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ABSTRACT: The initial stages of liquid-liquid phase separation in an off-critical binary polymer blend were
studied by time-resolved small-angle neutron scattering (SANS). Phase separation is triggered by quenching
homogeneous blends from the single-phase to the two-phase region of the phase diagram. Our objective was to
determine the size of the critical nucleus,Rc, over a wide range of quench depths,κ. We present results obtained
from two-step quenches. In the first step, the blend is subjected to a deep quench,κ′, for a brief period of time.
This is followed by a reduction in quench depth toκ. One can view the first quench as a perturbation. We
demonstrate that under certain conditions the only effect of the perturbation is to hasten nucleation kinetics atκ.
This allows the determination ofRc at low quench depths near the binodal, where nucleation barriers preclude
the formation of viable nuclei after single-step quenches on experimental time scales. Our experiments at large
κ provide no evidence for a change in phase separation mechanism upon crossing the classical spinodal.

Introduction

Predicting the kinetics of commonly observed phase transi-
tions such as boiling, crystallization, and liquid-liquid phase
separation from first principles remains an important unresolved
scientific challenge.1-14 These first-order phase transitions are
characterized by free energy barriers (∆GN) that prevent the
spontaneous formation of the new phase. Classical nucleation
theory assumes that this barrier is crossed by the formation of
nuclei that are larger than a certain critical size (Rc). It is
assumed that the size of the nucleus (R) is the relevant “reaction
coordinate” for describing nucleation, and the typical depen-
dence of∆GN on R is shown in Figure 1.∆GN is peaked atR
) Rc, and the peak height gives the magnitude of the nucleation
barrier. Both the barrier height andRc increase with decreasing
quench depth,κ, and tend to infinity as the binodal (coexistence
curve) is approached. For the present purposes, quench depth
is defined as the “thermodynamic distance” between the
coexistence curve and metastable state of interest.15 The time
scale for the formation of a critical nucleus increases sharply
near the binodal, making experimental observation difficult.

In previous studies,10,16-20 we have shown that the initial
stages of nucleation in metastable polyolefin blends can be
studied by time-resolved small-angle neutron scattering (SANS).
Phase separating polyolefin blends are ideally suited for
investigating the initial stages of nucleation17 because: (1) The
equilibrium properties of the polymer blend are in excellent
agreement with the predictions of the Flory-Huggins theory.
This enables quantitative predictions of the dependence ofRc

on quench depth. (2) Nucleating clusters can readily be detected
by scattering techniques due to the large molecular size. (3)
Because of entanglement effects, the kinetics of nucleation
are slow and can thus be readily tracked by time-resolved
measurements.

In all nucleation studies, the range of conditions over which
nucleation kinetics can be measured depends on experimental
limitations. The upper limit of quench depth is determined by

the shortest time scale, and the smallest length scale that can
be resolved by the experiment. In this paper we show that there
is essentially no upper limit for the quench depth that can be
studied in our system. In other words, the kinetics of nucleation
at very large quench depths and the size of the nuclei found in
this regime are well within experimental resolution. The lower
limit of quench depth is determined by the longest possible
experiment that can be conducted and the largest length scale
that can be resolved experimentally. In this paper, we demon-
strate a method for extending the lower limit of the quench depth
where nucleation can be observed. We do this by imposing
carefully designed perturbations on the metastable systems.

In Figure 1, we show∆GN(R) curves for two hypothetical
quench depthsκ′ andκ; κ < κ′. Direct quenches from a stable
state to metastable states with quench depthsκ andκ′ would
lead to the formation of critical nuclei of sizesRc andRc′ (Rc′
< Rc), respectively, as shown in Figure 1. Our interest is in
two-step quenches wherein the system is first quenched toκ′
for a brief period of time and then quenched toκ. One can view
the first quench as a perturbation. By comparing the results
obtained from single-step and two-step quenches toκ, we will
study the effect of this perturbation on the nucleation process
at quench depthκ. The first quench toκ′ will breed a population
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Figure 1. Classical nucleation theory predictions for the change in
free energy for the formation of a nucleus of sizeR (qualitative plots)
for different quench depthsκ andκ′ (κ < κ′).
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of nuclei with sizesR > Rc′. Some of these nuclei,Rc′ < R <
Rc, are, however, not viable during the second quench toκ. If
the time spent atκ′ is sufficiently small and the extent of phase
separation during this step is limited, then we expect to observe
the dissolution of nuclei withRc′ < R < Rc during the second
quench. Our objective is to design experiments where the
perturbative quench toκ′ only hastens nucleation atκ. In such
an experiment, the concentration of critical nuclei after the two-
step quench would eventually be identical to that obtained after
a direct quench toκ. Beyond this stage, one could apply methods
developed for analyzing direct quench experiments10,19 to
determineRc. We use this approach to determineRc at smallκ
values where activation barriers are large, and nucleation after
single-step quenches does not occur on experimentally viable
time scales.

Experimental Section42

We have studied an off-critical, binary blend of high molecular
weight liquid polyolefins, deuterated polymethylbutylene (dPMB)
and hydrogenous polyethylbutylene (hPEB). The methods used to
synthesize and characterize these nearly monodisperse homopoly-
mers are described in refs 21 and 22. The weight-average molecular
weights are 153 kg/mol (dPMB) and 197 kg/mol (hPEB). The radii
of gyration of both chains are 15.4( 1.0 nm. On average, there
are 4.5 deuterium atoms for every five carbon atoms indPMB.
The results reported here are from a blend withdPMB volume
fraction, φdPMB ) 0.20. Our polymers are much larger than the
threshold for chain entanglement.23

The blend was studied by small-angle neutron scattering (SANS)
on the NG3 beamline at the National Institute of Standards and
Technology (NIST) in Gaithersburg, MD. The blends were housed
in the NIST pressure cell, capable of controlling pressure (P) and
temperature (T) in the 0.03< P < 3.10 kbar and 30< T < 200°C
range. The azimuthally averaged coherent scattering intensity,I,
as a function of the magnitude of the scattering vector,q [q )
(4π/λ)sin(θ/2), where θ is the scattering angle andλ is the
wavelength of the incident neutrons], was obtained by methods
reported in ref 21. Static SANS enabled the thermodynamic
characterization of our system, while time-resolved SANS enabled
the study of nucleation.

We report the results from two types of quench experiments:
single-step and two-step quenches. In the past, we have reported
extensively on the results from single-step quench experiments.10,17-20

This is the traditional nucleation experiment wherein a sample in
the stable one-phase region is quenched into the two-phase region
by an increase in pressure. In the two-step quench experiments,
we quench the system to a quench depth,κ′, wait for a certain
amount of time,τ1, and then carry out the second step, by reducing
the quench depth of the sample toκ. Isothermal pressure quenches,
executed in less than 2 min, were used to quench the sample from
one state to the other.

Theoretical Framework

The SANS intensity from a polymer blend at a given
temperature and pressure is

where bi is the neutron scattering length of a monomer in
polymer chaini with a monomer volumeVi, andS(q;t) is the
static structure factor of the blend at timet after the initiation
of the quench from the homogeneous one-phase region.

For a homogeneous blend, the time-independent static
structure factor is given by the random phase approximation
(RPA)24

whereø is the Flory-Huggins interaction parameter,Ni is the
number of monomer units with volumeVi in polymer chaini,
V0 is a reference volume (here 100 Å3), φi is volume fraction of
polymer i, andPi(q) is the corresponding Debye function

wherex ) q2Rgi
2. Rgi

2 ) RNili,ref
2/6, whereli,ref is the statistical

segment length at a reference pressure and temperature of 25
°C and 0.1 MPa determined for PMB and PEB chains in ref
21. In the RPA analysis of the static SANS profiles,ø andR
are used as the fitting parameters.25 (The statistical segment
length obtained from our fits are typically within 10% of the
literature values.)

Knowledge of the temperature and pressure dependencies of
ø permits a complete thermodynamic description of the blend
using the Flory-Huggins theory,26-28 where the free energy
density of mixing (Gm) is

whereâ ) 1/ kBT andkB is the Boltzmann constant. The binodal
is found by equating the chemical potentials between phases,
µ1

I ) µ1
II andµ2

I ) µ2
II, where the superscripts denote phase I

or II and the subscripts refer to the components of the blend.
Within the Flory-Huggins framework, the spinodal or the limit
of metastability is unambiguously defined for a given temper-
ature and pressure (below the critical point) as the locus of
inflection points of the functionGm(φ1).29,30

We define a normalized quench depthκ as

where øb is the value of the Flory-Huggins interaction
parameter at the binodal andøs is its value at the spinodal. Our
quench depth is thus normalized to be 0 at the binodal and 1 at
the spinodal.

Results and Discussion

In order to obtainø(T,P), we perform static SANS measure-
ments in the homogeneous one-phase region and then use the
random phase approximation (eqs 1-3) to fit the scattering
profiles. Using ø(T,P) thus obtained and using the Flory-
Huggins theory, we can obtain the binodal and spinodal curves
as described in the previous section. These curves for ourdPMB/
hPEB blend withφdPMB ) 0.20 are shown in aT vs P phase
diagram in Figure 2. The methods and parameters used to
determine this diagram are given in ref 31 and summarized in
Table 1. The symbols in Figure 2 indicate the conditions under
which phase separation was studied; the diamonds show the
location of the single-step quenches while the squares show the
final step of the two-step quenches. The values ofκ for each of
the quench conditions shown in Figure 2 are listed in Table 2.
Note that there are a number of metastable states that were
studied both by single-step and two-step quenches.

Prior to each experiment, the blend was homogenized in the
one-phase regime atT ) 86.5°C andP ) 0.03 kbar. The blend
was then cooled isobarically to the desired quench temperature,

I(q;t) ) (b1/V1 - b2/V2)
2S(q;t) (1)

SRPA(q) ) [(N1V1φ1P1(q))-1 +

(N2V2φ2P2(q))-1 - 2ø/V0]
-1 (2)

Pi(q) ) [2/x2][e-x + x - 1] (3)

âGm ) [φ1 ln φ1/(V1N1)] + [(1 - φ1) ln(1 - φ1)/(V2N2)] +
[ø(T,P)φ1(1 - φ1)/V0] (4)

κ(T,P;φ1) )
ø(T,P) - øb

øs - øb
(5)
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59, 49, or 40°C. The SANS profile obtained prior to the
pressure quench shows no evidence of phase separation.
Nucleation was triggered by an isothermal pressure quench to
the desired pressure. We definet ) 0 as the time at which the
pressure quench was initiated.

In Figure 3, we show the time-resolved SANS profiles
obtained from single-step quenches at a variety of quench depths
at T ) 59 °C. Figure 3a shows data obtained at selected times
for t < 412 min atP ) 1.31 kbar, i.e.,κ ) 0.52. The SANS
profiles are time-independent at allq values. Hence, we conclude
that atκ ) 0.52, which is roughly half way between the binodal
and the spinodal, the nucleation barrier is too large for nucleation
to be observed during experimental time scales. Figure 3b shows
the results at a quench depth ofκ ) 0.60. Here, the intensity
increases with time for smallq (large structures) and is
independent of time (after an initial relaxation period32) for large
q (small structures). The division between these two regimes
of behavior is marked by the critical scattering vector,qc. This
qualitative behavior is seen at all higher quench depths. In Figure
3c, we show data obtained just inside the classical spinodal at
κ ) 1.06. Scattering peaks are obtained outside the spinodal
(Figure 3b), at the spinodal (Figure 3c), and inside the spinodal
(not shown for brevity). For theκ ) 0.60 quenchqc ) 0.046
nm-1 (Figure 3b), while for theκ ) 1.06 quenchqc ) 0.086

nm-1. We have established thatqc is a signature of the critical
nucleus size,Rc ) 2π/qc. We use method 2 of ref 19 to
determineqc from the SANS data.

During the early stages of nucleation, the SANS intensity,I,
increases linearly with time forq < qc. During the later stages,
the SANS intensity increases more rapidly and theI vs t curves
are nonlinear. The time required to complete the early stage,
τE, was determined using methods described in refs 19 and 33.
All of the data shown in Figure 3 correspond tot < τE.

Figure 2. Temperature vs pressure phase diagram for theφdPMB )
0.20 blend. Diamonds and squares represent single-step and two-step
quench experiments, respectively. The dotted line demarcates pressures
below which single-step quenches were ineffective on experimental
time scales.

Table 1. Dependence ofø on Temperature at Selected Pressures
(with a Reference Volume of 100 Å3); ø ) A + B/T + C/T2

P (kbar) A B (K) C (K2)

0.03 0.001 73 -1.154 271.85
0.62 0.001 81 -1.306 324.86
1.24 0.003 24 -2.477 569.47
1.86 0.001 58 -1.339 384.34
2.48 0.000 027 3 -0.225 192.80
3.10 0.001 98 -1.800 517.40

Table 2. Experimental Conditions and Corresponding Quench
Depths

T (°C) P (kbar) κ T (°C) P (kbar) κ

59 0.62 0.25 59 2.00 0.79
59 0.90 0.36 59 2.34 0.93
59 1.10 0.44 59 2.69 1.06
59 1.31 0.52 59 3.03 1.20
59 1.52 0.60 49 2.69 1.36
59 1.72 0.69 40 2.69 1.68

Figure 3. Time-dependent scattering intensity,I, vs q obtained for
single-step quenches at 59°C and (a) 1.31, (b) 1.52, and (c) 2.69 kbar.
The arrows indicate the locations ofqc.
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The analysis for determiningqc andτE was repeated for all
of the single-step quenches that led to detectable phase
separation, and the results are summarized in Figure 4. In
Figure 4a we show the dependence ofqc on κ. It is evident that
qc is a smooth and monotonic function ofκ in the range 0.60e
κ e 1.68. Figure 4b shows the dependence ofτE onκ.34 At low

quench depths,τE is expected to be large because the thermo-
dynamic driving force for nucleation is low. At large quench
depths, kinetic factors take over because molecular motion slows
down due to reduced temperature and increased pressure. The
nonmonotonic dependence ofτE on κ is thus not surprising.
Because of lack of knowledge of the effect of pressure on
molecular motion, we are unable to separate the effect of
thermodynamic and kinetic factors onτE. It is evident from
Figure 4 that the combination of thermodynamic and kinetic
factors makes studying phase separation kinetics at large quench
depths relatively easy with our experimental system; the data
in Figure 4 extend deep into the spinodal (κ ) 1.6) where
both qc and τE are well within experimental resolution.
On the other hand, our ability to explore small quench depths
is limited by the steep increase inτE with decreasing quench
depth (Figure 4b).

In Figure 5, we summarize the data obtained during the initial
stages (t < τE) of the single-step quench experiments by plotting
[I(q;τE) - IRPA(q)] vs R/Rc [) qc/q]. IRPA(q) is calculated from
eqs 1-3 usingø(T,P) values in accordance with Table 2. The
ø parameters for theT andP values where phase separation is

Figure 4. Variation of (a) the critical scattering vector,qc, and (b) the
time required to complete the early stage of nucleation,τE, with quench
depth,κ, for single-step quenches.

Figure 5. Excess scattering profile,I(q;τE) - IRPA(q), obtained at the
end of the initial stages of phase separation plotted vs the reduced
nucleus size,R/Rc, for single-step quenches.Rc values for ineffective
single-step quenches (κ e 0.52) were obtained subsequently from two-
step quenches.

Figure 6. (a) Time dependence of the scattering intensity,I, vsq during
the transient period (see text) of a two-step quench fromκ′ ) 1.06 (τ1

) 90 min) toκ ) 0.60. Plus symbols (+) represent the final scattering
profile obtained atκ′ ) 1.06, and arrows indicate the critical scattering
vectors, qc′(κ′) and qc(κ), obtained from independent single-step
quenches (Figure 3), (c) and (b), respectively. (b) Time dependence of
the scattering intensity,I, vs q following the transient period of the
two-step quench. The arrow indicates the critical scattering vector,qc,2,
obtained from data covering the time span shown.
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observed are thus extrapolations of data obtained from one-
phase systems. Theø parameters determined from the present
system are in good agreement with the previous studies.31,35-37

We note in Figure 5 that forR/Rc < 1.0 values of [I(q;τE) -
IRPA(q)] scatter around zero; i.e., in this regime the scattering
profiles obtained from our blends are identical to the RPA
predictions for homogeneous blends. On the other hand,
[I(q;τE) - IRPA(q)] is significantly larger than zero for all of
the quenches withκ g 0.60 (all viable quenches), whenR/Rc

> 1.0.
In Figure 6 we showI(q;t) vs q at selected times for a two-

step quench toκ ) 0.60, following a single-step quench to
κ′ ) 1.06 for τ1 ) 90 min. The profile fort ) 85 min is the
last profile obtained during the first step atκ′ ) 1.06 and is
similar to thet ) 91 min profile shown in Figure 3c. In Figure
6a we show two critical scattering vectorsqc′ andqc; qc′ is the
critical scattering vector for the first step (Figure 3c), andqc is
the critical scattering vector obtained from a single-step quench
directly to κ ) 0.60 (Figure 3b). The data in Figure 6a show
that I(q;t) in the range of scattering vectors,qc e q e qc′
decreases after the quench depth is changed fromκ′ to κ. This
may be regarded as thetransientstage where the nucleation
process adjusts to the change in quench depth fromκ′ to κ. In
Figure 6b we show data obtained after this transient stage is
completed (t ) 165 min). The time-dependent scattering profiles
in Figure 6b are very similar to those obtained after a direct
quench toκ ) 0.60 (Figure 3b). The critical scattering vector

for the second quench, which we callqc,2, is indicated by the
arrow in Figure 6b (qc,2 ) 0.052 nm-1). qc,2 was obtained by
the same methods that were used to determineqc in Figure 3b
(and all single-step quenches) except for the fact that the
scattering profiles used in this analysis cover the time scale
shown in Figure 6b; i.e., times after the transient stage are
completed but before the completion of the early stage of
nucleation. The value ofqc,2 obtained from the two-step quench
is very similar to that obtained from the single-step quench to
κ ) 0.60, which gaveqc ) 0.050 nm-1 (the average value for
three separate single-step quenches toκ ) 0.60).

We conducted a series of two-step quenches withκ′ ) 1.06
andκ ) 0.60, withτ1 varying from 39 to 123 min. The critical
scattering vectors obtained from direct quenches toκ′ and κ

areqc′ ) 0.0854 nm-1 andqc ) 0.050 nm-1, respectively. A
rich variety of time-dependent behaviors are seen, depending
on the value ofq, relative toqc andqc′. In Figure 7a, we show
I(t) for q ) 0.12 nm-1, which is typical of results obtained when
q > qc′. The scattering profiles in this regime are independent
of time, i.e., neither the first nor the second quench has any
effect on structures withR < Rc′. In Figure 7b, we showI(t)
for q ) 0.063 nm-1, which is typical of results obtained when
qc < q < qc′. The filled symbols in Figure 7b showI(t) obtained
from direct quenches toκ′ andκ. The open symbols represent
two-step quench data, labeled according to their various age
times, τ1. Prior to the second quench,I(t) follows the time
dependence ofI(t) for a direct quench toκ′. This is clearly the

Figure 7. Time dependence of the scattering intensityI at (a)q ) 0.12 nm-1, (b) q ) 0.063 nm-1, (c) q ) 0.045 nm-1, and (d)q ) 0.019 nm-1

for single-step quenches (solid symbols) and two-step quenches (open symbols), labeled according toτ1, the time spent atκ′ ) 1.06 before quenching
to κ ) 0.60.
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expected behavior because prior to the second quench, the
sample was exposed to the same temperature and pressure
history. After the second pressure quench toκ, we see a rapid
decrease in intensity. WhenI(t) reaches a value of about 150
cm-1, this rapid decrease in intensity stops abruptly, andI(t)
follows a time-independent trajectory that is very similar to that
obtained after a direct quench toκ. It is clear from Figure 7a,b
that the effect of the perturbative quench toκ′ has no discernible
effect on scattering from the nucleating blend at a quench depth
of κ, providedq > qc. In Figure 7c, we showI(t) for q ) 0.045
nm-1, which is slightly lower thanqc. This data set is similar
to that shown in Figure 7b. Forτ1 e 91 min, the second pressure
quench toκ results in a decrease inI(t) followed by a leveling-
off at I ≈ 300 cm-1 (Figure 7c). However, for theτ1 ) 123
min case,I(t) after the second quench stops decreasing whenI
reaches 500 cm-1 and then increases with time. Figure 7c shows
the first evidence of departure of theI(t) trajectories obtained
from the two-step quenches, relative to those obtained from
direct quenches. In Figure 7d we showI(t) trajectories forq )
0.019 nm-1, which is much lower thanqc. In this regime, we
find that the second quench has little effect onI(t) for t < 200
min. At later times the effect of the perturbative quench toκ′
evident in Figure 7d. Faster increases inI(t) are seen asτ1

increases.
In Figure 8 we plotqc,2 vs τ1 obtained for theκ′ ) 1.06 and

κ ) 0.60 two-step quenches described in Figure 7. The line in
Figure 8 representsqc obtained from a direct quench toκ. It is
clear that the perturbative quench has no effect on the deter-
mination ofqc for small enoughτ1. The agreement ofqc obtained
from the single-step and two-step quenches and the decrease in
scattering intensity inqc < q < qc′ window (Figures 7 and 8)
provide substantive support for our proposed methodology for
obtainingRc from SANS experiments.

Our main goal in the next set of experiments was to obtain
the critical nucleus size for theκ e 0.52 regime, where we were
unable to observe any sign of nucleation kinetics within our
experimental time window. In these experiments we fixedτ1

to be about 100 min andκ′ ) 1.06 because our aim was to
ensure that the perturbative quench had no effect on the critical
nucleus size. Figure 9 shows the results of a two-step quench
with κ ) 0.52 andτ1 ) 90 min. The transient stage data obtained
right after the second quench, shown in Figure 9a, are very
similar to the transient stage data in Figure 6a, obtained atκ )
0.60. The data obtained after completion of the transient stage
at κ ) 0.52, given in Figure 9b, show aq < qc regime where

I(t) increases with time and aq > qc regime whereI(t) is
independent of time. This enables determination ofqc at κ )
0.52. The inset in Figure 9b shows the changes that occur for
168 e t e 348 min in the vicinity ofq ≈ qc.

In parts a, b, and c of Figure 10, we show the post-transient
stage data obtained from two-step quenches toκ ) 0.44 (τ1 )
109 min),κ ) 0.36 (τ1 ) 102 min), andκ ) 0.25 (τ1 ) 105
min), respectively. We show only two scattering profilessthe
scattering profile obtained at the end of the transient stage and
the scattering profile obtained at the end of the experiments
and the values ofqc,2. In parts a and b of Figure 10 (κ ) 0.44
and 0.36, respectively) we see a decrease inqc,2 as the quench
depth is reduced. In addition, the time required to observeqc,2

increases dramatically. Atκ ) 0.36 we needed 935 min to obtain
a significant increase inI(t) at q < qc (Figure 10b). In Figure
10c, where we show the results forκ ) 0.25, the scattering
profiles until t ) 430 min were time-independent for allq after
completion of the transient stage.κ ) 0.36 is thus the lowest
quench depth accessible for study of nucleation kinetics with
two-step quenches.

Figure 8. qc,2 plotted as a function ofτ1 for a series ofκ′ ) 1.06 and
κ ) 0.60 two-step quenches. The line representsqc obtained from a
direct quench toκ.

Figure 9. (a) Time dependence of the scattering intensity,I, vsq during
the transient period of a two-step quench fromκ′ ) 1.06 (τ1 ) 90
min) toκ ) 0.52. Plus symbols (+) represent the final scattering profile
obtained atκ′ ) 1.06. (b) Time dependence of the scattering intensity,
I, vsq following the transient period of the two-step quench. An arrow
indicates the critical scattering vector,qc,2, obtained from data covering
the time span shown. Inset highlights the change in intensity occurring
nearqc,2 for 168 < t < 348 min.
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In Figure 5 we showed that theI(q) of the blend forq > qc

near the end of the early stage of phase separation for single-
step quench experiments is described well by RPA. This is also
true for two-step quench experiments. Figure 11 shows the
excess scattering profile, [I(q,τE,2) - IRPA(q)], vs R/Rc for all κ

explored by two-step quenches.38 Similar to the single-step
quench experiments,τE,2 is defined as the time for which the
intensities begin to increase faster than their initial linear
behavior (after the transient stage). Because of slow nucleation
kinetics,τE,2 was not observed forκ e 0.60. We thus use the
last scattering profile obtained. The values ofτE,2, κ′, andτ1

for the profiles given in Figure 11 are presented in Table 3.
Figure 11 clearly shows that the intensities in theR< Rc regime,
after the second quench in two-step quenches are described by
RPA in spite of the increase ofI(q) in these systems after the
first quench.

In Figure 12a, we show the dependence of the size of the
critical nucleus on quench depth by plottingRc/Rg ) 2π/(qcRg)
vs κ. The results from direct and two-step quench experiments
are given by open circles and solid triangles, respectively. For
quench depths accessible to both types of experiments, the
deviations in the measuredRc values are within experimental
error. Our experiments cover an unprecedented range of quench
depths, fromκ ) 0.36 toκ ) 1.5. Throughout this regime we
find thatRc is a monotonic and decreasing function ofκ. Inside
the spinodal (κ > 1), Rc has a weak dependence onκ. Within
the classical metastable regime (κ < 1), Rc is a sensitive function
of κ, increasing by a factor of 3 asκ decreases from 1 to 0.36.
In Figure 12b, we plotRg/Rc as a function ofκ.39 We find that
Rg/Rc is a linear function ofκ in the limit of low quench depths.
Linear extrapolation ofRg/Rc vsκ data, shown by the solid line
in Figure 12b, suggests that the critical nucleus size approaches
infinity as κ approaches zero, in agreement with the classical
theory. The data obtained from the two-step quenches are crucial
for establishing quantification of nucleation characteristics at
low values ofκ. The least-squares fit through theκ < 1 data
yields

The Cahn-Hilliard theory of nucleation1,3,40predicts that the
critical nucleus size diverges at both the binodal and the
spinodal. The experimental behavior observed near the spinodal
(κ ) 1), seen in Figure 12a, is clearly not in agreement with
this theory. We have discussed this discrepancy in previous
studies,10 and similar data are now being obtained in other
systems such as protein solutions.41 The present work enables
the evaluation of classical nucleation theory in the vicinity of
the binodal. According to the classical theory, the critical nucleus

Figure 10. Scattering intensity,I, vs q for two-step quenches. The
first profile represents the end of the transient period atκ, and the second
profile represents the end of the nucleation experiment. Arrows show
the locations ofqc,2 for (a) κ′ ) 1.06, τ1 ) 109 min,κ ) 0.44; (b)
κ′ ) 1.06,τ1 ) 102 min,κ ) 0.36; and (c)κ′ ) 1.06,τ1 ) 105 min,
κ ) 0.25, whereqc,2 could not be determined.

Figure 11. Excess scattering profile,I(q;τE,2) - IRPA(q), obtained at
the end of the initial stages of phase separation plotted vs the reduced
nucleus size,R/Rc, for two-step quenches. The value ofRc for κ )
0.25 was estimated by extrapolating the trend of Figure 12b.

Rg/Rc ) 0.188κ (experiment) (6)
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is a spherical droplet of uniform composition that is in
equilibrium with the metastable bulk phase (i.e.,φ1,nucleus is
obtained by solvingµ(φ1,nucleus) ) µ(φ1,bulk)). The free energy
of formation of the nucleus,∆GN, of Figure 1 is given by∆GN-
(R) ) -(4πR3/3)∆G + 4πR2γ, and minimizing ∆GN with
respect toR leads to the expression for the critical radius,Rc )
2γ/∆G. Hereγ is the interfacial tension, and∆G, the free energy
density difference between the nucleus and the bulk, is given
by ∆G ) (Gm(φ1,bulk) - Gm(φ1,nucleus)) - µ(φ1,bulk)(φ1,bulk -
φ1,nucleus). Our approach for determining the classical prediction

of Rc follows the treatment of Wood and Wang.40 Since an
expression for the interfacial tension as a functionκ was not
available for our system, we evaluatedγ numerically using the
self-consistent-field theory of Wood and Wang. Wood and
Wang computedγ for a blend withN1/N2 ) Rg,1/Rg,2 ) 1.0.40

In our systemN1/N2 ) 0.735 andRg,1/Rg,2 ) 0.97. The
dependence ofγ on κ for our system is presented in Figure
12c. The theoretical prediction of the classical theory of
nucleation forRg/Rc thus calculated is shown as a dotted curve
in Figure 12b. The theoretically predicted critical nucleus size
is about 4 times smaller than that determined experimentally.
The significant difference between mean-field predictions and
experiments seen at low values ofκ in Figure 12b suggests that
fluctuations play an important role during nucleation.

Conclusions

The predictions of classical nucleation theory are most
accurate close to the binodal. Unfortunately, both the critical
nucleus size and the free energy barriers for the formation of
the critical nucleus diverge at the binodal making experimenta-
tion difficult. Our previous attempts at measuring the critical
nucleus size close to the binodal by a direct quench10 were
limited by the fact that nucleation could not be observed for
quench depthsκ e0.52 (Figure 3a). At higher quench depths,
the usual signatures of the early stages of nucleation in phase-
separating polymer blends were observed (Figure 3b,c). In order
to study nucleation at small quench depths, we used two-step
quenches where a first perturbative deep quench allows for the
formation of nuclei with relative ease, followed by a second
quench to a lower quench depth. By first performing two-step
quenches that terminated at locations already studied by a direct
quench, we established the range of conditions under which the
first quench does not affectRc determined during the second
quench (Figures 6-8). Data from the second quench were used
to obtain the size of the critical nucleus at small quench depths
(Figures 9 and 10). Our approach enables study of nucleation
kinetics down toκ ) 0.36. We find that 1/Rc scales linearly
with quench depth,κ, in the low quench depth limit. The
experimentally determined values of the critical nucleus are,
however, substantially larger that those predicted by classical
theories. We hope that our experiments will motivate the
reexamination of nucleation theories and their application to
polymer blends.
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Figure 12. (a) The critical nucleus size (normalized by radius of
gyration),Rc/Rg, plotted for single-step (open circles) and two-step (solid
triangles) quenches. (b)Rg/Rc vs quench depth. The solid line is a linear
fit to the experimental data, and the dotted line is the classical theory
prediction. (c) Normalized interfacial tension,γj ) âV0γ/Rg1, plotted as
a function of quench depth,κ.

Table 3. Experimental Parameters for Figure 11a

κ κ′ τ1 (min) τE,2 (min)

0.25 1.06 105 (430)
0.36 1.06 102 (935)
0.44 1.06 109 (566)
0.52 1.06 90 (348)
0.60 1.06 90 (304)
0.79 1.06 91 164
0.93 1.06 91 138

aτE,2 values in parentheses represent end of experiment times rather than
true τE,2 values.
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