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ABSTRACT: The initial stages of liquigliquid 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 nuclel®, over a wide range of quench deptks\We present results obtained

from two-step quenches. In the first step, the blend is subjected to a deep gdefficha brief period of time.

This is followed by a reduction in quench depth#oOne can view the first quench as a perturbation. We
demonstrate that under certain conditions the only effect of the perturbation is to hasten nucleation kiretics at
This allows the determination d®; 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
k provide no evidence for a change in phase separation mechanism upon crossing the classical spinodal.

Introduction

Predicting the kinetics of commonly observed phase transi- o “
tions such as boiling, crystallization, and liguitiquid phase o b K
separation from first principles remains an important unresolved S ".‘
scientific challengé-1* These first-order phase transitions are z P \ 5\
characterized by free energy barriersQy) that prevent the Q o kY
spontaneous formation of the new phase. Classical nucleation < R' R ‘.‘
theory assumes that this barrier is crossed by the formation of ¢ ¢ '\

)
\

nuclei that are larger than a certain critical siZ)( It is
assumed that the size of the nucleldsié the relevant “reaction
coordinate” for describing nucleation, and the typical depen- .".
dence ofAGy on Ris shown in Figure 1AGy is peaked aR 0 *
= R, and the peak height gives the magnitude of the nucleation R

barrier. Both the barrier height afd increase with decreasing  Figure 1. Classical nucleation theory predictions for the change in
quench depthg, and tend to infinity as the binodal (coexistence free energy for the formation of a nucleus of siéqualitative plots)
curve) is approached. For the present purposes, quench deptfPr different quench depthe and«’ (i < «).

is defined as the “thermodynamic distance” between the
coexistence curve and metastable state of intétekhe time
scale for the formation of a critical nucleus increases sharply

near the binodal, making experimental observation difficult. studied in our system. In other words, the kinetics of nucleation

In previous studie$?*%2° we have shown that the initial 4t yery large quench depths and the size of the nuclei found in
stages of nucleation in metastable polyolefin blends can be s regime are well within experimental resolution. The lower
studied by tlme-resolved small-angle neutron scattering _(SANS). limit of quench depth is determined by the longest possible
Phase separating polyolefin blends are ideally suited for gyperiment that can be conducted and the largest length scale
investigating the initial stages of nucleatiébecause: (1) The  hat can be resolved experimentally. In this paper, we demon-
equilibrium properties of the polymer blend are in excellent girate a method for extending the lower limit of the quench depth
agreement with the predictions of the Flefjuggins theory.  \here nucleation can be observed. We do this by imposing
This enables quantitative predictions of the dependend® of  carefully designed perturbations on the metastable systems.
on quench_ depth. (2_) Nucleating clusters can readily be c!etected In Figure 1, we showAGy(R) curves for two hypothetical
by scattering techniques due to the Iargc_a m_olecular size. _(3)quench depths’ and«; « < «'. Direct quenches from a stable
Because of entanglement effects, the kinetics of nucleation gi5te to metastable states with quench depthsd «' would
are slow and can thus be readily tracked by time-resolved lead to the formation of critical nuclei of siz& andR: (R¢
measurements. < Ry, respectively, as shown in Figure 1. Our interest is in

In all nucleation studies, the range of conditions over which two-step quenches wherein the system is first quenchad to
nucleation kinetics can be measured depends on experimentator a brief period of time and then quenchedtd®ne can view
limitations. The upper limit of quench depth is determined by the first quench as a perturbation. By comparing the results

obtained from single-step and two-step quenches tee will

t Department of Chemical Engineering. study the effect of thig perturbation on the nucleation process

* Lawrence Berkeley National Laboratory. at quench depth. The first quench ta' will breed a population

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
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of nuclei with sizeR > R¢". Some of these nucleR:’ < R < Sepa(@) = [(Nyoy0, Py (@) 7 +

R., are, however, not viable during the second quench 1b 1 1

the time spent at' is sufficiently small and the extent of phase (Nov26,Po(@) = 2xfvg] ~ (2)
separation during this step is limited, then we expect to observe . o ) )

the dissolution of nuclei witlR < R < R. during the second ~ Wherey is the Flory-Huggins interaction paramete is the
quench. Our objective is to design experiments where the Number of monomer units with volume in polymer chaini,
perturbative quench ta' only hastens nucleation at In such o is a reference volume (here 106)A¢ is volume fraction of
an experiment, the concentration of critical nuclei after the two- Polymeri, andPi(q) is the corresponding Debye function
step quench would eventually be identical to that obtained after

a direct quench te. Beyond this stage, one could apply methods P(a) = [2/[e ™+ x — 1] 3)
developed for analyzing direct quench experim&rtsto
determineR.. We use this approach to determiReat smallx wherex = g?Rgi%. Rgi2 = aNili /6, wherel; et is the statistical

values where activation barriers are large, and nucleation aftersegment length at a reference pressure and temperature of 25
single-step quenches does not occur on experimentally viable°C and 0.1 MPa determined for PMB and PEB chains in ref

time scales. 21. In the RPA analysis of the static SANS profilgsand o
are used as the fitting parametétgThe statistical segment
Experimental Sectiorf? length obtained from our fits are typically within 10% of the

. - ) ) literature values.)
We have studied an off-critical, binary blend of high molecular  kowledge of the temperature and pressure dependencies of
weight liquid polyolefins, deuterated polymethylbutyled®iB) % permits a complete thermodynamic description of the blend

and hydrogenous polyethylbutylensPEB). The methods used to - . 628
synthesize and characterize these nearly monodisperse homopolyysIng the Flory-Huggins theory, where the free energy

mers are described in refs 21 and 22. The weight-average moleculad€nSity of mixing Grm) is

weights are 153 kg/motPMB) and 197 kg/mol{PEB). The radii

of gyration of both chains are 154 1.0 nm. On average, there  SGm = [¢1In ¢:/(;N)] + [(1 — ¢,) In(1 — ¢)/(v,Np)] +
are 4.5 deuterium atoms for every five carbon atomsiRMB. [(T.P)¢1(1 — p)lvg] (4)
The results reported here are from a blend witfMB volume

fraction, ¢geme = 0.20. Our polymers are much larger than the \hores — 1/k,T andke is the Boltzmann constant. The binodal
threshold for chain entanglemét. . : . . :
) ) is found by equating the chemical potentials between phases,
The blend was studied by small-angle neutron scattering (SANS) u1' = w" anduz = 3", where the superscripts denote phase |

on the NG3 beamline at the National Institute of Standards and :

] . or Il and the subscripts refer to the components of the blend.
Technology (NIST) in Gaithersburg, MD. The blends were housed ,,.., . . . o
in the NIST pressure cell, capable of controlling press@eafid Within the Flory—Huggins framework, the spinodal or the limit

temperatureT) in the 0.03< P < 3.10 kbar and 36< T < 200°C of metastability is unambiguously defined for a given temper-
range. The azimuthally averaged coherent scattering intensity, ature and pressure (below the critical point) as the locus of
as a function of the magnitude of the scattering veatpfg = inflection points of the functiorGm(¢1).>%°

(47/2)sin(/2), where 6 is the scattering angle and is the We define a normalized quench deptlas

wavelength of the incident neutrons], was obtained by methods

reported in ref 21. Static SANS enabled the thermodynamic 2(T.P) — x,

characterization of our system, while time-resolved SANS enabled K(T,P2¢1) = )

the study of nucleation. s~ Xb

We report the results from two types of quench experiments:
single-step and two-step quenches. In the past, we have reporte

extensively on the results from single-step quench experirtekits? parameter at the binodal apggi_ls its value at the sp_lnodal. Our
This is the traditional nucleation experiment wherein a sample in duénch depth is thus normalized to be 0 at the binodal and 1 at

the stable one-phase region is quenched into the two-phase regiorthe spinodal.

by an increase in pressure. In the two-step quench experiments, . .

we quench the system to a quench depthwait for a certain Results and Discussion

amount of timezs, and then carry out the second step, by reducing  |n order to obtainy(T,P), we perform static SANS measure-

the quench depth of the sampletdsothermal pressure quenches, ments in the homogeneous one-phase region and then use the
executed in less than 2 min, were used to quench the sample fromy;nqom phase approximation (eqs-3) to fit the scattering

one state to the other. profiles. Usingy(T,P) thus obtained and using the Flery
Huggins theory, we can obtain the binodal and spinodal curves
as described in the previous section. These curves faifMB/

The SANS intensity from a polymer blend at a given hPEB blend with¢gems = 0.20 are shown in & vs P phase

(yvhere b IS the value of the FloryHuggins interaction

Theoretical Framework

temperature and pressure is diagram in Figure 2. The methods and parameters used to
determine this diagram are given in ref 31 and summarized in
1(Git) = (byfv, — bzluz)zS(q;t) 1) 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
where b; is the neutron scattering length of a monomer in finq) step of the two-step quenches. The values foff each of

polymer chaini with a monomer volume;, andS(q;t) is the  the quench conditions shown in Figure 2 are listed in Table 2.
static structure factor of the blend at tirhafter the initiation Note that there are a number of metastable states that were
of the quench from the homogeneous one-phase region. studied both by single-step and two-step quenches.

For a homogeneous blend, the time-independent static Prior to each experiment, the blend was homogenized in the
structure factor is given by the random phase approximation one-phase regime @t= 86.5°C andP = 0.03 kbar. The blend
(RPAY4 was then cooled isobarically to the desired quench temperature,
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Figure 2. Temperature vs pressure phase diagram forgiags = b x=0.60
0.20 blend. Diamonds and squares represent single-step and two-step 9500 —r—r e
quench experiments, respectively. The dotted line demarcates pressures F 0 ' ' ' —
below which single-step quenches were ineffective on experimental L t 3min | ]
time scales. 2000 [ O 101 min |
A 206 min | 7
Table 1. Dependence of on Temperature at Selected Pressures [ 2 302 min | 1
(with a Reference Volume of 100 A); y = A + B/T + C/T? ~ 1500 | 390 min | 3
P (kbar) A B (K) C(K? ‘s [
0.03 0.001 73 ~1.154 271.85 2 1000 |
0.62 0.001 81 —1.306 324.86 - i
1.24 0.003 24 —2.477 569.47 i
1.86 0.001 58 —1.339 384.34 F
2.48 0.000 027 3 ~0.225 192.80 500
3.10 0.001 98 —1.800 517.40 [
Table 2. E i tal Conditi dC di h
able xperimental onDlelg?ﬁsan orresponding Quenc 0.00 002 0
T(°C) P (kbar) K T(°C) P (kbar) K
59 0.62 0.25 59 2.00 0.79 C
59 0.90 0.36 59 2.34 0.93 1200 _
59 1.10 0.44 59 2.69 1.06 - -
59 1.31 0.52 59 3.03 1.20 [ X © 3 min
59 1.52 0.60 49 2.69 1.36 1000 |- & X 17 min
59 1.72 0.69 40 2.69 1.68 r ® & O 43 min
800 L + + 91 min | ]
59, 49, or 40°C. The SANS profile obtained prior to the o L 0%% ¢ 117 min | |
pressure quench shows no evidence of phase separation. § 600 [ B o+ R
Nucleation was triggered by an isothermal pressure quenchto = F %%a‘ 1w 4 ]
the desired pressure. We define 0 as the time at which the [ & ®
pressure quench was initiated. 400
In Figure 3, we show the time-resolved SANS profiles [ ‘
obtained from single-step quenches at a variety of quench depths 200 [ %k
atT = 59 °C. Figure 3a shows data obtained at selected times r : =
fort < 412 min atP = 1.31 kbar, i.e.x = 0.52. The SANS 0t— . .
profiles are time-independent at givalues. Hence, we conclude 0.00 008 0.16
that atx = 0.52, which is roughly half way between the binodal q (nm)

and the SpinOdal, the nucleation barrier is too Iarge for nucleation Figure 3. Time-dependent scattering intensity,vs q obtained for

to be observed during experimental time scales. Figure 3b showssingle-step quenches at 88 and (a) 1.31, (b) 1.52, and (c) 2.69 kbar.
the results at a quench depthsof= 0.60. Here, the intensity ~ The arrows indicate the locations g

increases with time for smaly (large structures) and is

independent of time (after an initial relaxation pef®dor large nm~1. We have established thay is a signature of the critical

g (small structures). The division between these two regimes Nucleus sizeR. = 27/d.. We use method 2 of ref 19 to
of behavior is marked by the critical scattering vectgr,This determineq from the SANS data.

qualitative behavior is seen at all higher quench depths. In Figure During the early stages of nucleation, the SANS intensity,
3c, we show data obtained just inside the classical spinodal atincreases linearly with time faq < q.. During the later stages,

x = 1.06. Scattering peaks are obtained outside the spinodalthe SANS intensity increases more rapidly andlthist curves
(Figure 3b), at the spinodal (Figure 3c), and inside the spinodal are nonlinear. The time required to complete the early stage,
(not shown for brevity). For the = 0.60 quencly. = 0.046 g, Was determined using methods described in refs 19 and 33.
nm~1 (Figure 3b), while for thec = 1.06 quencty, = 0.086 All of the data shown in Figure 3 correspondtte: 7.
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Figure 6. (a) Time dependence of the scattering intensjtys g during

the transient period (see text) of a two-step quench ftom 1.06 (1

= 90 min) tox = 0.60. Plus symbolsf) represent the final scattering
profile obtained at' = 1.06, and arrows indicate the critical scattering
vectors, q¢'(x") and ge(x), obtained from independent single-step
quenches (Figure 3), (c) and (b), respectively. (b) Time dependence of
the scattering intensityl, vs g following the transient period of the
two-step quench. The arrow indicates the critical scattering vegtgr,
obtained from data covering the time span shown.

guench depthse 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 of on « 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 ag. 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

end of the initial stages of phase separation plotted vs the reducedin Figure 4 extend deep into the spinodal £ 1.6) where

nucleus sizeR/R., for single-step quencheR; values for ineffective

single-step quenches & 0.52) were obtained subsequently from two-

step quenches.

The analysis for determining. andzg was repeated for all
of the single-step quenches that led to detectable phase

both q. and g are well within experimental resolution.
On the other hand, our ability to explore small quench depths
is limited by the steep increase i@ with decreasing quench
depth (Figure 4b).

In Figure 5, we summarize the data obtained during the initial

separation, and the results are summarized in Figure 4. Instagest(< 7g) of the single-step quench experiments by plotting

Figure 4a we show the dependencelobn«. It is evident that
gc is a smooth and monotonic functionefn the range 0.6G<
« < 1.68. Figure 4b shows the dependencegadn «.3* At low

[I(a;7e) — Irpa(d)] VS R/R: [= qd/d]. Irpa() is calculated from
eqs 13 usingy(T,P) values in accordance with Table 2. The
x parameters for th& andP values where phase separation is



Macromolecules, Vol. 40, No. 5, 2007

Metastable Polymer Blends1679

a q=0.12 nm’ c q=0.045 nm’"
100 e 2500 ey
g ® =060 [ [ ® K=0.60 ]
A 39min |] r . A 39 min
80 3 ¢ © 70 min 2000 - < 70 min
- L sl . lC:)l ?;;mn 3 [ O 91 min
—_ SN o® . . - K:ll‘n:)%_: 'T/“\ 1500__ . H 123minr_:
in r aPo ® el & g [ ® K=1.06|]
TS v B - _
= ; 000@1?@3)% l2%00 AOAAO = 1000 |
e e ;gg°@ & '
40&.0 g, Aﬁ e o 500 [
QQ o<> o 0- L ﬁ
A E ]
: 0 U U S S S S S | L | | R
20 o P 0 50 100 150 200 250 300
0 S0 100 150 200 250 300 time (mit)
time (min)
-1 -
b q=0.063 nm d q=0.019 nm’
1000_ T ™1 T e T | 3000_.-..|..,|....,....,.,..|.
i o | O K=00601 | @ k=060 ]
B A 39 min 2500 F | & 39min .
800 1 ¢ © 70 min | o 70 min =
. O 91 min 3 © 91 min E
O 123 min |] A2000:- O 123 min . o-:
. D F|* k=106 NS
€ 1500 [ fh
1000 F
500 F
- X ) X ) L L O.... L i ) X X L ....-
100 150 200 250 300 0 50 100 150 200 250 300
time (min) time (min)

Figure 7. Time dependence of the scattering intensigt (a)q = 0.12 nn1?, (b) g = 0.063 nn1%, (¢) g = 0.045 nnT?, and (d)q = 0.019 nnT?
for single-step quenches (solid symbols) and two-step quenches (open symbols), labeled accordimgtime spent at' = 1.06 before quenching
to x = 0.60.

observed are thus extrapolations of data obtained from one-for the second quench, which we cgll,, is indicated by the
phase systems. Theparameters determined from the present arrow in Figure 6b .2 = 0.052 nnt). g, was obtained by
system are in good agreement with the previous stidigss’ the same methods that were used to deterrgine Figure 3b
We note in Figure 5 that foR/R; < 1.0 values of [(g;7g) — (and all single-step quenches) except for the fact that the
Irpa(Q)] scatter around zero; i.e., in this regime the scattering scattering profiles used in this analysis cover the time scale
profiles obtained from our blends are identical to the RPA shown in Figure 6b; i.e., times after the transient stage are
predictions for homogeneous blends. On the other hand,completed but before the completion of the early stage of
[I(g;te) — Irpa(q)] is significantly larger than zero for all of  nucleation. The value @j; > obtained from the two-step quench
the quenches witlk > 0.60 (all viable quenches), whdRR. is very similar to that obtained from the single-step quench to
> 1.0. « = 0.60, which gavey, = 0.050 nnt! (the average value for

In Figure 6 we show(q;t) vs q at selected times for a two-  three separate single-step quenches to 0.60).
step quench ta = 0.60, following a single-step quench to We conducted a series of two-step quenches witk 1.06
k' = 1.06 forzy = 90 min. The profile fort = 85 min is the andx = 0.60, withz; varying from 39 to 123 min. The critical
last profile obtained during the first step dt= 1.06 and is scattering vectors obtained from direct quenches’tand «
similar to thet = 91 min profile shown in Figure 3c. In Figure areq, = 0.0854 nm! andg. = 0.050 nnT?, respectively. A
6a we show two critical scattering vectags andqc; qc is the rich variety of time-dependent behaviors are seen, depending
critical scattering vector for the first step (Figure 3c), apds on the value ofy, relative tog; andqc'. In Figure 7a, we show
the critical scattering vector obtained from a single-step quenchI(t) for g = 0.12 nnT?, which is typical of results obtained when
directly tox = 0.60 (Figure 3b). The data in Figure 6a show q > q.. The scattering profiles in this regime are independent
that I(g;t) in the range of scattering vectorgs < q < q¢ of time, i.e., neither the first nor the second quench has any
decreases after the quench depth is changed &#dmk. This effect on structures witlR < R;. In Figure 7b, we show(t)
may be regarded as theansientstage where the nucleation for g = 0.063 nntl, which is typical of results obtained when
process adjusts to the change in quench depth ffotm «. In 0c < g < ¢ The filled symbols in Figure 7b sholft) obtained
Figure 6b we show data obtained after this transient stage isfrom direct quenches to' and«. The open symbols represent
completed {= 165 min). The time-dependent scattering profiles two-step quench data, labeled according to their various age
in Figure 6b are very similar to those obtained after a direct times, 7;. Prior to the second quench(t) follows the time
quench tax = 0.60 (Figure 3b). The critical scattering vector dependence dft) for a direct quench te'. This is clearly the
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Figure 8. g2 plotted as a function of, for a series ok’ = 1.06 and q (nm' )
x = 0.60 two-step quenches. The line represeptebtained from a
direct quench ta. b x=0.52
expected behavior because prior to the second quench, the 800 YoM L L LA L L
sample was exposed to the same temperature and pressure 700 E& mﬁ p
history. After the second pressure quench tove see a rapid EX 600k ﬁ( ]
decrease in intensity. Whdi(t) reaches a value of about 150 600 F£% soof a{% o Yo 3
cm™%, this rapid decrease in intensity stops abruptly, & F 400F {é{;ﬁ ]
follows a time-independent trajectory that is very similar to that ~ 500 FA'S qc’p_ 200k 4kl E
obtained after a direct quench#olt is clear from Figure 7a,b 's 400 [ 00k ]
that the effect of the perturbative quenchtdas no discernible 2 E o0k ]
effect on scattering from the nucleating blend at a quench depth = 300 | R
of «, providedq > q.. In Figure 7c, we show(t) for g = 0.045 E S As8min |4
. . . . . . . ' mmn |+
nm~1, which is slightly lower tharg.. This data set is similar 200 E O 247 min |3
to that shown in Figure 7b. Fei < 91 min, the second pressure 100 E 3 ggg min |
. 3 - min [
qguench tac results in a decrease i(t) followed by a leveling- F v S T
off at | ~ 300 cnT? (Figure 7c). However, for the; = 123 ) SR PP - i
min case](t) after the second quench stops decreasing when 0.05 0.10 0.15
reaches 500 cr and then increases with time. Figure 7c¢ shows q (nm'l)

the first evidence of departure of tﬂ\e) trajectories ob_talned Figure 9. (a) Time dependence of the scattering intensitys q during
from the two-step quenches, relative to those obtained from the transient period of a two-step quench fratm= 1.06 ; = 90

direct quenches. In Figure 7d we shoft) trajectories forg = min) tox = 0.52. Plus symbols¥) represent the final scattering profile
0.019 nnT1, which is much lower tham. In this regime, we obtained ak’ = 1.06. (b) Time dependence of the scattering intensity,
find that the second quench has little effecti¢t) for t < 200 L V.Sqfo”opl"”“g.the ltrans'er!t period of the t"‘.’O'St‘?p quench. An arrow

in At later times the effect of the perturbative quenchto indicates the critical scattering vecteg,, obtained from data covering
min. At later . p a the time span shown. Inset highlights the change in intensity occurring
evident in Figure 7d. Faster increasesl{t) are seen as; nearq for 168 < t < 348 min.
increases.

In Figure 8 we plof; vs 7; obtained for the' = 1.06 and  |(t) increases with time and @ > qc regime wherel(t) is
« = 0.60 two-step quenches described in Figure 7. The line in independent of time. This enables determinatiomoft « =
Figure 8 representg, obtained from a direct quench to It is 0.52. The inset in Figure 9b shows the changes that occur for

clear that the perturbative quench has no effect on the deter-168 < t < 348 min in the vicinity ofq ~ q.
mination ofg. for small enouglr;. The agreement af; obtained | ; b and ¢ of Fi 10 how th -t ient
from the single-step and two-step quenches and the decrease in nparts a, b, and ¢ ot Figure 10, we Show Ihe post-transien
scattering intensity i < g < ¢ window (Figures 7 and 8) stage data obtained from two-step quenches+00.44 (¢, =

provide substantive support for our proposed methodology for 199 min), « - 0.36 1 = 102 min), andc = O'_25 gl - 105
obtainingR. from SANS experiments. min), respectively. We show only two scattering profitebe

Our main goal in the next set of experiments was to obtain scattering profile obtained at the end of the transient stage and
the critical nucleus size for the< 0.52 regime, where we were the scattering profile obtained at the end.of the experiment
unable to observe any sign of nucleation kinetics within our @nd the values ofic. In parts a and b of Figure 1@ (= 0.44
experimental time window. In these experiments we fixged and 0.36, respectively) we see a decreasg s the quench
to be about 100 min and’ = 1.06 because our aim was to depth is reduced. In addition, the time required to obseye
ensure that the perturbative quench had no effect on the criticalincreases dramatically. At= 0.36 we needed 935 min to obtain
nucleus size. Figure 9 shows the results of a two-step quencha significant increase ii(t) atq < qc (Figure 10b). In Figure
with ¥ = 0.52 andr; = 90 min. The transient stage data obtained 10c, where we show the results fer= 0.25, the scattering
right after the second quench, shown in Figure 9a, are very profiles untilt = 430 min were time-independent for gllafter
similar to the transient stage data in Figure 6a, obtained=at completion of the transient stage= 0.36 is thus the lowest
0.60. The data obtained after completion of the transient stagequench depth accessible for study of nucleation kinetics with
atk = 0.52, given in Figure 9b, show@ < q. regime where two-step quenches.
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kx'=1.06, T = 109 min,x = 0.44 2000 ————r———71 77—
1400 MREEN S R B i gk;o.zs o0 © ]
: A 189 min| ] o~ : o °© o ]
1200 X 522 min | 7] 'S 1500 - E iggg o ]
i ] 2 [ O w060 4T+t 1
1000 ] = [| + =079 Qt+ ]
: q ] Z 1000 | X w093 G x + + .
2 os0f g | 1 g v
g : ﬁ ] n ]
L 600 [ ] - ]
(| = % L l__“m :
[ ] =) 4
400 —%@ . = < ]
200 F ] i ]
C ] 1 S U U I RSP R
Y L R 00 05 10 15 20 25 3.0
0.05 0.10 0.15 R/R,
q (nm ) Figure 11. Excess scattering profilé(q;ze.2) — Irea(q), Obtained at
the end of the initial stages of phase separation plotted vs the reduced
k' =1.06, T =102 min,x =0.36 nucleus sizeR/R,, for two-step quenches. The value ®&f for x =
1200 ——4————————7————7 71— 0.25 was estimated by extrapolating the trend of Figure 12b.
1000 D i ;22 ﬁﬂ‘,} h explored by two-step quench&sSimilar to the single-step
F 1 guench experimentsg; is defined as the time for which the
I ] intensities begin to increase faster than their initial linear
—_ 800 |- ] behavior (after the transient stage). Because of slow nucleation
TE :g ] kinetics, 7, was not observed far < 0.60. We thus use the
S 600 I~ ¥ q ] last scattering profile obtained. The valuesteb, «', and
— - 1 for the profiles given in Figure 11 are presented in Table 3.
400 | ] Figure 11 clearly shows that the intensities infhe R regime,
L ] after the second quench in two-step quenches are described by
200 £ ] RPA in spite of the increase &fq) in these systems after the
r o 1 first quench.
ol Vo Mt In Figure 12a, we show the dependence of the size of the
0.02 0.06 0.10 critical nucleus on quench depth by plottiRgRy = 27/(qcRy)
1 vs k. The results from direct and two-step quench experiments
q (nm™) are given by open circles and solid triangles, respectively. For
Cc k' =1.06,7T = 105 min,x = 0.25 quench depths accessible to both types of experiments, the
500 deviations in the measurdg values are within experimental
Z% A 192 min |- error. Our experiments cover an unprecedented range of quench
r X 430 min | ] depths, frome = 0.36 tox = 1.5. Throughout this regime we
400 - 5 find thatR. is a monotonic and decreasing functionwofnside
i 1 the spinodal £ > 1), R; has a weak dependence onWithin
~ 300 [ b the classical metastable regime<{ 1), R. is a sensitive function
I . - of «, increasing by a factor of 3 asdecreases from 1 to 0.36.
§ L ] In Figure 12b, we ploRy/R; as a function of.3° We find that
= 200 L ] Ry/Rc is a linear function ok in the limit of low quench depths.
[ ] Linear extrapolation oRy/R. vs k data, shown by the solid line
r ] in Figure 12b, suggests that the critical nucleus size approaches
100 |- 5 infinity as x approaches zero, in agreement with the classical
3 theory. The data obtained from the two-step quenches are crucial
0 :‘ T for establishing quantification of nucleation characteristics at
0.05 0.10 0.15 Io_w values ofx. The least-squares fit through the< 1 data
q (nm 1) yields
Figure 10. Scattering intensityl|, vs q for two-step quenches. The Rg/Rc =0.188 (experiment) (6)

first profile represents the end of the transient period ahd the second
profile represents the end of the nucleation experiment. Arrows show

the locations ofge» for (a) ' = 1.06, 7, = 109 min,x = 0.44; (b) The Cahn-Hilliard theory of nucleatioh®#°predicts that the
«' = 1.06,7; = 102 min,x = 0.36; and (cx' = 1.06,7; = 105 min, critical nucleus size diverges at both the binodal and the
« = 0.25, whereg.2 could not be determined. spinodal. The experimental behavior observed near the spinodal
(k = 1), seen in Figure 12a, is clearly not in agreement with
In Figure 5 we showed that tHéq) of the blend forg > qc this theory. We have discussed this discrepancy in previous

near the end of the early stage of phase separation for single-studiesl® and similar data are now being obtained in other
step quench experiments is described well by RPA. This is alsosystems such as protein solutidds he present work enables
true for two-step quench experiments. Figure 11 shows the the evaluation of classical nucleation theory in the vicinity of
excess scattering profilel(fl,ze.2) — Irpa(0)], VS R/R: for all « the binodal. According to the classical theory, the critical nucleus
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a 20 —m—m——r————F————1T-— Table 3. Experimental Parameters for Figure 12

K K' 71 (Min) 7g,2 (mMin)

1.06 105 (430)
1.06 102 (935)
1.06 109 (566)
1.06 90 (348)
1.06 90 (304)
0.79 1.06 91 164
0.93 1.06 91 138

arg p values in parentheses represent end of experiment times rather than
true tg 2 values.

A O single-step

15 A two-step

0.2
0.3
0.4
0.5
0.6

oNnvbhOO

N a
mo 10

of R follows the treatment of Wood and WafgSince an
L expression for the interfacial tension as a functiowas not
ot available for our system, we evaluatgagumerically using the
0.0 0.5 1.0 1.5 self-consistent-field theory of Wood and Wang. Wood and
K Wang computed for a blend withNy/N, = Ry /Ry = 1.049
In our systemNy/N; = 0.735 andRyy/Ry> = 0.97. The
dependence of on « for our system is presented in Figure
12c. The theoretical prediction of the classical theory of
nucleation forRy/R. 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 valueskoh Figure 12b suggests that
fluctuations play an important role during nucleation.

L
o

— T T T T T T T T T T [ T T T T

i O experiment
0.40 |- ’ === theory

o 030F  F

R /R

020 § o H

Conclusions
0.10 1 The predictions of classical nucleation theory are most
accurate close to the binodal. Unfortunately, both the critical
ool v L nucleus size and the free energy barriers for the formation of
the critical nucleus diverge at the binodal making experimenta-
K tion difficult. Our previous attempts at measuring the critical
c nucleus size close to the binodal by a direct quéhetere
03 —m—m T limited by the fact that nucleation could not be observed for
i quench depths <0.52 (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
guenches where a first perturbative deep quench allows for the
formation of nuclei with relative ease, followed by a second
guench to a lower quench depth. By first performing two-step
guenches that terminated at locations already studied by a direct
guench, we established the range of conditions under which the
first quench does not affed®; determined during the second
guench (Figures-68). Data from the second quench were used
L to obtain the size of the critical nucleus at small quench depths
010ttt (Figures 9 and 10). Our approach enables study of nucleation
00 01 02 03 04 05 kinetics down tox = 0.36. We find that R; scales linearly
K with quench depthg, in the low quench depth limit. The
Figure 12. (a) The critical nucleus size (normalized by radius of experimentally determined values of the critical nucleus are,
gyration),R/Ry, plotted for single-step (open circles) and two-step (solid however, substantially larger that those predicted by classical
triangles) quenches. (Ry/Rc vs quench depth. The solid lineis alinear  theories. We hope that our experiments will motivate the

fit to the experimental data, and the dotted line is the classical theory P . - - -
prediction. (c) Normalized interfacial tensigh= Svoy/Ryz, plotted as reexamination of nucleation theories and their application to
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a function of quench depth, polymer blends.
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