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Pinning of phase separation in a model of binary polymer blends
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The phase-ordering kinetics of a homopolymeric binary mixture is studied numerically in the framework of
the Flory—Huggins—de Gennes continuum model. For deep quenches the suppression of the evaporation-
condensation mechanism leads to slower growth, due to transport of molecules along the interfaces. When the
concentration of the minority phase is low all growth mechanisms are suppressed and the system exhibits a
temporary stop in the separation kinetics.

PACS numbeps): 61.25.Hq, 64.75tg, 64.60.My

When a binary mixture is quenched into the unstable reof the bulk diffusion mechanisrfevaporation-condensatipn
gion of the phase diagram it decays spontaneously toward due to enthalpic barriers at low temperatures.
thermodynamic state characterized by two coexisting phases The theoretical description of spinodal decomposition in
with different compositions. The way such a new equilib- binary mixtures is based on the continuity equation
rium state is reached is highly nontrivial and is the subject of
intense investigatioril]. The general pattern of temporal IPXb) — 5(ﬁ§{¢})

4

evolution is characterized by the initial formation of small ot
domains and their subsequent coarsening with an invariant .

d g I?or the order parametef(x), namely, the difference between
he concentration of the two specidandB, whereM () is

morphology. Polymeric blends in general share this qualita;
he mobility andB=1/kgT.

tive picture with other phase-separating systems. Howeve{
For linear homopolymers the usual choj&g for the mo-

they can exhibit a much richer phenomenoldgy. One re-
markable feature observed experimentally is the dramatiBility is M(#)=ND(1—¢?) while BF is given by the

slowdown in the growth o_f domains .exhilbited by SOME £jory_Huggins—de Gennd&HDG) form
blends when the concentration of the minority component is

sufficiently low[3]. This phenomenon has not been observed

in small-molecule systems and its physical origin is not com- BF{y}= f dx
pletely understood. In particular, two possible interpretations

have been put forward. The first is related to the existence ofith

an enthalpic barrier inhibiting the usual evaporation-

condensation mechanisf]. The second, the so-called per- f\ Ué
colation to cluster transition, is induced by hydrodynamics: ()= 19 1+ (x,t)] +18[1— P(x,1)]
for off-critical quenches it would lead to a long crossover

between a fast viscosity-controlled coarsening and a slowerhereo, andog are the Kuhn lengths of the two specigs,
growth driven by evaporation and condensation or droplets an effective interaction distance between monomers, and
coalescence, producing an apparent pinning of the phadbe Flory-Huggins free energy j40]

separationf5]. Previous numerical studi¢8,7] of continuum

V- M(yp)V 1)

,BfFH(i,//)‘F#W#//(X,m2 . (2

+x\%, (3

models have not found evidence of pinning when hydrody- Bfen()= 1+ 1+ 9(x0)

namics is neglected. However in these studies only shallow 2N 2

guencheg8] have been considered. In this Brief Report we 1-g(xt) [1-w(xt)] x

proceed one step further by considering deep quenches also. ! In{ 4+ 21— gA(x,1)].
We show that in this case a temporary stop is actually ob- 2N 2 4

served when the concentration of the minority phase is low (4)

enough to produce a dropletlike morphology. This result

shows that the continuum equation for polymer blends conWe have assumed the same number of mononheris

tains sufficient physical ingredients for describing pinning inchains of typeA and B; y measures the repulsion strength

the phase separation, even in the absence of hydrodynantietween unlike molecules and is inversely proportional to

interactions. In particular, it correctly models the suppressiorthe temperature. We will consider for simplicity a symmetric
blend, for which oy=0g=0¢. The critical value yN=2
separates stable stategN<2) from the thermodynamically

*Electronic address: claudio@theo-phys.uni-essen.de unstable region ¥N>2) where the mixture decays into two
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separate phases. The evolution of the system is fully deteweakly the competing interface diffusidigiving 1/4) [12].
mined by the initial conditions, which are taken to be com-Within the analytical approach the pinning in the evolution
pletely disordered ¢(x,0)y(x’,0))=A5(x—x") with aver-  occurs for unphysically large values gN and with no cru-
age concentratiof(x,0))=W¥,. A critical quench means cial dependence on the concentration. However, the mean
v,=0. field nature of the large- approach does not take into ac-
The model introduced above differs from the usual Cahncount properly the effects of the morphology of phase-
Hilliard (CH) description of phase-separating small-moleculeseparating domains. In particular, when the quench is suffi-
blends[1] with respect both to the mobility and to the free ciently off-critical the minority phase forms a pattern of
energy functional. In particulaiM is here order parameter nonpercolating droplets dispersed in the matrix of the major-
dependentwhereas it is usually assumed to be a constant foity phase: in these conditions interface diffusion is sup-
small molecules the local part of the free energy has a pressed for geometrical reasons. One question then arises
logarithmic expressiomas opposed to the usual Ginzburg- naturally: can this suppression, together with the deep
Landau(GL) quartic form, and the square gradient coeffi- quench condition inhibiting evaporation from droplets, lead
cient k() is itself concentration dependent, while it is con- to a pinning phenomenon for physically reasonable values of
stant for small molecules. Of these three features, only thgN in off-critical quenches?
third is intimately related to the macromolecular nature of In order to address this issue we have solved (Epnu-
the blend components; the two others should be considersuderically with the Euler first order discretization scheme on
in principle in the study of phase separation in small mol-square lattices of linear sizes ranging from 256 to 512 mesh
ecule mixtures also. However, for small molecules, siNce points. The deep quench condition introduces strong limita-
is of order 1, a large quench-depth paramathiris not re-  tions in the choice of the time stept: When yN—c< the
alistically feasible. In this situation the value ¢, of the  minima of the potentiaf-, are exponentially close ta: 1,
order parameter in the bulk of phase-separated domainhile f7,(y) becomes very large near such minima. As a
which corresponds to the minima &fy(#), is small. Since resultAt must be very small to prevehi#| from becoming
J?<1 everywherefgy is well approximated by a quartic accidentally larger than 1 due to numerical noise. The small
GL form and M(¥) and «(¢) are essentially constant. value ofAt has made it impossible so far to reach long times
Hence the model for polymer phase separation coincides im the numerical solution. Here we circumvent this difficulty
practice for shallow quenchegl=2) with the usual CH by two means. First we consider a two-dimensional system.
description of small-molecule blends. Instead, whéris  On the basis of what usually occurs in other phase-ordering
large, for low but accessible temperature one can hgvde systems, we do not expect the behavior to change qualita-
>2 (deep quench In this case a different behavior is ex- tively depending on the dimension. Second, we perform
pected becaus¢3=1, producing strong variations of both most of our simulations withr?=0, a choice that allows
the mobility M and « between bulk and interfacial regions. much larger values of the time stext. We have checked
The numerical solution of Eq(1) for critical shallow that relevant features do not change when this condition is
quenches was performed by Chakrabattal. [6], showing relaxed. In the following we will present results for three
that the phase separation described by this model proceedsench conditions: a shallow critical quenchN=2.1,%
similarly to that exhibited by the usual small-molecule =0), a deep critical quenchy(N=10,¥,=0), and a deep
model. These studies were later extended to off-criticabff-critical quench fN=10,¥(,=0.7). In the initial state the
quenches, where, after some debate, it was recognized thiaeld ¢ is given byWq plus uncorrelated fluctuations distrib-
the same pattern holds trié]. In particular, the coarsening uted between-0.01 and+0.01. D and\ have been taken
of domains is characterized by a power law increR$e) equal to 1. The inverse of the first moment of the structure
~ 112 of the typical domain size, as for small molecules, andfactor
pinning is not observed. These results for shallow quenches

are not surprising: The model for polymers coincides, in the
limit yN—2, with the CH equation. f dkk Gk,1)

The possibility of a different behavior for deep quenches ky(t)= —— 5)
remained open, however. Recently this issue has been inves- f dk C(k,t)

tigated by us with an analytical approalcil]. The equation

of motion has been solved with the help of an approximation . .

scheme, the large-limit, which is of common use in phase- S commonly used as a measure of the typical size of phase-
ordering problems. We have found that, for deep quenche§eparating domains. The time dependence lof &/ reported
after the initial transient during which domains are formed,n Fig. 1, where data are plotted with space rescaled by the
the system freezes for a time interval whose duration difactor (x—xs)*? and time rescaled bP (x—xs)% xs (Xs
verges in the limityN—oc. For finite values ofyN the sys- = 2[N(1—¥{)] is the mean field spinodal lipgin order to

tem eventually leaves the pinned state and coarsening start§ake easier the comparison between different cases. Imme-
For an intermediate stage, domains grow with a time deperdiately after the quench, R exhibits a smooth growth fol-
dence, that correspondstt* in the physically relevant case lowed by a slight decrease. This corresponds to the linear
of a scalar order parameter. Eventually a crossover leads torggime, i.e., the formation of domains on a typical wave
growth law corresponding t6'® in the scalar case. These Vector ko=[[XN—2/(1=W¥5) ]/ (2N{x\*+ o?/[9(1
findings suggest that the deep quench condition strongly in—¥2)11)]¥2. When the linear regime ends, the behavior in
hibits the usual coarsening mechanism of evaporation anthe three cases is markedly different. For the shallow quench
condensatiofassociated with an exponent 1[3] and more  coarsening starts and the typical size quickly reaches the
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) ] FIG. 3. Plot of the time evolution of the structure factor for the
FIG. 1. Plot of the inverse of the rescaled first moment of thedeep off-critical quencmthin solid |ine$ a|0ng with the expression
structure factor as a function of rescaled time, for the three types ofor the pinned structure factor computed in the langkmit (thick
quench performed. dashed ling

asymptotic growth lavi*®. This evolution is the same found continuous structure of the symmetric composition coarsens
for the CH equation and indicates that the dominatingin time, during the same time interval droplets remain almost
mechanism is the usual evaporation and condensation @fnaltered in the off-critical case. The evolution of the struc-
molecules. For the deep critical quench, the time dependenagre factor in the deep off-critical quench is plotted in Fig. 3,
of 1/k4(t) is similar to the pre.vio.us case, with the remarkableamng with Cgin(g)' the analytic expression for the structure
d|fferen_ce that the asymptotic time exponent is very _clos_e Qactor in the pinned stage of the largelimit [11]. One

1./4' This points out that coarsening 1s tal_<|ng place V'a_d'ffu'clearly sees that, after the linear stage where the position of
sion of molecules along interfacgs2]. A different behavior . . . -

is found for the deep strongly off-critical quench: After the the growing peak is fixed, the evolution stops @.d"t)

linear regimek(t) remains practically constant; only for the remains practically constant. Only f(_)r the longest times con-
longest times of our computation can a very moderate in-Sldered does an _appremable_ eyoluﬂon resume for small mo-
crease in the typical size be spotted. This proves that bot enta. The d“ra“of‘ O.f the pinning phenomenon grows when
coarsening mechanisms are strongly inhibited in this regio e quench d‘?Pth is increased. The_ agreer_nent k_)etween_the
of the phase diagram. The slight final increase is very likel orms of the pinned structure factor in j[he su”_nu!atlon and n
the first sign of a crossover to an asymptotic power IaWthe analytical corzpu'aatpn Is only partlal. Th_'s _'S explained
growth due to the residual evaporation. The difference beby the fact thatCy;,(k) is computed in the limityN=ce,
tween critical and off-critical deep quenches is made moravhile YyN=10 in the simulation. The agreement is expected
evident in the snapshots presented in Fig. 2: While the bito improve as deeper quenches are considered. For instance,
the positionk, of the maximum ofC(k,t) in the simulation
converges, agN goes tox, to the peak positiofkg = 1/42

of Cpip-

The numerical results presented above contribute to the
clarification of an issue that has originated some debate in
recent years: the behavior of a phase-separating mixture de-
scribed by the FHDG free energy and in particular the pos-
sibility for such a model to exhibit a noticeable slowdown
for sufficiently off-critical quenches. The results confirm the
physical picture obtained from the largeapproximate solu-
tion: the continuum model for phase separation with the
FHDG free energy functional can undergo a temporary pin-
ning during its time evolution. The crucial additional condi-
tion which was not taken into account by previous studies is
that deep off-critical quenches must be considered. When the
quench is deep the evaporation-condensation mechanism,
which usually governs phase-separation, is strongly sup-
pressed. For critical quenches this suppression leads to the
dominance of the other growth process, diffusion along in-

FIG. 2. Snapshots of a system for times corresponding (tp terfaces, and is reflected by the change in the growth expo-
— xs)%t/xs around 16 (left column and 10 (right column in the  nent fromz=3 to z=4. For sufficiently off-critical concen-
deep critical(botton) and deep off-criticaltop) cases. trations interfacial diffusion is also inhibited, because
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droplets of the minority phase formed during the linear re-during the linear regime. However, the much faster growth
gime are isolated and almost spherical, so that no reductiolaw in experiments signals that in real systems different
of t_he interfacial free energy can be obtained via simple dif-coarsening mechanisms are at work. In particular, the large
fusion of molecules along domain walls. As a consequenceyalue of the exponent suggests that advection may be impor-
phase separf_;\tlon IS pmned._ _ _ tant. Therefore hydrodynamical effects must in some way be
Once the issue of the existence of a pinned stage in thigicluded to have an accurate modeling of experimental re-
model has been settled and we know the parameters contrajyits, Progress in this direction has been accomplished re-
ling the occurrence of the slowdown, it is natural to comparezengly [13].
our findings with recent experimental studigsS] that re- In summary, our results show that a stopping of phase
ported pinning in phase-separating polymeric blends. It tumge 4 ation in binary polymer blends can be produced by the
out that some features differ between the behavior of th%ontinuum model based on the FHDG free energy, and pre-
model and real systems. The most relevant d|ff_erence IS thgict the possibility of observing pinning even in extremely
value of the exponent for domain 9.“.’Wth- Experiments ShoV\(/iscous polymer mixtures, where hydrodynamics can be ne-
a fast 9“?“.““ witte close to 1, for grﬂu_:al quenc_hes and glso glected. It would be very interesting to find out whether it is
for off-critical quenches before pinning sets in. This is at ossible to devise an experimental system exhibiting a pin-

odds with the behavior of the present model, which exhibits . .
much smaller values of 4/for critical quenches and no hing phenomenon of the type predicted by the present model.

coarsening at all before the onset of pinning for off-critical F.C. thanks M. Cirillo and R. Del Sole for their hospitality
concentrations. The absence of domain growth in the latteat Rome University. He acknowledges partial support from
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