
JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 12 22 MARCH 2002
Critical length and time scales during the initial stages of nucleation
in polymer blends

A. A. Lefebvre, J. H. Lee, and N. P. Balsara
Department of Chemical Engineering, University of California, Berkeley, California 94720

B. Hammouda
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

~Received 1 October 2001; accepted 29 January 2002!

The initial stages of nucleation during liquid–liquid phase separation in polymer mixtures were
studied by time-resolved small angle neutron scattering. The time required for nucleation vanishes
exponentially as the stability limit~spinodal! is approached. The critical nucleus size decreases
monotonically with increasing quench depth and remains finite at the spinodal. Our data differ
qualitatively from theoretical predictions. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1463056#
a
si

a
n
n
ei
m
r
al
o
f

tin
em
th

-
h

sc
to
m

ga
en
e
d

.
tia
m
rs

d
a

it
b

1

ed
n-

.
B1,
nt
ion
e
ity

rted
ing

ce-

of
en

of
ig.

e
og-
the

g
og-
eti-
tion

ame
ex-
Nucleation is a universal process for transforming
metastable phase into the stable equilibrium phase. Clas
nucleation theory1,2 and more recent extensions3–7 provide a
unified framework for describing diverse phenomena such
boiling, crystallization, condensation, magnetization, a
liquid–liquid phase separation. In theory, these phase tra
tions are triggered by the formation of microscopic nucl
Whether or not nucleation will occur in a given syste
hinges on the characteristics~size, fractal dimension, orde
parameter, etc.! of the smallest viable nucleus or the critic
nucleus and the pathways available for its formation. In m
systems, however, the subtle processes that lead to the
mation of critical nuclei have escaped experimental scru
~e.g., Ref. 8!. Consequently, we are not aware of any syst
wherein the experimentally determined characteristics of
initial stages of nucleation are compared with theory.

It has been recognized9–11 that polymer systems are ide
ally suited for studying the kinetics of phase transitions. T
large molecular size enables detection of small clusters
molecules using techniques such as small angle neutron
tering ~SANS!. In addition, kinetic processes are slow due
the entanglement of polymer chains and this enables ti
resolved measurements. In a previous paper,12 we demon-
strated how these features could be exploited to investi
the initial stages of nucleation in a series of multicompon
polymer mixtures. Unfortunately, a direct comparison b
tween theory and experiment was not possible because
tailed theories of nucleation1–7 are limited to binary systems
In this paper we present data obtained during the ini
stages of nucleation in a binary polymer mixture. We co
pare theory and experiment with no adjustable paramete

Partially deuterated polymethylbutylene (dPM) and hy-
drogenous polyethylbutylene (hPE) homopolymers were
synthesized and characterized using methods describe
Ref. 13. The polymers were purified by filtering through
0.2 mm filter and precipitation. The numbers of repeat un
per chain in the two components were determined to
NhPE54260, and NdPM53357~based on a 100 Å3 repeat unit
4770021-9606/2002/116(12)/4777/5/$19.00
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which is the basis for all of the parameters reported here!, the
average number of deuterium atoms per repeat unit indPM
was 4.5. The radius of gyration (Rg) of both dPM andhPE
chains were 1661 nm.12 We prepared two binary blends, B
and B2, with dPM volume fractionsf50.161 and 0.099,
respectively. The blends were studied by time-resolv
SANS on the NG3 beamline at the National Institute of Sta
dards and Technology~NIST! in Gaithersburg, Maryland
One four-day experimental run was performed on blend
and two four-day experimental runs, using two differe
samples, were performed on blend B2. Data acquisit
times for each SANS profile ranged from 2 to 30 min. W
report the azimuthally averaged raw scattering intens
~without background correction!, I, as a function ofq @q
54p sin(u/2)/l, u is the scattering angle, andl, the wave-
length of the incident neutrons, was 14 Å#. Separate experi-
ments with analogous blends show that the smallest repo
I (q) is a factor of 15 larger than the background scatter
~including empty cell and incoherent scattering!. Details re-
garding instrument configuration and data reduction pro
dures are similar to our previous studies12 and will be given
in a full paper.14

The equilibrium thermodynamic properties of blends
the dPM and hPE polymers used in this study have be
thoroughly investigated.15 The temperature and pressure~T
and P! dependence of the binodal and spinodal curves
blends B1 and B2, determined in Ref. 15, are shown in F
1. Also shown in Fig. 1 are theT, P values where the phas
separation kinetics were studied. The blends were hom
enized at the start of each experiment by heating above
binodal temperature at atmospheric pressure~109 °C for B1
and 79 °C for B2!. Homogenization was verified by ensurin
that the SANS profiles measured at the end of the hom
enization step were in quantitative agreement with theor
cal predictions based on the random phase approxima
and previously reported measurements.15 We were able to
perform multiple phase separation experiments on the s
sample because homogenization of PM/PE blends is
7 © 2002 American Institute of Physics
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tremely rapid~requiring less than 10 min!.16 The homog-
enized blends were then cooled under isobaric condition
the temperature of interest and then subjected to an iso
mal pressure quench to obtain the desiredT andP.

The SANS profiles were monitored throughout the en
quenching process. In all cases, no evidence of nuclea
was observed prior to the pressure quench (t502). We thus
define time zero (t50) as the time at which the pressu
quench was initiated. Most of our quenches were locate
the metastable region of the phase diagram, between the
odal and spinodal curves~Fig. 1!. However, we did conduc
one experiment inside the spinodal@Fig. 1~a!#.

Typical SANS data obtained during the initial stages
phase separation are shown in Fig. 2. In Fig. 2~a! we show
the data obtained from sample B1 inside the spinodalT
548 °C, P50.86 kbar). We see relatively rapid phase se
ration and the development of a scattering peak atqpeak

50.035 nm21. In contrast, no scattering peaks were o
tained in any of the quenches located outside the spino
An example of such data is shown in Fig. 2~b! where we
show data obtained from sample B2 atP51 kbar at quench
temperatures of 35 °C. All of the data obtained from t
metastable systems were qualitatively similar to that sho
in Fig. 2~b! except the shallowest quench (T564 °C) per-
formed on blend B2 where no change in the SANS inten

FIG. 1. Phase diagrams for blends~a! B1 and~b! B2 showing temperature
(T) vs pressure~P! for binodal and spinodal curves taken from Ref. 15. T
filled diamonds represent the locations where phase transition kinetics
studied. The crosses represent the location of the spinodal correspond
each kinetic experiment.
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was found up tot51000 min. In the remainder of the pape
we focus on the deeper quenches where significant cha
in the SANS profiles were recorded.

In the inset of Fig. 3, we show the time dependence
I (q50.021 nm21) after quenching blend B2 toT535 °C,
P51 kbar@the same data set shown in Fig. 2~b!#. We see two
dominant regimes: the nucleation stage (t,450 min)
wherein the increase inI was slow and within experimenta
uncertainty, and the late stage (t.450 min) whereinI in-
creases rapidly.17 In systems with significant nucleation ba
riers, one expects a slow nucleation process followed b
rapid growth process. We define the nucleation timetnucl to
be the time window within which the changes inI are com-
parable to experimental uncertainty~Fig. 3 inset!. We deter-
minedtnucl for all of the quenches, and our results are sho
in Fig. 3 where we show the quench depth dependenc
tnucl for both samples, B1 and B2. The abscissa in Fig. 3
x/xs wherex is the Flory–Huggins interaction parameter
theT andP values at which the phase separation experime
were carried out andxs is the value ofx at the spinodal
located by crosses in Fig. 1. The dependence ofx for
dPM/hPE mixtures onT, P is given in Ref. 15. Figure 3
shows that the nucleation time decreases exponentially a
spinodal is approached. The results in Fig. 3 are in reas
able agreement with expectations becausetnucl is related to
the activation barrier that must be overcome by nucleati

re
to

FIG. 2. Time dependence of the SANS intensity vs scattering vectorq of
blends~a! B1 at T548 °C, P50.86 kbar, and~b! B2 at T535 °C andP
51 kbar.
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4779J. Chem. Phys., Vol. 116, No. 12, 22 March 2002 Initial stages of nucleation in polymer blends
and this barrier is believed to vanish at the spinodal. T
curve in Fig. 3 is the least squares fit of an empirical eq
tion tnucl/t05exp@2B(x/xs21)#21 through the data. The
parameterB, which is 13.4 for our system, describes t
quench depth dependence of the nucleation barrier.

More insight into the nucleation process is gained
examining theq-dependence of the SANS profiles~Fig. 2!.
To our knowledge, theoretical predictions for the structu
factor during the initial stages of nucleation do not exi
Based on considerations given in Ref. 12, we used
Ornstein–Zernike~OZ! equation for analyzing the data ob
tained during the initial stages of nucleation (t,tnucl):
I (q)5I 0 /@11q2j2#. The curves in Fig. 2~b! are least
squares OZ fits through the 0.02 nm21<q<0.08 nm21 data.
In Figs. 4~a! and 4~b! we show the time dependence ofI 0

andj, respectively, obtained at different quench depths. I
evident that a broad spectrum of behaviors is observed: D
quenches lead to rapid changes inI 0 and j while shallow
quenches lead to slow changes inI 0 and j. In Fig. 4~c! we
plot I 0 versusj obtained at the same timet, normalized by
the pre-quench values of these variables~at t502!. In spite
of the fact that the phase transition kinetics are strongly
pendent on quench depth@see the dependence oftnucl on
quench depth in Fig. 2~b! and the time dependencies ofI 0

and j in Figs. 4~a! and 4~b!#, we find that all of the data
collapse when plotted in the format used in Fig. 4~c!. This is
expected if one assumes that the underlying mechanism
the phase transition is the same for all of the quenches sh
in Fig. 4. Further, the observed scaling is not very differe
from I 0;j0.5. A least squares fit through the data givesI 0

;j0.5860.04 @line in Fig. 4~c!#. Since the observed scaling
similar to that expected from mean-field concentrat
fluctuations,18 the data in Fig. 4 suggests that nucleation o
curs homogeneously by the amplification of concentrat
fluctuations. Homogeneous nucleation is expected for d
quenches in the vicinity of the spinodal~Fig. 1!. The main

FIG. 3. The dependence oftnucl on quench depthx/xs for blends B1 and
B2. The curve is the least squares fit of the equationtnucl /t05exp
@2B(x/xs21)#21 through the data which givest0516.2 min and B
513.4. Inset: Determination of the nucleation timetnucl of blend B2 atT
535 °C andP51 kbar from the time dependence of the SANS intens
I (q50.021 nm21), and the horizontal line shows the mean value ofI for
t<tnucl .
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characteristic that distinguishes homogeneous nuclea
@Fig. 2~b!# from spinodal decomposition@Fig. 2~a!# is the
absence of a dominant length scale, i.e., a scattering p
during nucleation.

A common feature of all of the SANS profiles obtaine
during the early stages is that they merge at a critical s
tering vectorqc ~see arrows in Fig. 2!; the SANS intensity at
q.qc is independent of time during the early stage of pha
separation. Since the formation of structures with a char

,

FIG. 4. The time dependence of the Ornstein–Zernike parameters durin
early stages of nucleation.~a! I 0 vs t. ~b! j vs t. ~c! I 0 vs j, normalized by
their pre-quench values. Sample B1-crosses: 0.19 kbar, circles: 0.27
squares: 0.34 kbar, upside down triangles: 0.38 kbar, open diamonds:
kbar, and solid diamonds: 0.51 kbar. Sample B2-solid triangles: 40 °C,
the pluses and open triangles: two separate 35 °C quenches. The line~c!
is the least-squares power law fit through the data. Error bars indicate a
age uncertainty in parameters.
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teristic lengthj will lead to an increase in scattering at sca
tering vectorsq'1/j, the lack of an increase in scattering
the rangeq.qc indicates the absence of growing structur
with characteristic lengths smaller than 1/qc .12 The data thus
suggest that the merging of the scattering profiles is a sig
ture of the critical nucleus, and its size (ignoring prefactor
Rc51/qc . The scaling law established in Fig. 4~c! indicates
that the same prefactor applies to all of the quenches. W
we do not suggest that our interpretation is unique, it is d
ficult to envision other physical processes that would lead
the observed changes in SANS.

We use the following procedure to determine the po
tion of qc . The change in the scattering intensity with time
each value ofq is quantified by calculatings(q), the stan-
dard deviation ofI in the time intervalt<tnucl. Typical re-
sults are shown in the inset of Fig. 5. We used the two-l
least squares fitting procedure, described in Ref. 12, to fit
s versusq data and obtain the two lines shown in the Fig
inset. The location of the intersection of the two lines giv
qc . In Fig. 5 we show the dependence of the critical len
scale on quench depth by plotting (Rg /Rc)

2 versusx/xs . It
is evident thattnucl, for both blends depends only onx/xs

~Fig. 3!, whereasRg
2/Rc

2 depends both onx/xs andf ~Fig.
5!. Also shown in Fig. 5 are theoretical predictions f
(Rg /Rc)

2 for the mean field theory of polymer blends:3,19,20

S Rg

Rc
D 2

5S 2xN

0.73D
2

f~12f!S 1

2
2

1

2
A12

2

xN
2f D

3SA12
2

xND ~x/xs,1, i.e., nucleation! ~1!

FIG. 5. A plot of (Rg /Rc)
2 vs quench depthx/xs for blends B1 and B2,

whereRg is the radius of gyration of the chains andRc is the critical nucleus
size. The solid lines are least squares fits through the data. The dashed
are theoretical predictions@Eqs. ~1! and ~2!#. The theoretical curves for
blends B1 and B2 in the nucleation regime are nearly indistinguishabl
the range of interest~ordinate difference is less than 0.03!. For simplicity, a
single curve~the average of the two theoretical curves! is shown. Arrows
indicate the value ofx/xs at the binodals of blends B1 and B2. Inset:s
~standard deviation ofI! vs q for B2 quenched toT535 °C and P
51 kbar with the two line least squares fit. Error bars indicate aver
uncertainty in parameters.
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(x/xs.1, i.e., spinodal decomposition). ~2!

Equation ~1! only applies for deep quenches near t
spinodal.3

As shown in Fig. 5, the mean-field theory of pha
separation3 predicts anincreasein Rc with increasing quench
depth in the nucleation regime (x/xs51) ending in a diver-
gence ofRc at the spinodal. In contrast, the experimenta
determinedRc values in Fig. 5decreasewith increasing
quench depth. The solid lines, in Fig. 5, are least-squa
linear fits through the data. Extrapolations of the data sugg
a divergence ofRc at x/xs values of 0.72 and 0.63 for blend
B1 and B2 respectively. These values are well removed fr
the divergence anticipated by the mean-field theory atx/xs

51. The experimentally determined points of divergence
roughly halfway between the binodal and spinodal poi
~Fig. 5!. The nucleation mechanism that we have identifi
thus appears to have a limited range of applicability~0.72
,x/xs,1 for B1 and 0.63,x/xs,1 for B2!. Note that our
experiment on blend B2 atx/xs50.57@shallowest quench in
Fig. 1~b!# showed no evidence of nucleation in the 1000 m
experimental window. Thus nucleation at shallow quen
depths~x/xs,0.72 for B1 andx/xs,0.63 for B2! is trig-
gered by processes with different characteristic length
time scales than those that we have identified.

In summary, we have studied nucleation in a bina
polymer mixture. Systematic studies of nucleation are of
thwarted by the overwhelming role of uncontrolled foreig
objects like dust and defects in container walls. It appe
that such problems have been circumvented in our exp
ments because of the chemical similarity of the blend co
ponents: both components are long alkanes and thus the
no significant preferential affinity for typical uncontrolle
foreign objects. This enables measurement of the que
depth dependence of the critical length and time scales
volved in nucleation. Many aspects of our data are qual
tively inconsistent with current theories. In particular, w
find that the length scale of the nucleating entities do
increase~or diverge! as the spinodal is approached. We ho
that our results will guide the development of a quantitat
understanding of the initial stages of nucleation.

The authors thank K. Binder for educational discussio
and the National Science Foundation~Grant No. CTS-
0196066! for financial support. The SANS instrument is su
ported by Grant No. DMR-9986442 from the National Sc
ence Foundation to NIST.21
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