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Sharp Crossover of the Susceptibility in Polymer Solutions near the Critical Demixing Point
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We have observed a sharp and nonmonotonic crossover of the susceptibility (osmotic compressibility)
from mean-field to Ising critical behavior in semidilute solutions of polystyrene in deuterocyclohexane
as the temperature decreases from@heegion down to the critical temperature of the phase separation.
We describe this crossover in terms of a competition between the long-range but finite intramolecular
correlations of monomers in the polymer chain and the diverging correlation length of concentration
fluctuations. [S0031-9007(97)04881-3]

PACS numbers: 61.41.+e, 05.70.Jk, 64.60.Fr

A recent analysis of the susceptibilify of fluids and overlapping polymer coils, are characterized by two dis-
fluid mixtures has shown that the character of the crossovemnct types of monomer-monomer correlations with differ-
from mean-field to Ising critical behavior can depend on ant length scales [5]Intramolecularcorrelations between
nano/mesoscopic structure [1]. In simple fluids and fluidmonomers which belong to the same chain are closely re-
mixtures the crossover is gradual and is characterized bated to the conformation of the macromolecules in the
a single crossover temperature scale, the Ginzburg nunsolution and occur on length scales of the radius of gy-
berNg;. Specifically, the effective susceptibility exponent ration Rg of polymer coils. Intermolecularcorrelations
vett, defined asye;s = —7d In y/dt, is then a monotonic are defined by fluctuations of the total concentration with
function of r = 1 — T./T (whereT is the temperature, a correlation lengthé. While, in the ® region the ratio
T, the critical temperature) smoothly decreasing from thet/Rg < 1, in the vicinity of the critical temperature of
asymptotic Ising value = 1.24 at7 << Ng; towards the the phase demixing the correlation length increases dra-
mean-field valuey = 1 at 7 > Ng;. In simple fluids matically. Thus, ultimately, the correlation length exceeds
with short-range interactions, however, the crossover to ththe radius of gyration and becomes a dominant length
mean-field regime is never completed in the neighborhoodcale in the system. Hence, Ising behavior is expected
of the critical point aVg; = 1072, Incomplex fluids such whené& > Rg.
as nonaqueous ionic solutions [2] or metal-ammonia solu- Polystyrene (PS) standards with a polydispersity in-
tions [3] the susceptibility exhibits a clear crossover be-dex 1.03 < My /My < 1.07 were purchased from Poly-
tween Ising and mean-field regimes, apd; is a sharp mer Laboratories. Solutions of PS at the critical volume
and sometimes even nonmonotonic function of the temfraction ¢. were prepared in deuterocyclohexane (99.5%
perature distance from the critical point. It was suggestedeuterium) from Sigma. Characteristic properties of the
in Ref. [1] that the sharp crossover might be related to apolymer constituents and solutions are given in Table I.
additional characteristic length scale which competes wittvalues of ¢ averaged)R; were determined by a high-
the correlation lengtls of the critical fluctuations. Poly- concentration labeling method [6]; they do not depend
mer solutions in low molecular-weight solvents seem to ben the proximity to the critical point. Each solution was
a good choice for studying such type of crossover behaweontained in a 5 mm thick quartz cell and the tempera-
ior as the additional length scale is clearly related to théure was controlled to better tharr0.1 K. The ap-
molecular weightMy, of the polymer and thus might be pearance of the meniscus (phase demixing) was detected
easy to control and interpret. visually. The critical composition (volume fractior).

Investigations of polymer solutions have shown thatwas assigned in accordance with the empirical power
like simple fluids, they belong to the universality classlaw ¢. = 7.69Mw"** [7]. The measurements were per-
of the three-dimensional Ising model near the criticalformed with the 30-m SANS spectrometer at the Oak
demixing point (see, e.g., [4] and references therein)Ridge National Laboratory. The neutron wavelength was
However, the manner in which polymer solutions crossA = 4.75 A (AA/A = 0.05). The range of the scattering
over to asymptotic Ising criticality has not been stud-vectorsQ = 47 A~ !'sin(6/2), where# is the scattering
ied thus far. The purpose of this Letter is to reportangle, was).003 < Q < 0.05 A~'. The data were col-
results for measurements of the susceptibility and the collected and put onto an absolute scale with a procedure de-
relation length for solutions of polystyrene in deuterocy-scribed elsewhere [8]. The scattering intengiin units
clohexane from small-angle neutron scattering (SANS)of cm™!) obtained at each was radially averaged to ob-
Semidilute polymer solutions, i.e., solutions of moderatelytain the intensity/ as a function ofQ. 1(Q = 0) and
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TABLE I. Characteristics (Mw, ¢¢,T., Rg,vo) of polymer solutions and parameters
(ct, ¢y, @, andA) of the crossover model [Egs. (1)—(3)]. Expressions to calcuatép, and
& are given in the text.

PS1 PS2 PS3 PS4 PS5
My % 10° gmol™! 28 51.5 115 200 515
@c 0.149 0.118 0.086 0.069 0.048
T, K 285.06 291.39 298.37 301.20 306.9
v® A 5.96 5.89 5.82 5.79 5.74
Rg. A 43 62 90 117 189
¢ 0.89 0.69 0.39 0.32 0.16
¢, 0.85 0.89 1.1 1.2 1.6/1.7%
it 1.9 2.1 23 2.5 3.1
A 0.17 0.13 0.092 0.075 0.039
&,A 4.8 5.2 7.1 7.7 10.1
&, A 6.3 7.1 9.4 10.2 14.6
&p, A 35 47 63 77 147
T,,K 292.3 296.4 304.8 305.8 310.0

2Above the crossover temperatufe.

& were deduced froni(Q, T) at each temperature by fit- monomers per volume, arid the contrast factor between
ting the small@ region to the Ornstein-Zernike formula the monomer and the solvent molecule.

1(Q0,T) = I1(0)/(1 + Q%*¢?%). The magnitude of (0) in We fitted y (7) and é(7) simultaneously using the same
absolute units is directly related to the susceptibility,crossover model for the free energy that was previously
which in our case is the isothermal osmotic compressibilused to describe the crossover behavioy @f simple and

ity, as1(0) = b2y ¢ /n with y = nkgT(d¢/0lIl), where ionic fluids [1]. The model is based on renormalization-
I1 is the osmotoic pressurey; the volume fraction of group (RG) matching [9,10] and the equations for the
the polymer,kg Boltzmann’s constanty the number of| inverse susceptibility and correlation length read

* 2 2 _ ~1
B T IR R e

= Y 1+ 2 1+ + 1
X CpCiT < 2A, A P A, 11— -y A, > (1)
| with ¢ = ¢ — =2 = w*ulAc? =
=@ Pcy A0 = CpCry U = U U Cp,andC()—

1/3 1/3 - _

o Em gk = ey VAT @) 2,08

with the crossover functioi defined by Asymptotically close to the critical poirftA/« > 1,

) . A \271/2 oA Y — (k/aA)®/*] the crossover susceptibility (1)
1 —[1—-aly = M[l + <7> Y"2. (3) and correlation length (2) reduce tp = [yr (1 +
Here the normalized coupling constanend “cutoff” A I'i7™ + ...) and ?/2: Sor "(1 + éilj'lA* ?F --2-) where
(A7l = vaO_l/3 with &p the characteristic length re- €0 j &0(Nai/no)” iR To = goNci ¢, ¢,” = go X
flecting a discrete structure of the fluid) are crossovey; ap', I'y = NG *(1 — i) with Ngi = noc; ' X
parameters, withu* being a RG fixed-point coupling (zA)? = noudvi(u*) 2ag*&,°, the Ginzburg number,
constant. For three-dimensional Ising-like systems-  and Z, = ¢, "*vi”> = (co/ao)/*ve?, the mean-field
1.239 £ 0.002, » = 0.630 = 0.001 [11]; Wegner's cor-  ampjitude of the correlation length. The coefficients
rection exponentA; = 0.54 + 0.03 [12] (we actually o/ ~20, g, =0.10,n0 = 0.031, and & /T, = 0.6
used As = 0.51) are universal critical exponents and gre universal [10]. Far away from the critical point
u” = 0472 [11]; ¢, and ¢, are system-dependent am- the susceptibility (1) approaches the mean-field limit
plitudes; v is the average volume per molecule inthe (A /x < 1,Y = 1); y ! = ao7, & = &7 /2 with
solution. i _ 7 =1 — AT./T where AT, < iA?/c, is a shift of the
The crossover paramete#sand A and the amplitudes critical temperature due to critical fluctuations. In the
of the Landau-Ginzburg free-energ@y

Vo dF 1

f:—_zgd(ﬂ'

_ 1/2 . .
parametersiz and A/c;’” collapse into a single one,
b + 1 ugp? + 1 co(V)?, namely, the Ginzburg number. '

4! 2 The results of the fit of our experimental data are
(4) presented in Figs. 1-3 and Table I. It is seen from
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10 ‘, ,P,SET . ,',,: L 5, S FIG. 2. Deviations of the experimental susceptibility data
10 2 10 ! from the Ising asymptotic behavior (dashed line) for four
T samples [PS1 (a), PS2 (b), PS3 (c), PS4 (d)]. Solid curve rep-

resents the crossover model, Eq. (1). Dotted curve represents
FIG. 1. (a) Normalized susceptibility of polystyrene- the mean-field asymptotic behavior. Note that the mean-field
deuterocyclohexane solutions; the solid curves represersusceptibility diverges at a temperature above the actual critical
our crossover model, Eqg. (1). (b) Correlation length oftemperature.
polystyrene-deuterocyclohexane solutions; the solid curves

\r/aﬁ)i:%sgni Iiccl (2). Dashed lines indicate the temperatures at We define a crossover temperatdiefor each sample

as the temperature of the inflection point in a plot
of vyerr VS logio7 (Fig. 3) which coincides within

Fig. 2 that the crossover from mean field (dotted lines) tgXPerimental accuracy with the temperature at which the

Ising (dashed lines) is clearly observed for two p0|yme|x:orrela_1tion length become; equal to the radius of gyrqtion
solutions, PS1 and PS2, and it is well described b)IG_] (Fig. 2). The resulting temperature-concentration

Egs. (1)—(3) in the entire range of temperatures studieddiagram of the polystyrene solutio_ns is shown in I_:ig. 4,
Data for PS3 and PS4, although exhibiting more scattel the RG theory of polymer solutions [17] th@ point

at small 7, are consistent with the crossover function.!S @ tricritical point which divides specific critical singu-
The crossover is sharp and nonmonotonic for all théarities, associated with the self.—avoidir)g—_w_alk pehavior
samples (Fig. 3). Moreover, the sharpness of th@f 10ng (Mw — =) polymer chains at infinite dilution
crossover increases with increase of molecular weigh@Pove thed temperature, and first-order phase transitions
The nonmonotonic behavior af.¢; is caused by the play
of & and A/ctl/2 and is directly related to large > 1
(negativel'; and &) and smaIIA/ctl/2 = &/ép < 1.

Remarkably, the inverse cutoffp = vé A appears
to be of the same order &; and scales asf%’ as well
(Table 1).

Crossover between mean-field classical behavior and
Ising asymptotic behavior has been reported for polymer
blends [13-15]. In Ref. [14]y(7) is described by a
crossover model [16] which contains a single crossover
parameter (Ginzburg number). We have found that such
a single-parameter crossover model cannot describe the ]
susceptibility of our polymer solutions, whereas the two- 1-[1’0 EVAR AN AN

_ . T
parameter model [Egs. (1)-(3)] gives adequate fits for T

both susceptibility and correlation length. We note that’:IG 3. Effective susceptibility exponenty; — —rd X
fitting x (7) of a polymer blend [15] to a simplified version In X}d} calculated from our crossover modeelfffor xenon and

of our crossover model resultedifz = 0.2, as is typical g nonaqueous ionic solution (TPDB) [1], and for two of the
for simple fluids [1]. polymer solutions studied (PS1 and PS4).
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3207 crossover betweemean-field criticaland Ising critical
] /@‘tempmt“re behavior, appears to be applicable also for the crossover
1 of the susceptibility and the correlation length from
310 mean-field tricritical to Ising critical behavior in zero
] ordering field in the one-phase region. We have shown
N ] that the crossover length scale is equal to the character-
3007 istic size Rg of the polymer chains. The lower border
= ] of the tricritical domain for polymer solutions as well as
: the critical temperature at infinite dilution is a nonlinear
290‘; function of concentration in agreement with the prediction
of the RG theory.
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