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Static and Dynamic Crossover in a Critical Polymer Mixture
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A model low-molecular-weight polymer mixture was studied as a function of temperature near the
critical point by small-angle neutron scattering (SANS) and dynamic light scattering (DLS). SANS
measurements reveal a crossover in the static susceptibility from mean-field to non-mean-field behavior
at T„=-T,+30 C, in quantitative agreement with the Ginzburg criterion. This crossover behavior is

also reflected in the DLS experiments, which reveal mode-coupled critical dynamics far into the mean-
field regime.

blends, while largely unexplored experimentally, is po-
tentially very rich. ' Ultimately, on close approach to
the critical point, the behavior should be that of model

H, although the crossover to the nonclassical critical
properties of model H can be quite complex. To discuss
this crossover we focus on the collective (mutual)
diffusion coefficient D„which can generally be written
as the ratio of an Onsager transport coefficient A to the
concentration susceptibility S(0): D, =A/S(0). The
simplified description of a symmetric binary fluid em-
bodied in model H highlights critical fluctuations of the
order parameter (concentration field), as well as non-

linear interactions (mode couplings) of these fluctuations
with fluctuations in the momentum density. Proper
treatment of these fluctuations' leads to renormaliza-
tions of both A and S(0). At high temperatures (e& 1),
however, such renormalizations are negligible and
mean-field (Van Hove) theory applies. For polymer
mixtures, the bare transport coefficient scales as ' '

Ap N /lV, where N, is the number of segments between
entanglements. ' Hence, in the case of polymers
sufficiently large to be well entangled, we have
Ap-N ', while for shorter chains obeying Rouse dy-
namics one sets N —N, to obtain Ap —1. Because the
mean-field susceptibility of a blend scales as Ne ', the
expected behavior for t. ~ 1 is D, p —N N t. , which has
recently been observed in high-molecular-weight mix-
tures. '

As the critical point is approached, singular contribu-
tions to A and S(0) emerge, but not necessarily in the
same range of reduced temperature. In particular, for
e —N the susceptibility is expected to cross over to the
Ising expression' S(0)—N "e ", but the fluctuation
contribution (Kawasaki approximation ' with reptation
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PACS numbers: 61.25.Hq, 05.70.3k, 64.60.Fr, 64.60.Ht

It has long been appreciated that the equilibrium criti-
cal properties of binary mixtures of simple liquids fall
into the Ising universality class. The dynamical critical
properties have only been more recently established, with
extensive theoretical and experimental evidence support-
ing the hypothesis that such mixtures belong to the same
dynamical universality class as model H of Hohenberg
and Halperin. ' Key to the maturation of this field was
the advent of mode-coupling theories and the dynamical
renormalization group.

As was first appreciated by de Gennes, binary mix-
tures (blends) of high-molecular-weight, flexible poly-
mers also exhibit Ising-like static critical properties, al-
though the long-ranged nature of the polymer-polymer
interactions shrinks the Ising (i.e., non-mean-field) re-
gime to a narrow range of reduced temperatures about
the critical point, t. &N '. Here, N is the degree of
polymerization of a symmetric polymer mixture and
e = (g, —g)/g„where g =AT '+8 represents the
segment-segment interaction energy; A and 8 are
system-specific constants, and g, corresponds to the ther-
modynamic stability limit. The existence of a Ginzburg
parameter -N ' consistent with numerous experimen-
tal observations of mean-field static exponents in high-
molecular-weight polymer mixtures (N + 100). Recent-
ly, however, Schwahn, Mortensen, and Yee-Madeira
have succeeded in observing the crossover in the static
susceptibility from mean-field to Ising-like temperature
dependence in a relatively high-molecular-weight (N
—10 ) polystyrene-polyvinylmethylether (PS-PVME)
mixture, by conducting small-angle neutron-scattering
(SANS) measurements near the critical point,
5x10 KE&3x10

The dynamical critical behavior of binary polymer
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estimate of the viscosity q-N /N, ) to A is O(N, /N)
smaller than Ao. Hence, in this regime D, should scale
as N, N' e'. Note that for @=1 the mean-field expres-
sion D, o is recovered. Finally, as e is reduced to be of
order t. —N, ' ' N '+ ' ' ' ' the fluctuation con-
tribution to A is expected to dominate and the following
collective diffusion behavior is obtained (model-H behav-
ior in Kawasaki approximation): D, =ka T/6zrlg
-N,'N' e', where (-N' "e ' is the composition
correlation length. In spite of arguments such as that
outlined above, which suggest that the dynamical cross-
over behavior of polymer blends should be much richer
than in simple fluid mixtures, we are not aware of any
systematic studies to date. In the present Letter, we re-
port on such a study of static and dynamic critical phe-
nomena in a model polymer mixture.

The narrow-molecular-weight-distribution (M„/Mz( 1.05) samples of polyisoprene (PI) and partially
deuterium-labeled poly(ethylene-propylene) (PEP) were
prepared and characterized using standard procedures;
Npt =29 and NpEp =73, where N refers to the weight-
average degree of polymerization. The associated binary
phase diagram was approximated, based on cloud-point
measurements as reported elsewhere. ' To a close ap-
proximation the apex of the two-phase boundary, which
we identify as the critical temperature, T, =38'C, coin-
cides with the predicted (mean-field) critical volume
fraction of PI, &, =0.61. All experiments discussed in

this Letter were carried out at this (critical) composi-
tion. Also, N, for PEP and PI are 23 and 74, respective-
ly, so that (N, ) =(N), where (N) =(Np1NpEp) '

Small-angle neutron-scattering (SANS) experiments
were conducted on a low-q difl'ractometer (LQD) at the
Manuel Lujan Jr. Neutron Scattering Center at the Los
Alamos National Laboratory using a pinhole geometry.
Descriptions of the LQD instrument and time-of-
flight-SANS data-reduction methods are presented else-
where. ' The scattering specimen was prepared by in-

jecting the homogeneous (T) 40'C) mixture into a 1-
mm-thick by 2-cm-diam cylindrical quartz cell, which
was then sealed under vacuum. The sample temperature
was controlled to within 0.15 C and monitored with two
thermocouples in contact with the quartz cell. The az-
imuthally symmetric SANS data were reduced to the
one-dimensional form of intensity I(q) versus scattering
wave vector, q =4~k 'sin(8/2), where k and 0 are the
neutron wavelength and scattering angle, respectively,
using established procedures. ' Finally, the incoherent
scattering contribution was subtracted from the total
measured intensities based on the angle-independent
scattering obtained from the pure PI and PEP com-
ponents.

Dynamic-light-scattering measurements were conduct-
ed with a cylindrical cell that was immersed in a ther-
mostated (+ 0.1'C) index-matching liquid. Scattered
light (X =488 nm) was collected using a photomultiplier
and analyzed with a Brookhaven BI2030 correlator. In-
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FIG. 1. Inverse susceptibility plotted vs inverse temperature.
1(0) values were obtained by extrapolating SANS data, as-
suming an Ornstein-Zernike form, as illustrated in the inset.
Deviation from linearity at T„signifies the crossover from
mean-field (y= 1) to non-mean-field behavior. The dashed
curve was fitted to the non-mean-field data by assuming an Is-
ing (y=1.26) exponent and adjusting the stability tempera-
ture. Tb represents the independently determined binodal tem-
perature and T, f is the mean-field stability temperature.

tensity autocorrelation functions were obtained at vari-
ous angles between 30' and 150 and as a function of
temperature over the range from 38.2 & T & 170'C.
Selected autocorrelation functions were analyzed by a
Laplace inversion method, yielding spectra of decay
rates, which established the existence of a single narrow
component, proportional to q, at all temperatures. Ac-
cordingly, the correlation functions were modeled with
single exponential functions from which we obtained de-
cay rates I =q A(q)/S(q). For the present case [qg & 1

and in the mode-coupled regime (see below)],

I =q k&T/6zr)(=q D, . (1)
We have measured the mixture shear viscosity j(T) on a
Rheometrics RS800 fluids rheometer and modified I by
the factor ri(T)/T to isolate the critical-temperature
dependence in I rl/T

The temperature dependence of the static susceptibili-
ty, S(0)-I(0), and correlation length ( have been ex-
tracted from the SANS results based on the Ornstein-
Zernike relationship,

I(q) =1(O)(I+q'g') -', (2)
where I(0)-e ' and g-e '. Several representative
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SANS results are plotted as I '(q) vs q in the inset of
Fig. 1. For the purpose of identifying the static cross-
over from mean-field to Ising behavior we presently
focus our attention on the temperature dependence of
I(0); we note, however, that the same conclusions are
derived from an analogous analysis of ((T), where
28 ((( 122 A in the SANS experiments.

I '(0) is plotted versus T ' in Fig. 1 for 41 ( T
~ 101'C; below 41'C, g increases beyond the resolu-

tion of the SANS instrument, preventing the quantita-
tive application of Eq. (2). For mean-field behavior
(y=l), I '(0) should be linear with T ', while Ising
(non-mean-field) behavior should result in a nonlinear
dependence of the inverse susceptibility on inverse tem-
perature. Both regimes are clearly evident in Fig. 1. For
T & T„=-70'C, I '(0) —T ' from which we have
determined g =26.5T ' —0.0367. Below T„ I '(0)
systematically lies above the linear extrapolation from
the high-temperature (mean-field) regime, in agreement
with I '(0) —(T, ' —T ') ' where a best fit is ob-
tained (assuming y=1.26) with T, =36.6'C as indicat-
ed by the dashed curve. The crossover temperature T„ is

specified by the intersection of the solid and dashed
curves.

Two additional temperatures are identified in Fig. l.
Extrapolation of the linear regime (mean-field) data to
infinite susceptibility provides an estimate of the mean-
field stability limit, T, f =48.1 C. The precise location
of the equilibrium phase boundary or binodal tempera-
ture Tb for the SANS specimen was determined to be
Tb =38.2+ 0. 1 using light-scattering measurements.
Thus, extrapolation of the susceptibility data in the non-
mean-field regime based on an Ising exponent (y=1.26)
places the stability temperature slightly under the bino-
dal temperature. As described below, the dynamic data
indicate that within experimental error (+ 0.3 'C)
T, =Tb, i.e., p=p, . This implies that the non-mean-
field static data should be modeled with a more complete
crossover function, rather than the asymptotic Ising rela-
tionship, which would increase the extrapolated value of
T, . However, because the non-mean-field region for this
system is so large, T —T, =—30'C, a more precise deter-
mination of the critical conditions is not necessary for
accomplishing our present goals. The reduced crossover
temperature based on g(T) is e, =(g, f

—g )/g, , f
=0.11.

Anticipating non-mean-field mode-coupled dynamics
(I —e' with v=0.63) for T(T„, (I j/T)' is plotted
versus inverse temperature in Fig. 2. For T + 50'C the
data are linear in these coordinates (see inset) and ex-
trapolate to T, =(38.2+ 0.3) 'C in agreement with our
independent measurement Tb =(38.2+.0.1) 'C, indicat-
ing that the system lies close to the critical point (note
that the dynamic data are grouped considerably closer to
Tb than the static susceptibility data). Above 50'C the
experimental points systematically deviate from the ex-
trapolated lower-temperature behavior. Using the
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FIG. 2. Normalized decay rates obtained by dynamic light
scattering for the critical PEP-PI mixture. Low-temperature
behavior (inset) is consistent with non-mean-field mode-
coupled dynamics.
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FIG. 3. Dynamic scaling of the normalized decay rate in the
mean-field regime, T) T, where T, f was determined as
shown in Fig. 1. Scaling exponents (mean field) of 0.5 and 1.0
are predicted for mode-coupled and non-mode-coupled dynam-
ics, respectively.
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mean-field stability temperature T, & (see Fig. 1) we
have plotted ln(I rl/T) vs ln(T ' —T, r) in Fig. 3 from
which we obtain an exponent of 0.52+0.03. Because
this is consistent with a mode-coupled, mean-field regime
(I ri/T-e'', v=0.5), the crossover from mode-coupled to
non-mode-coupled dynamics must occur at e & 0.5
[based on our highest measurement temperature and
g(T) as determined by SANS]. This observation of
mean-field mode-coupled dynamics is made possible by
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the design of a system where N+N, ; recall that the
dynamical crossover scales as N, ' ' N

Finally, we evaluate the Ginzburg criterion quantita-
tively. Schwahn, Mortensen, and Yee-Medeira report
T„—T, =2.4'C for a PS-PVME mixture. Based on a
segment volume of v~ =1.3X10 cm, the PS-PVME
mean degree of polymerization is (NpsN pvM p)

'

=1647; for our system (NpINppp) =46. At first
glance the larger Ising-temperature range for the PI-

PEP system might be attributed to a smaller degree of
polymerization since one expects e -N '. However,
using published data to estimate g(T), ' and T, r as re-

ported by Schwahn, Mortensen, and Yee-Medeira, we

calculate t.' =0.12 for the PS-PVME mixture, seemingly
in violation of the Ginzburg criterion.

For mixtures of monodisperse asymmetric [N I &N2
and/or aIaa2, where R; =a;(N;/6) ' ] polymers, the ap-
propriate Ginzburg criterion is'

[N ' '+N, '(I — ) ']'
[N

—
I

—I +N
—

I ( I )
—

I ] [g 2N —I —I +g 2N —
I ( I )

—I ] 3
(3)

where C is a system-independent constant; note that this
expression reduces to e -N ' for a] =a2 and N]
=N2= N. Usi—ng the independently measured (SANS)
values apI 6.9 A and appp=8. 0 A, and e, =0.11, we

obtain C=0.29+ 0.08; the uncertainty in C is estimated
from the combined uncertainties in a, N, and e„. A simi-
lar calculation based on published values for aps and
0py M E along with the results of Sch wah n, M ortensen,
and Yee-Medeira, t., =0.12, leads to C=0.46; here an
accurate estimate of uncertainty cannot be made al-
though it is undoubtably greater than for the PI-PEP
calculation. Thus, Eq. (3) has reduced a nearly fortyfold
disparity (e„-N ) to agreement within experimental
error. ' To our knowledge this is the first such
verification of the Ginzburg criterion.

In summary, we have quantitatively verified the
Ginzburg criterion for the crossover from mean-field to
non-mean-field critical behavior in binary polymer mix-
tures. Dynamic-light-scattering measurements also
confirm a rich dynamical behavior for polymer mixtures
near the entanglement molecular weight, which are
characterized by mode-coupled dynamics well into the
static mean-field regime.

We gratefully acknowledge support by the Center for
Interfacial Engineering (CIE), a National Science Foun-
dation Engineering Research Center at the University of
Minnesota. One of us (F.S.B.) also derived support
from the NSF under PYI Grant No. DMR-8957386.
Work at the Los Alamos Neutron Scattering Center was

supported in part by the U.S. Department of Energy
Office of Basic Sciences under Contract No. W-7405-
ENG-32 to the University of California.

'P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys. 49,

435 (1977).
2M. Fixman, J. Chem. Phys. 36, 310 (1962); L. P. KadanoA'

and J. Swift, Phys. Rev. 166, 89 (1968); K. Kawasaki, in Phase
Transitions and Critical Phenomena, edited by C. Domb and
M. S. Green (Academic, New York, 1976), Vol. 5a.

B. I. Halperin, P. C. Hohenberg, and E. D. Siggia, Phys.
Rev. Lett. 32, 1289 (1974); E. D. Siggia, B. I. Halperin, and P.
C. Hohenberg, Phys. Rev. B 13, 2110 (1976).

4P. G. de Gennes, J. Phys. (Paris), Lett. 38, L-441 (1977).
sJ. F. Joanny, J. Phys. A 11, L117 (1978).
sK. Binder, J. Chem. Phys. 79, 6387 (1983).
7C. Herkt-Maetzky and J. Schelten, Phys. Rev. Lett. 51, 896

(1983).
D. Schwahn, K. Mortensen, and Y. Yee-Madeira, Phys.

Rev. Lett. 58, 1544 (1987).
P. G. de Gennes, Scaling Concepts in Polymer Physics

(Cornell Univ. Press, Ithaca, 1979).
' G. H. Fredrickson and F. S. Bates, J. Chem. Phys. 85, 633

(1986).
''P. G. de Gennes, J. Chem. Phys. 72, 4756 (1980); P.

Pincus, J. Chem. Phys. 75, 1996 (1981).
'2M. Doi and S. F. Edwards, The Theory of Polymer Dy

namics (Oxford Univ. Press, New York, 1986).
' P. F. Green and B. L. Doyle, Phys. Rev. Lett. 57, 2407

(1986).
'4A. Sariban and K. Binder, J. Chem. Phys. 86, 5859 (1987).
'5A. Cumming, P. Wiltzius, and F. S. Bates, Phys. Rev. Lett.

65, 863 (1990).
' P. A. Seeger, R. P. Hjelm, and M. J. Nutter, Mol. Cryst.

Liq. Cryst. 108A, 100 (1990); R. P. Hjelm, J. Appl. Cryst. 21,
618 (1988).

' D. Schwahn, K. Mortensen, T. Springer, H. Yee-Madeira,
and R. Thomas, J. Chem. Phys. 87, 6078 (1987).

'sHere we have extended the calculation of Joanny (Ref. 5)
for Nl &N2 to include the eff'ects of al&a2.

' A more quantitative comparison of these results probably
requires the consideration of polydispersity eA'ects.

1896


