard wall. In the semidilute
This may, at first sight, seem counterintuitive, but it shouldregime, on the other hand, the density profiles of polymers in
be remembered that for a given siiy, ¢ polymers are ¢ solvent differ considerably from that of ideal polymers
more compact. By extrapolating our simulation data to largeXwhich are independent of concentraticand instead more
plp*, we expect the crossover betweémpolymers andBe  closely resemble those of polymers in good solvent, although
=0 (SAW) polymers to occur ap/p* =35, which is, in  the depletion “hole” is systematically wider for the former
practice, very hard to achieve both in simulations andcompared to that of the latter, an effect also seen in other
experimentg® On the other hand, if one starts from a solu- simulations'® This is illustrated in Fig. 8, where the profiles
tion under good solvent conditions—i.e., *high” at three different temperatures are compared at low concen-
temperature—at a givep and lowers the temperature, then tration and in the semidilute regime.
the EOS will decrease monotonically, becaige—and with
it the ratio p/ p* —decreases with temperature.

B. Reduced adsorption

IV. MONOMER DENSITY PROFILES The reduced adsorption of polymers near a hard wall is
NEAR A NONADSORBING WALL : 0
defined &
For entropic reasons, polymer solutions will be highly A 1 9(QA) o
depleted in the vicinity of a nonadsorbing hard wall. Since I'(p)=— - T:J h(z)dz (6)
0

fewer conformations are available to a polymer coil, the wall
will effectively repel the polymers so that their concentrationwhere ) ®¥A is the surface excess grand potential per unit
will drop from the bulk value for distances=Ry to a much  areaA, u is the chemical potential, ank(z)=c(z)/c—1.
lower value at coptgdt.The case of polymers in good sol- Because of the depletion holE(p) is negative and has the
vent(in the SAW limit) has been investigated in much detail gimension of length. One could replacgz) by the distribu-
in Ref. 6, where important deviations from ideal polymerijon of the center of mas&.m) of the polymersp, m(z).
behavior were found even in the dilute regime. Here we CONAthough the reduced profilds, ,(z) = pem(2)/p— 1 would
tinue these investigations, but for polymers in solvents ofook different fromh(z) (see, e.g., Fig. 1 of Ref.)gthe
varying quality. reduced adsorptions would be identical to those calculated
A. Monomer density profiles from the monomer density profiles, due to the conservation
of the number of monomers.

Figure 7 compares the present MC results for the re- o jgeal polymers, the reduced adsorption can be ex-
duced monomer density profilefz)/c as functions of the actly calculated to H&?2L

distancez from the planar surface in the good solveyste( N
=0) and # solvent (Be=0.265) limits for L=500 chains F'd=—2Rg/\/;~—1.1284?g, (7
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FIG. 9. Reduced adsorptid?w/Rg as a function of concentration for several FIG. 10. Wall—polymer surface tension divided by the ideal surface tension
temperatures. Inset: blowup of the dilute regime. Note the different curvafor various solvent qualities, plotted as a function of concentrgpit .
ture at low densities. The values atp* =0 are taken from theory to be Inset: a blowup of the dilute regime highlights the differences between

['/R,=1.074(Ref. 22 for the first three temperatures afidR,=2/\/w for Yw! 7y for good and theta solvents.
T=Ts.

o _ . useful discussion of this matter. In our previous pépee
which is mdependent Of concentration. For po_Iymers In goodshowed that for polymers in good solvent, the reduced ad-
solvqnt, a renormalization groh’p(RG? cal_culaﬂon predlct_s sorptionlA“/Rg~(p/p*)*°-7_7 is cpnsis.tent with thig scaling..
thatl“ng)z—l.OMQQ for the adsorption in the low-density Here we present more simulations in the semidilute regime
limit,““ which is close to, but slightly less negative than, the ) : : o &

. gntly 1€94 . ~to confirm this behavior, finding that I'/R,~
ideal result(7). As the polymer concentration increases, '”'—0.4(p/p*)‘°-77 provides a good fit. Scaling theory consid-
teractions between monomers of nonideal polymers causations also predict thatR,~ (p/p*) 1 for ¢ solventst2

g .

the depletion layer to shrink, as illustrated by the density o yever, this behavior cannot be reliably extracted from the
profiles shown in Figs. 7 and 8. Thus, in contrast to the case . . - .
i PO current simulations oF , which are not performed for a large
of ideal polymers, where(z)/c and thereford" is indepen- enough range op/p*. Furthermore, we expect that for the
dent of concentration, for interacting polymers the reduceq.ligher values of/p* sampled here, finite-effects may al-

adsorptionI” should become less negative for increasingready be coming into play.
polymer concentration. This is indeed what is observed in
Fig. 9, where the variation of the reduced adsorption with
concentration is shown for several temperatures. V. WALL=POLYMER SURFACE TENSION

The wall-polymer surface tension—i.e., the free-energy
1. Adsorption in the dilute regime cost of introducing a nonadsorbing hard wall and its associ-
ated depletion layer—can be calculated from the adsorption

In the dilute regime §/p*<1), there is, once again, a . . .
llute regime &/p" =<1) ! aal and EOS by use of the Gibbs adsorption equafion

gualitative difference between polymersdior good solvent,
as highlighted in the inset of Fig. 9. While the curvature of 90 p[dll(p")
the I'(p) curves with concentration is negative in good sol- ~ Yw(P)= 5= _j ((9—,)'
vent conditions, it is clearly positive undérconditions and ) ) . .
changes to negative in the semidilute regime. Uppitp* By performing one integration by parts with respect to den-
~1, the results foi’ remain close tqbut above the ideal sity, Eq.(8) can also be expressed as
polymer result(7). Note, however, that the relative deviation R o al(p")
from ideal polymers is more pronounced than for the osmotic ~ yw(p)= —H(p)r(p)+f I(p") EPy
EOS(compare the insets to Figs. 5 and Binting at a stron- 0 p
ger effect of three-particle interactions on the adsorptioé of The first term in this equation has an appealing physical

)ﬁp')dp'. ®)

)dp'. 9)

polymers. interpretation as the free-energy cost per unit area of creating
a slab cavity of widtH'(p). For ideal polymers, wherg(p)
2. Adsorption in the semidilute regime is independent of concentration, this term is the only one that

In the semidilute regime we expect the adsorptioncontributes, and soig=—pl@=—p2/\/r. Since the EOS
to be proportional to the correlation lengti/R, and[(p) for interacting polymers in various quality solvents
~(plp*)~"'®"1 (Refs. 1 and 2 since this is the only were calculated in the previous sections, we can now, using
relevant length scale. Note that the numerical prefactors foEq. (9), determine the surface tension for different solvent
different semidilute correlation lengths vary with the prop- qualities. Results are shown in Fig. 10. For good solvent
erty one is attempting to describe; see, e.g. Ref. 23 for a vergonditions—i.e.,e=0—they are, to within simulation er-
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rors, in near-quantitative agreement with the RG calculations
of Maasen, Eisenriegler, and Bringérin fact, the larger

number of simulation results in the semidilute regime, used
in the present work, lead to even better agreement than tha
shown earlier in Ref. 6. We are not aware of theories of

comparable quality for the surface tension of theta polymers. _ s
As discussed earlier for the EOS and the adsorption, weS Qea
again find qualitatively different behavior for tiie=Tg so- 20~ "’-i?\;e‘
lution in the dilute regime, as highlighted in the inset of Fig. RN — =00
10. The surface tension for suahlike solvents resembles 25 “\\ o Be=0.1
that of ideal polymers much more closely than that of poly- AN -~ Be=02
mers in good solvent. As expected from the related behavior RN 7 Pe=0263
of the adsorption, the relative deviation from ideal polymer 35 K ) | ) | ] ) O,O ea,po ym,e il
behavior in the dilute regime is somewhat larger than what 0 2 4 .6 8 10
was found for the EOS. Note that the curvgs/ vy cross at Poul/ P

very low p_/p*. _Tf_lIS follows from the fac_t tha_lt th_e low- FIG. 11. The depletion potential at contact is givenWwy0)= —2vy,(p).
concentration “”J't of thAe surface tension is given by |peer a blowup of the dilute regime shows ttapolymers most closely
lim,_oByw=—pl', and—1I"is smaller for interacting poly- resemble the ideal polymers.
mers than for ideal o# polymers(see Fig. 9. At slightly
higher densities, the curves cross becaygséncreases more
rapidly with concentration for good solvents than #sol- W(0)=—27,(p). (12)
vents.

In the semidilute regime, wheg~ ¢~p~"(3*~1) and
I (p)~p®C"~1) Eq.(8) simplified to

For smallz virtually no polymer is expected to penetrate
between the plates, which are hence pressed together by the
osmotic pressurél(p), leading to a linear increase ®¥(z)
with z. As discussed in Ref. 26, the simplest approximation

Yalp)=— EHrwpzyl(SV Y, 10 for the depletion potential is to continue this linear form for
o o . . largerz
This implies y5%~ p1-53° semidilute scaling for polymers in
good solvent andyS%~ p? behavior forg solvents, which is W(2)=W(0)+1I(p)z, z=Du(p),
consistent with the results in Fig. 10. Furthermore, this scal- W(z)=0, z>D(p), (12)

ing suggests that for large enougtp*, the surface tension
curve for 6 polymers will eventually cross that of polymers Where the range is given by
in good solvent. Indeed, Fig. 10 already appears to suggest W(0)  2vu(p)
this behavior, although some care must be taken in extracting D, (p)=— mz (p)
the p/p* at which crossover occurs, due to the possibility of P P
finite-c effects ford polymers'® With these caveats in mind, We note that this approximation is similar to that adopted by
our results suggest that the surface tensionéqolymers Joanny, Leibler, and de Gennes who, in their pioneering
would be greater than that of interacting polymers wherpaper’ approximated the force between two plates as con-
plp* =10, which is considerably lower than the predictedstant forx<£(p) and zero foix>w&(p). This also results
crossing for the EOS and within reach of experiment andn a linear depletion potential.
simulations. On the other hand, just as in the case of the In Ref. 26, we showed that this simple theory is virtually
EQOS, if one were to lower the temperature of an experimeneuantitative for polymers in good solvefitFurthermore, it
tal polymer solution at a givep, this would lead to a lower is well known to be quite accurate for ideal polymers as
plp*, so that a monotonic behavior of, with temperature  well.'> Although one could easily generalize the theory to
is expected when following this route. include the small curvature seen for ideal polymers close to
z=D,, (Ref. 21, we ignore these small corrections in the
interest of simplicity. Since this theory is accurate for poly-
mers in good solvent as well as for ideal polymers, we pos-
The depletion potential between two walls or plates in-tulate that the same simple assumptions are valid for other
duced by a polymer solution is defined as the difference irsolvent qualities and use E(l2) to calculate the depletion
free energy between the cases where the plates are at a dpstentials.
tancez or infinitely far apart. The polymer solution between The well depthW(0) follows from Eq. (11 and is
the plates is taken to be in equilibrium with a much largershown in Fig. 11. The behavior mirrors that of Fig. 10 of
reservoir of pure polymer solution at the same chemical poeourse. From the inset it is clear thpolymers most closely
tential. At infinite distance, the free-energy cost of havingresemble ideal polymers in the dilute regime, while impor-
two plates is simply twice the cost of making a depletiontant deviations are found in the semidilute regime.
layer, while at contact, these two depletion layers are de- In Fig. 12, we plot the rang®,(p) for a number of
stroyed. Thus, whez=0, the free energy per unit area of different solvent qualities. In the dilute regime, highlighted
plate is given by in the inset, the range for the ne@solvent is fairly close to

(13

VI. DEPLETION POTENTIALS BETWEEN TWO WALLS
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25 25 - T y y T tween spheres and, also, good results for ideal polymers.
This suggests that the same procedure should work well for
the depletion potential between two spheres induced by
polymers. Furthermore, since the depletion potentials are the
dominant determinant of depletion-induced phase separation
for Ry/R.=1 (Refs. 29 and 30 we would expect the phase
behavior of@ polymers to closely follow that of ideal poly-
mers, at least for these size ratios. If there are slight devia-
tions, then Fig. 13 suggests that the binodals would shift
toward those of polymers in good solvent. Recent

D(p)

— Be=0.0
-~ Be=0.1

-~ Be=02 |4 experiment¥ of colloids mixed with polymers in a neat-
- Pe=0265) | solvent indeed show behavior that more closely resembles
GO ideal pols . R
0 . | . | . { ‘ I , that of ideal polymers than that of polymers in good solvent.
0 2 4 6 8 10

Pou/ P
VII. CONCLUSIONS
FIG. 12. Range of the depletion potentid|,(p), as given by Eq(13). In
the dilute regime, highlighted in the inset,polymers are most similar to We have performed extensive Monte Carlo simulations

ideal polymers, whereas polymers in good solvent already show fairlyo investigate the bulk and interfacial properties of polymers
;trong dewatlor?s: at/p* =1 the range has dropped by almost a factor of in good solvent and ponmers in thﬁsregime. For infinite
compared to ideal polymers. S
lengthL, there would be a sharp transition between the be-
havior of polymers in good solvent and those i solvent.
that of ideal polymers, whereas for polymers in good solvenil he simulations were carried out for=500, so that continu-
the range decreases markedly in the dilute regime. In theus crossover effects are to be expectEtworking out the
semidilute regime both good and solvent regimes show detailed crossover behavior would require many more simu-
important deviations from ideal polymer behavior. From lations at differenL. However, in practice, most experimen-
scaling theory we expedd,(p)~p %"" andD,(p)~p ' tally investigated polymer solutions do not reach the scaling
for the polymers in good and solvents, respectively. regime either. Moreover, we do observe significant qualita-
The results foW(0) andD,,(p) can be combined with tive differences betweer® polymers and polymers with
Eqg. (12) to determine the full depletion potential between weaker monomer—monomer attraction.
two plates. An example, fop/p* ~1, is shown in Fig. 13. In contrast to polymers in good solvent, solutions of
The depletion potential ford polymers most closely re- polymers ing solvent are quite well described by ideal poly-
sembles that of ideal polymers. For lowgp* we expect an mer theories throughout the entire dilute regime. This works
even closer correspondence. best for bulk properties like the EOS and slightly less well
In the dilute regime, Figs. 11-13 suggest that the deplefor interfacial properties such as the density profiles, adsorp-
tion potential between two plates, induced Bypolymers, tions, and surface tension. However, as predicted by
resembles that of ideal polymers. We have recently showtheory?in the semidilute regime polymers also begin to
how to construct depletion potentials between two spheregxhibit important deviations from ideal polymers. Our simu-
from that between two plat&sand found quantitative agree- lations show behavior which is consistent with that predicted
ment with direct simulations of =500 SAW polymers be- by scaling theories, but the concentration range we were able
to investigate is not wide enough to unambiguously confirm
the expected scaling behavior. We also suggest that, for large
p'/p:k=ll.0|1 R enough concentrations, the values of various properties, in-
i Pl cluding the EOS, the adsorption, and the surface tension, will
be larger forg polymers than for polymers in good solvent at
12 the same reduced concentratiofp* .
T The close agreement between theories for ideal polymers

0.05

L

T
| p/p*=0.26

= 104 R and our simulations o8 polymers in the dilute regime sug-
= 2 gests that the effective depletion pair potentials and associ-
, --0s ated phase behavior should also resemble those of ideal poly-
e P —— mers, at least in the so-called “colloid limit,” wherfgy /R
|/ |=— Theta solvent L o8 =1.
/ |... Ideal polymer
TI 0O L=100 simulations |
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