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Initial stages of nucleation in phase separating polymer blends
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The initial stages of nucleation during liquid—liquid phase separation in mixtures of high molecular
weight polymers was studied by time-resolved small angle neutron scattering. Phase separation was
induced either by decreasing temperature or by increasing pressure. One of the blend components
was labeled with deuterium to obtain sufficient scattering contrast between the components. The
general features of nucleation were independent of quench depth and the nature of the quench
(temperature quench versus pressure quenthe early stages of nucleation consisted of
amplification of concentration fluctuations. During this stage, the scattered inté@nsitythe low
scattering vectofq) limit was consistent with the Ornstein—Zernike equation. This enabled the
determination of the characteristic length scale of the growing fluctuatio$e | vs q behavior

at intermediate scattering vectorg>*1/£) could be described by a power law~q~9). We
demonstrate the existence of a time—temperature superposition principle during nucleation: The
time dependence afat different quench depths could be superimposed by a lateral shift of the data
along the time axiglog scale. In analogy to the shift factor for viscoelastic behavior of polymers,

we define a nucleation shift factaa,, which describes the slowing down of nucleation kinetics

with decreasing quench depth. Similarly, nucleation after pressure quenches can be described by a
time—pressure superposition law. For each quench, we find that the scattering intensity is
independent of time in the highy regime @>Qneqd. This implies the absence of growing
structures with length scales smaller thiai = 1/qmergeduring nucleation. This aspect of nucleation

is consistent with classical theories which predict the existence of a critical nucleus size. As
expected £ increases with decreasing quench depth. 1899 American Institute of Physics.
[S0021-960629)50437-9

I. INTRODUCTION new phase is spontaneous. Theoretical aspects of the evolu-
tion of such systems were studied by Langer and Sch¥fartz
Phase separation in liquid mixtures can occur either byand otherg. On the other hand, computer simulations of
spinodal decomposition or nucleatib. The classical nucleation have revealed the formation and growth of clus-
theory of spinodal decomposition indicates that phase sepgers with varying shape and compactn&s$2 Optical tech-
ration is initiated by the amplification of selected Fourier niques have been used in experimental studies of nucleation
modes of concentration fluctuations that preexist in the hoin mixtures of low molecular weight Compouna?s";olloidal
mogeneous liquid. The signature of this process in scatter- suspension& and polymer mixture& However, the initial
ing experiments is a scattering peak that brightens as phasgages of phase separation and the formation of the critical
separation proceeds. Remarkable agreement between thegiiycleus were not resolved in any of the experiméfits>
and experiment has been reported in mixtures of ordinary  The main purpose of this paper is to present experimen-
liquids (with waterlike viscosity, metals, glasses, ceramics, tal data obtained during the initial stages of nucleation. This
and polymer$=*’ In contrast, the signatures of the initial was accomplished by conducting time-resolved neutron scat-
stage of nucleation are not well established. The classicakring experiments on mixtures of high molecular weight
theory of nucleation is based on the assumption that duringolymers. Molecular motion in melts of high molecular
the initial stages of the transformation, a few molecules reweight polymers is slow due to chain entanglenfénthis
arrange themselves into droplets or nuclei that have all of thexpands the nucleation time scales and enables time-resolved
characteristic§composition, density, and symmelrgf the  measurements. Substantial scattering contrast between the
new phasé.In liquid—liquid phase separation, the composi- components is required in order to obtain measurable signals
tion difference is the main factor that differentiates the nucleifrom the subtle clustering processes that occur during the
from the surrounding mother phase. If the radius of thesearly stages of nucleation. This is accomplished by labeling
nuclei exceeds a certain critical radius, then the growth of thene of the components in the mixture with deuterium. Clas-
sic experiments by Herkt-Maetzky and Schelten demon-
Author to whom correspondence should be addressed: electronic maiptrated that concentration fluctuations in homogeneous
nbalsara@duke.poly.edu samples in the single-phase region could be studied by neu-
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0.0025 T T ] pose, to impart particular properties to the material. In other
[ | —— 0.01 kbar ] cases, blends are produced inadvertently, due to uncontrolled
0.0020 || _ _ g;Z‘;‘;: A side reactions. Understanding the properties of polyolefin
; ' L blends is also relevant to problems related to recycling poly-
% 0.0015 L e meric waste, which is dominated by polyolefinic compo-
i nents.

This paper is part of a series on the thermodynamics of
polyolefin blends’3~4?|n earlier work, we studied binary
and multicomponent polyolefin mixtures using neutron scat-
tering. We compared our experimental data with theoretical
predictions based on the random phase approximation
(RPA) 213 We demonstrated that the measured scattering
profiles were in quantitative agreement with multicomponent
RPA predictions without any adjustable parameters. We also
examined the early stages of liquid—liquid phase separation

tron scattering if one of the components is deuterafed. Py spinodal decomposition in polyolefin blentfdn this pa- -
Therefore, clustering of chains during the initial stages ofP€r, We focus on nucleation in mixtures that are very similar
nucleation, which must necessarily lead to an increase in th® those studied in Refs. 17, 31-35, and 37. A preliminary
scattering intensity, is, in principle, within detection limits. €Port of our findings in the nucleation regime was published
In this study, we examine mixtures of hydrogenous and" Ref. 35.
deuterated polyolefins. Since all polyolefins are saturated hy-
drocarbong'the empirical formula Ch applies to all mem- ||, EXPERIMENT
bers of the polyolefin family the interactions between dif-
ferent components are expected to be nonspecific an
dispersive in nature. The thermodynamic properties of a Nearly monodisperse model polyolefins were synthe-
wide variety of polyolefin mixtures can be described by thesized following the methodology of Rachapudst al®
Flory—Huggins modet®~3°The Gibbs energy of mixing per Homopolymers—polymethylbutylene and  polyethylbu-
unit volume for binary mixtures is given by tylene—were synthesized in two steps using isoprene and
ethylbutadiene, respectively, as monomers. The polymeriza-
AG _¢In¢ n (1= )n(1~¢) + X 4(1—¢), (1) tions were conducted under high vacitirin cyclohexane
KT | vaNa veNg Vo ’ and the polydienes consisted of predominariég%) 1, 4
wherek is the Boltzmann constand is the volume fraction ~addition. Separate aliquots of the polydienes were then satu-
of componentA in the mixture,N; is the number of mono- rated in the presence of a palladium catalyst withaidd D,
mers per chain of componeiitv; is the volume of each to Yield fully hydrogenated and partially deuterated polyole-
monomer of componeit y is the Flory—Huggins interaction fins. A pair of hydrogenous and partially deuterated
parameter, and, is an arbitrary reference volume which we polymethylbutyleneblockpolyethylbutylene  copolymers
set equal to the mean monomer volume of the polymers chgvere synthesized by sequential anionic polymerization of
sen for this study at atmospheric conditions, 149Fe first ~ isoprene and ethylbutadiene followed by saturation with H
two terms in Eq.(1) reflect the combinatorial entropy of and D The polyolefins are essentially derivatives of poly-
mixing. We use the last term for all of the other contributionsethylene and are chemically equivalent to alternating
to AG, including changes in the internal energy and the vol-€thylene—propylene and ethylene—butene copolymers. In this
ume change of mixing* These effects are manifested in the Paper we refer to the palgnethylbutyleng chains as PMB
temperature and pressure dependenc/el of and the polﬂethylbutylené chains as PEB, where the letters
The particular polyolefins that we have used in this studyM and E refer to the methyl and ethyl branches emanating
are polymethylbutylene (PMB) and polyethylbutylene from the C—C backbone. The chemical structures of the
(PEB). The temperature and pressure dependence of the Polymer chains used in this study are shown below.
parameter between PM_Bsfnd PEB chains has been reported [cH, CH-CH~CH,]-  ~[CH,~CH—CH~CH,]-
in previous publications>*and the results are summarized | |
in Fig. 1. The y parameter(or equivalently,AG) can be
increased by either decreasing temperature or by increasin CHy CH-Chg
pressure. Phase separation can thus be initiated by eithe ly(methylbutyleng¢ (PMB) poly(ethylbutyleng¢ (PEB)
decrease in temperature or by an increase in pressure. In this The characteristics of the polymers were determined us-
paper, we study nucleation triggered by both temperature andg the procedures described in Ref. 33 and are listed in
pressure quenches. Table I. Polymers are named on the basis of composition.
Our studies on polyolefin blends are also motivated byThe prefix h refers to the hydrogenated polymers and the
their technological importance. The current annual producprefix d refers to partially deuterated polymers. Using meth-
tion of polyolefins (5< 10'%kg/yr) exceeds that of any other ods discussed in Refs. 33 and 40, it was determined that the
man-made solid material. Most commercial polyolefins areneutron scattering contrast between the blocks in
used as blends. In some cases, the blending is done on putPMB—dPEB is negligible. The neutron scattering length

0.0010 |

0.0005 L

0.0020 0.0025

1T K 0.0030 0.0035

FIG. 1. The dependence gf on temperature and pressure in PMB/PEB
blends. This plot is based on data in Refs. 31 and 32.
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TABLE I. Characteristics of polymers.

Lefebvre et al.

No. of Volume Neutron
deuterium fraction of scattering

per six Molecular PEB in length
Density carbon weight Polydispersity block density

Polymer (glcn?) atoms (g/mol) index copolymer (A3
hPMB 0.8540 1.7x10° 1.07 —3.04x10°7
dPMB 0.9300 7.33 1.810° 1.07 4.37x10°8
hPEB 0.8628 2.2x10° 1.08 —3.07x10°7
dPEB 0.9272 6.15 2410° 1.08 3.65x10°6
hPMB-hPEB  0.8562 2.0x10° 1.10 0.33 —3.06x10° 7
dPMB-dPEB 0.9048 4.68 2410° 1.10 0.33 2.6%10°°

density of each component was calculated using the methods<periments reported in this paper were conducted during

described in Ref. 33 and is listed in Table I. The scatterindive separate sessions, each lasting three to four days.

contrast between the hydrogeneous components is negligible. The phase diagram was determined using configuration
The experiments were performed on ternary blends of: neutron wavelength,\=6.0A, wavelength spread,

PMB, PEB, and PMB—PEB mixtures. The blends were madeAN/\x=0.15, sample-to-detector distare®l m, sample

by dissolving the components in cyclohexane and then dryaperture=0.635cm, source-to-sample distard®.12 m,

ing to a constant weight in a vacuum oven at 70 °C. Theand source size5.0 cm. The phase separation kinetics were

composition of the blends discussed in this paper are listed ifollowed using configuration B: neutron wavelengtR,

Table 1l. The ratio of homopolymer volume fractions, =14 A, wavelength spread\\/\ =0.15, sample-to-detector

dpes! Ppvs, Was 0.34 in all of the blendsd is the volume  distance=13.18 m, sample aperatur®.635cm, source-to-

fraction of species i in the mixture=iPEB, PMB, or PMB— sample distancel4.77m, and source siz&.0cm. Con-

PEB). The composition of each blend is thus determined byfiguration B allowed access to scattering vectgrsas low as

the volume fraction of the block copolymer, i.@pyp_pep- 0.02 nm* [q=4msin(@/2)/\, 0 is the scattering angle

The blends are labeled Tx or Px where the letter T indicates The temperature quenches were conducted on 1-mm-

that the blend was subjected to temperature quenches, whithick samples held between quartz windows separated by an

the letter P indicates that the blend was subjected to pressuaduminum spacer. The apparatus used for the pressure

guenches and x/100 is the volume fraction of the block cogquenches on sample P35 is described in Ref. 37. The sample

polymer in the blend. For example, the name T20, indicatesvas held in a thermostated steel pressure chamber between

that this blend was used in the temperature quench experiwo sapphire windows separated by a 1.5 mm o ridter

ments andgpye_peg= 0.2. All of the blends contained one assembly the o ring is squeezed to a thickness of about 1

deuterated species. Since the scattering contrast between hgm. The o ring was surrounded by silicone oil, which

drogeneous components is negligible, the neutron scatterirgerved as the pressurizing fluid. A computer-driven piston

profiles are related to intramolecular and intermolecular corassembly was used to control the sample pressure.

relations of the labeled species. The scattering data were collected using a X288

pixel two-dimensional detector, corrected for background

scattering, empty cell scattering, and detector sensitivity. All

Smalangle neutron scatern@SANS expermenss £ 1 SCHETO pofis were szl symerie i

were conducted on the NG3 beamline at the National Insti:aS a fur?ction of) y 9 g Y

tute of Standards and Technology in Gaithersburg, MD. Two '

types of SANS experiments were performed on each sample.

First, the limits of stability and _metastabili(‘yhe phase dia- ||| RESULTS AND DISCUSSION

gram for each blend were estimated from static SANS ex-

periments. Then time-resolved SANS measurements wer@- Determination of phase diagrams

taken to follow the kinetics of phase separation. The series of  Typical static small-angle neutron scatterit§ANS)

profiles obtained from the T-series blends are shown in Fig.

2(a), where we show the intensity, vs g obtained from the
T20 blend as a function of temperature. A substantial in-

B. Small-angle neutron scattering

TABLE Il. Blend compositions.

pes/ crease in the lovgt scattering is evident as the temperature is
Sample  Blend components  dpvgpes dpws  dees dews  decreased. Qualitatively similar results were obtained from
T20 hPMB-hPEBMhPMB/dPEB  0.204 0.594 0.202 0.340 the T40 and T50 blends. In Fig(ld, we show the tempera-
T40  hPMB-hPEBhPMB/JPEB  0.399  0.449 0.152 0.339 ture dependence of the scattering data obtained from the P35
T50 ~ hPMB-hPEBhPMB/APEB 0501  0.373 0126 0.338 phjend at 0.01 kbar. Again, we see an increase in thedow-
Igg,D zzmg:ﬁgggﬂmgzggg g'jgg 8;‘;1: 3'11359 8'3335 scattering with decreasing temperature. The observed in-
P35 hPMB-hPEBMAPMB/hPEB 0354 0484 0163 0337 Crease in the low scattering in Figs. @) and 2b) is a

qualitative indication of an upper critical solution tempera-
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M PSR MR | | IR B FIG. 3. The inverse of the scattered intensity, 1/ g2 at various tempera-

004 006 008 010 .0.12 0.14 0.16 tures, (a) above the estimated binodal temperature, éndelow the esti-
q (nm'l) mated binodal temperature for blend T20. The solid and dashed lines are the
least-squares fits through the data.

(©)
P35at T=54°C . . o
500 ————T—TT T parent that increasing pressure has the same qualitative effect
s as decreasing temperature. The blend P35 thus exhibits a
X O 0.01 kbar | ] " : . . .
400 F & O 034 kbar |3 lower critical solution pressur€L.CSP, i.e., this blend is
2 A X 0.69 kbar single phase below a certain critical pressuRg,. The
g 300 <A A 1.03 kbar | ] trends with temperature and pressure are consistent with
k= C DDXA ] previous thermodynamic studies on PMB/PEB/PMB—-PEB
@ 200 b o o%s ] blends313*4*see Fig. 1.
5 X © °gé§ ] In Fig. 3(@), we show the lowg scattering data from the
v L © @@é ] blend T20 aff=126 °C in the Zimm format, 1/vs g°. The
100 E gé§$5gg§§§ E lines in Fig. 3a) represent least-squares fits through the data.
g _?“.‘ It is apparent that the scattering profiles from the blend T20

at T=126 °C are consistent with the Zimm equatigtan-

dard deviation at 126 °€2.0x 10 °). This is typical of

single-phase blend$.In Fig. 3(b), we show the lowg scat-

e, Sy B onr e snoe ot T bepodonn 1 (81iNG data from the same lex@20) at <126 °C in the

the étatic SANS intens{m,, from blend P:I;S, atuseléctedqpregsures, and at aZImm forr_nat. The dashed lines in Flg(b? repr(_asgnt least-

constant temperature of 54 °C. squares fits through the data. Systematic deviations between
the Zimm equation and the data can clearly be seem at
<126 °C (standard deviation at 121 *€3.4x10 °) as is

ture (UCST), i.e., the blends are single phase above the binnormally found for phase separated bleffis.

odal temperaturel, . The effect of increasing the pressure at  The scattering intensity ag—0(l) can be estimated by

a constant temperature is shown in Figc)2where we show extrapolating the straight lines in Figs(aB and 3b). For

I(q) obtained from the P35 blend at pressures ranging fronconsistency, the data in the range of 0.80f#

0.01 to 1.03 kbar, at a fixed temperature of 54 °C. It is ap<0.016 nm2 was used at all temperatures, regardless of the

0 Cl
0.04 006 008 010 012 014 016
q (nm)
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FIG. 4. The extrapolated inverse scattered intensity=a®, 14, vs 11T for HPMB-hPEB
sample T20. The lines are determined by the least-squares procedure de-
scribed in the text. The median between the lowest temperature of the high
T set and the highest temperature of the [dwet determines the binodal (b)
temperature indicated by, . Extrapolation of the solid line to lJ=0
determines the spinodal temperattife, P35
100 ———7—— 1 T T
single-phase .
goodness of the fit. The extrapolated value of 1% negative . 80 7
at T<116°C [e.g., see the 97°C data in Fig(by]. Of 9 :
course, the true value df must be positive. The negative %’ 60 ¢ tastabl E
(extrapolatedl values ofl, are due to the presence of large g metasta f"é_, -
phase separated domains that scattay elues lower than g 40 1 4} . % - 7
the low-q limit of our instrument in configuration A. & X 3 ]
In Fig. 4, we plot 1V, versus the reciprocal of absolute 20 g--~ wouohase ]
temperature (T7). One expects a linear dependence between [ | | | oPp el ]
. . _ . 0 U N R SRR PR PR L1 1
1/1, and 1T in the single-phase regidi.In contrast, we see 0.0 02 0.4 06 0.8 1.0

a clear break in the I vs 1/T plot of the blend T2GFig. 4).
Two linear regimes, represented by dashed and solid lines, _
are evident. The two lines were obtained by a fitting procef!G: 5 (@ The phase diagram fdiPMB/dPEBhPMB-hPEB polymer
d h in the d divided i y 9 pT blends(T20, T40, T50 at atmospheric pressurg) The phase diagram for

ure W erein the data were 'V'_ ed into two gromﬂhuw blend P35 at elevated pressures. The solid lines represent least-squares fits
and highT) and a least-squares line was drawn through eackhrough the binodal data points while the dashed lines represent least-
of the sets. The point of division between the Idvand high  squares fits through the spinodal data points. The diamonds and hatched

; ; ; ; ; :squares indicate the temperatures and pressures at which the phase separa-
Tregimes was varied SyStematlcally' The pair of lines, Whldﬁon kinetics were studied. The diamonds indicate systems that exhibited

minimized th? sum of the square Pf the residuals, were choscleation and growth. The hatched squares indicate systems that exhibited
sen to describe the data. The binodal temperatli (S  spinodal decomposition.

assumed to be the median temperature between the lowest

temperature of the highi data set and the highest tempera-

ture of the lowT data set. For the blend T20, we obtdip  The data in Fig. 4 were obtained while sample T20 was

=123+3 °C. The stability limit, i.e., spinodal temperature heated from room temperature to 155 °C. The differentiation

(T), for T20 is obtained by extrapolating the straight line between the higi and low T regimes was sharper for T40

obtained in the single-phase regirtibe solid line in Fig. 4  than that shown in Fig. 4, while for T50 and P35 it was

to the point where 14=0. As a result, the spinodal tempera- weaker.

ture is estimated at 9315 °C for the blend T20. The binodal and spinodal temperatures of blends T20,
The static SANS data from the blends T40, T50, and P340, and T50 are summarized in Figah where we show a

were analyzed by the same procedure as described above fonase diagram fonPMB/dPEBhPMB-hPEB blends with

T20. The reported, values were obtained by the two least- ¢peg/ pppg=0.34 in theT — dppms_nees Plane. The pressure

squares lines approach and thegvalues were obtained by dependence of the binodal and spinodal temperatures of the

extrapolating the higi branch of the 14, vs 1/T plot. Inthe  blend P35 is shown in Fig.(B). In Figs. 3a) and §b), the

case of P35, the procedure for obtainifigand Tg was re-  binodal and the spinodal temperatures are represented by

peated at elevated pressures. In all of the samples, at terselid and dashed lines, respectively. The diamonds and

peratures above,, the scattering profiles were independenthatched squares in Figsia and §b) represent the tempera-

of thermal history. However, at temperatures belbyy we  tures and pressures at which the phase transition kinetics

found that the scattering profiles did depend on thermal hiswere examined. The distinction between diamonds and

tory. This is expected, because the two-phase morphologlyatched squares will be explained below.

obtained in a given blend will depend on thermal history. Determining the equilibrium propertiethinodal and

Pressure (kbar)
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spinodal points of our blends is not straightforward due to @)
slow kinetics. In blends of lower molecular weight com-
pounds, the binodal curve can simply be located by deter- 5000P35, pressure quench from 0.01 kbar to 0.69 kbar

mining the temperature and pressure at which the blends be- C e Fmr T ey
come cloudy(the “cloud point”). Most of our blends do not o ; f;g‘;in ]
become cloudy even after they have been at atmospheric 5 4000 F s o 223min| 1
conditions for several years. All of the blends studied here g —_— W O 336min |
are deep in the two-phase region at room temperature and £ % i ‘;gﬁmf" ]
pressure. It is evident that slow kinetics, the very feature that e v il
enables kinetic measurements during the early stages of E 2000 @AAE X 986 min | ]
nucleation, hinders the determination of equilibrium proper- ~ “ 168 Iz,
ties. <

The T-series samples were annealed at 250f&&p in o bom : ; .
the single-phase regipior a minimum ¢ 4 h in avacuum 0.02 0.04 006 0.8 0.10 0.12 0.14
oven. The samples were then rapidly transferred to a tem- q@m™)
perature controlled sample stage in the neutron beam. It took
approximately 3 min to transfer the sample from the oven to
the sample stage. The SANS data acquisition was started as(b)
soon as the sample was placed in the sample stage. Time P35, reverse quench from 0.69 kbar to 0.01 kbar
zero ¢=0) is defined as the time at which the time-resolved 5000 r— T T T T
SANS measurements began. The time required for the . 0 1min
sample temperature to reach quench temperatwithin 4000 A 41min
1°C) was estimated to be about 5 min. The P35 blend was %‘ E ©  94min | ]
first annealed at 0.01 kbar at 78 f@eep in the single-phase § 3000 O 147 min |
region in the pressure cell, and then cooled to 42 °C at 0.01 f) !
kbar. All of the kinetics experiments, in which increased E 2000 g
pressure induced phase separation, were conducted at 42°C «
After equilibration at 42 °C and 0.01 kbar, the sample pres- 1000
sure controller was set to the experimental pressure. Time ]
zero (=0) for the pressure quenches is defined to be the 00.02 0.04 006 008 010 0.12 0.14
time at which the pressure controller setting was changed. : q (nm™)

In the pressure quench experiments, the annealing ste _ _
was conducted in the pressure cell while it was in the neutrofy'®: 8. Time dependence of the SANS profiles from blend RgSressure
guench from 0.01 to 0.69 kbar, afid) is the reverse pressure quench from

beam. We were thus able to obtain data just before theg gg o 0.01 kbar.

qguench {=07) in the single phase region and just after the

guench {=3 min). In addition, the sample could be cycled

between the different regions of the phase diagram with relaon static SANS data. The time-resolved data in Figs) 6

tive ease, as we show below. and 8b) confirm these results. In particular, they indicate
clearly that aff=42 °C andP=0.01 kbar, the sample P35 is
B. Reversibility of phase separation in the single-phase regime. If we had not crossed a phase

. : : oundary when the sample was depressurized from 0.69 to
We now discuss the time-resolved SANS data obtaine .01 kbar, then there would not be a driving force for the

in configuration B. In Fig. &), we show SANS profiles . . )
. R dissolution of the two-phase morphology obtained at 0.69
obtained from the sample P35 at 42 °C, after the blend wa bar. The data in Figs.(8) and &b) also indicate that it is

subjected 1o a pressure quench from 0.01 to 0.69 kbar. Felatively easy to reverse phase separation in our blends. De-

Sﬁe a S|gn|f|c?nt m\s&eals? tIE theh scattering |tr_1ten3|ty du((ajtfg ite the fact that @ = 0.69 kbar, P35 is well within the two
phase separation. Ve lel the phase separafion procee ase boundary, and &=0.01kbar, P35 is close to the

Egg? 1%2'?&?;%;2‘2?}(;’&?}3:%}? fﬁg“szc?aittehr?nzagglfﬁ;: gﬁo rhase boundary, the dissolution kinetics are much faster than
) . - . the phase separation kinetics. The reason for this disparity is
depressurization are shown in Figbg Time zero, for the P P party

L R . . not clear. The two-phase structure that took approximately
erressurlzatlon data set in Figh is o_Iefmed to be the 10% min to develop was well on its way to complete dissolu-
time when the pressure controller setting was changed t

. . , flon after only 150 min. The ease with which phase separa-
géoclrel;k;aeré IVT; ?ﬁ?:;jé?ﬁg'?iﬁgs'z d?é;:lngcgiessszﬁﬁlge; th e‘gon can be reversed in these systems was crucial, because it
k enabled repeated measurements on the same sample.
phase separated structure.

The phase diagram for P35 in Figib indicates that at
T=42°C andP=0.01kbar, the sample is near the border
between the single-phase regime and the two-phase regime, Typical SANS profiles obtained after quenches into the
while at T=42°C andP=0.69 kbar, the sample is deep spinodal region are shown in Fig. 7. The results for a quench
within the two-phase region. These assignments were baséd 63 °C for the T20 sample are shown in Figa)7 A scat-

C. Quenches into the spinodal region
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(a) P35 at 1.03 kbar
1200 1T
T20at T=63 °C [ / ]
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FIG. 8. Analysis of the spinodal decomposition data for the P35 blend at
1.03 kbar. The solid curves are least-squares fits of the data to the Cahn—
Hilliard—Cook theory atq=0.023nm?* (the open circles and at q

(b) =0.033 nm? (the open squargs

T40 at T=25°C

700 ¢ LU LRI LA L L B
600 3 5 o 7min S(q,t), Whi(_:h i§ proportional to the scattered intensity pro-
R 9 A 30min file, 1(q,t), is given by
00 F % i
R M S Somn 1(0,0)S(0,1) = S,(0) +[S(0,0) ~ Sy(a) Jex Ag?t],  (2)
g 40 b 5% © 101 min whereS,(q) is the virtual structure factor, anl is the On-
2 300 % X 133 min sager coefficient. Typical least-squares fits of the data to Eq.
3 200 B4 (2) are given in Fig. 8, where the time dependencd at
E selectedq values from P35 at 1.03 kbar are shown. The
100 g signatures of spinodal decomposition observed in the blends
: T20, T40, and P35 were identical to those observed in binary

%02 o . : . : . polymer blend$. In a previous publicatioh’ we analyzed
time-resolved SANS data obtained in the spinodal decompo-
6. 7. SANS infensit e o1 at selected 1 s _ sition region from a different set of PMB/PEB/PMB—-PEB
S Intensity vs scattering vector at selected imes auring spin H
odal decomposition@ Sample T20 at 63 °C, and) sample T40 at 25 °C. gigﬁgt;—/r;i/dsaitrra;iI?i?t?:)n?gefrgg\t?oeuzlrfssungliSS(_:f‘ltec()jf Zlgtrfsv\\llvsre
therefore do not discuss these data in any detail. The main
purpose of presenting the data in Figs. 7 and 8 was to com-
tering peak develops during the early stages aqut pare these data with the data obtained after quenches into the
=0.028 nm'*. At times,t>16 min, the location of the scat- nucleation regime. These quenches are represented by the
tering peak inq spaceq,,, decreases with time, indicating closed diamonds in Figs(& and 5b).
the start of the intermediate stage of spinodal decomposition.
The early stage of spinodal decomposition in sample T20 at
63 °C is completed relatively rapidlgl6 min) due, mainly,
to the large depth of the quenfbee Fig. 5a)]. In Fig. 7(b),
we show the scattering profiles obtained from the T40 blend Before discussing the time-resolved data obtained during
at 25 °C at selected temperatures. The early stage of spinodalicleation, it is important to establish the role of the block
decomposition during this experiment lasted for 83 mincopolymer in our multicomponent blends. In phase-separated
wherein a time-independen,, is observed. At later times, mixtures of two homopolymers and a block copolymer, the
gm decreases with time, as was the case for sample T2Block copolymer can exhibit three different types of
shown in Fig. 7a). behavior***° It could (1) serve as a polymeric common sol-
The data obtained from quenches represented by theent that is uniformly distributed throughout the sample, or
hatched squares in Figs(a#p and 3b) [e.g., P35 at 0.69 (2) serve as a surfactant and segregate to the interface be-
kbar—Fig. a), T20 at 63 °C—Fig. {@), and T40 at 25°C— tween coexisting homopolymer-rich phases,(8y form a
Fig. 7(b)] exhibited classic signatures of spinodal decomposeparate, copolymer-rich phase. In most studies on mixtures
sition. The data obtained during the early stages of thesef two homopolymers and a block copolynférthe block
guenchegbeforeq,, decreased with timevere analyzed us- copolymers serve as surfactants. However, evidence for all
ing the Cahn—Hilliard—Cook theory. In some cases, the earlyhree types of behavior have been obtained experimerifally.
stage of spinodal decomposition was too rapid and thus thEor symmetric blends of two homopolymews,and B (¢a
Cahn—Hilliard—Cook analysis could not be applied. In this= ¢g) with yNy~xNg~2, and a symmetrid—B diblock
theory?*® the time dependence of the structure factor,copolymer it has been demonstrated that the transition from

D. Role of the block copolymer
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common solvent-to-surfactant behavior occurs wiyéh _g T40D at T=44 °C

is about 128:40-4250.52y the PMB/PEB/PMB—PEB blends 60
studied in this papetyNpys_pegis in the vicinity of 4. This : T T ]
is well below the threshold for interfacial activity of the co-
polymer. Similarly, the formation of copolymer-rich phases
occurs atyN,_g values significantly greater than*2We

thus expect the PMB—PEB block copolymer to behave like a
polymeric common solvent. In this scenario, the phase sepa-
ration results in PMB-rich and PEB-rich macrophases, and _
the PMB—PEB block copolymer is uniformly distributed in 10 F
both phases. If we assume that the blend is incompressible, E ' [ | | ¥ At
then the spatial variation of _homopolymt_er copcentranons, 00.02 004 006 008 010 012 014
dpmpe(r) and ¢peg(r) must satisfy the relationshipppgs(r) q (nm™)

+ ¢peg(r) =constant. In the pasf,we have referred to such

blends as pseudobinary blends because they are expected':tﬁ- 9. SANS intensity vs scattering vector at selected times from blend

. . . S T40D at 44 °C. Solid diamonds$:=3 min; open circlest=225 min; open
behave like binary blends of simple liquidgwhere squarest =439 min; open triangles=1193 min. The lack of change in the

¢pMB(|') + d)pEB(r) = 1]- scattering intensity from T40D indicates that the block copolymer is uni-
In order to study the distribution of the block copolymer formly _distrib'uted in the goexisting PEB- and PMB-rich phases. Inset:

chains, we preparec a sample that we call T46Bo Table SANS HErs, s s sectr st st s o blerd o

I), which is identical to T40 in most respects. Both blends—gg min: plus signs: t=80min; diamonds: t=90 min; crosses:t

contain 40 vol % PMB-PEB block copolymer and the ratio =99 min; triangles:t=109 min. The change in scattering intensity from

dpes! dpys i 0.34. Both blends contain one deuterium |a- T40 indicates the formation of PEB- and PMB-rich phases.

beled species. In the blend T40, the labeled species is the

PEB homopolymer, while in the blend T40D, the labeled

species is the PMB—PEB block copolymer. We expect thé=. Three stages of nucleation

qualitative behaviors of samples T40 and T40D to be iden-  The time dependence of the SANS profiles obtained

tical. Based on previous studi€s}* we can assert that from samples T40, T50, and P35 are shown in Figs. 10, 11,
switching deuterium labels from one component to anothepnd 12, respectively. We have left out sample T20, because
has little effect on the thermodynamics of these PMB/PEB/|| of the quenches were located deep in the spinodal region
PMB-PEB blends with 40 vol % block copolymer. Given [Fig. 5a)]. The differences between the time-resolved SANS
that blend T40 at 44°C is located deep in the two-phaselata obtained during spinodal decompositi¢discussed
region[Fig. 5a)], we expect the sample T40D to also exhibit above, and those obtained during nucleation can be seen by
phase separation at 44 °C. However, since there is no scatemparing data obtained from P35 at 1.03 kkfig. 12a)]
tering contrast between tiPMB andhPEB homopolymers and at 0.34 kbalFig. 12c)]. An obvious difference between
in the T40D blendsee Table)l, changes in the distribution the two sets of data is the presence of a scattering peak in the
of these two components will not result in an increase in thespinodal decomposition regimgFig. 12a)] at g=0max
scattering intensity. The scattering from T40D will evolve ~0.03nnT*, and the absence of a scattering peak in the
with time only if the distribution odPMB—dPEB chains in hucleation regimgFig. 12c)].
the sample changes with time. In Fig. 13a), we show the time dependence of the scat-
In Fig. 9, we show the SANS profiles from T40D &t tered intensity from P35 at a fixeg=0.021 nm* during

—44°C at selected times. The scattered intensity is relativelyPinodal decompositionR=1.03kbar). The data obtained

weak and independent of time for 1000 min. This is in shargiuring the early staget&266 min), designated byE,” are

contrast to sample T40 wherein a 400-fold increase in thd" Il?jgreeme.ntF\_Nithl the Cahn—rillialrd—?ook the(?_rty. f1|—£he
scattering intensity was observed in 109 nffifig. 9 inse}. solid curve in Fig. 1) represents a least-squares fit of Eq.

S e . P . .(2) through the data obtained &&266 min. Systematic de-
Thte “Th? mtieggndxehr}gﬁ of the ;csit;errmgbdﬁta\l/imr F_'?h 9 md')\(/iations between thé(t) and the Cahn—Hilliard—Cook pre-
cates this biend € S pseudobinary behavior. These €Xg.ions are evident in the intermediate stage, designated by

periments confirm conclusions based on theoretical argu: I in Fig. 13(a). The inset in Fig. 1@) shows the pressure
ments that were presented earlier in this section. Similae jing from the transducer closest to the sample after the set
results were reported in a previous study of phase separatl%im on the pressure controller is changed. Changing the
in PMB/PEB/PMB~PEB mixtureS! Based on the data in sample pressure from 0.01 to 1.03 kbar requires about 15
Fig. 9, previous experimental resuffs;*~*?and theor§®® i "A sudden change in the sample pressure will result in a
we conclude that the block copolymer is uniformly distrib- change in the sample temperature due to the Joule—
uted during all stages of the phase separation process in all qfnompson effect. Migler and Han have shown that for typi-
the blends examined in this paper. cal polymer samples with 1 mm thickness, the sample tem-
The main objective of this paper is to study the cluster-perature returns to the set temperature within 8 Bhe

ing of homopolymer chains during nucleation. We do this intime scale required to enforce an isothermal pressure quench
the remainder of this paper. is thus considerably less than the time scale for phase sepa-

40

30 [9R

SANS Intensity

20 L

*
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FIG. 10. Log—log plots of the SANS intensity vs scattering vector at selected times from blend T40 after temperature gl@mpresh to 25 °C(b)
quench to 44 °C(c) quench to 49 °C(d) quench to 54 °C. The solid and dashed lines show the positiogg ahdq, at the earliest and latest times shown,

respectively.

ration during the early stage of spinodal decompositRé6  version 3.09 program. In Fig. 18, we show the time de-
min). pendence of;,, for P35 at 0.34 kbar. The three regimes of
The time dependence of the scattered intensity from P38ucleation identified earlier in Fig. 13 are also shown in
atq=0.021 nm ! during nucleation P=0.34 kbar) is shown Fig. 13¢). The distinction between the, E, and| stages are
in Fig. 13b). This pressure quench from 0.01 to 0.34 kbar isevident in the time dependence lgf,. Note that theF, E,
accomplished in approximately 1 mjsee the inset in Fig. andl stages were identified using the scattered intensity at a
13(b)]. At very early timest<7==98 min, we find a rela- singleq value[Fig. 13b)] while the data in Fig. 1@) reflect
tively rapid increase in the scattering intensity during thea weighted average of scattering at all accessible
0.34 kbar quench. This is followed by a slower growth of the
scattering intensity at timeg-<t< =618 min. At longer
times,t>7¢, the rate of phase separation, as measured b
the time dependence of the SANS intensity, begins to in- Most of the samples exhibited a relatively rapid initial
crease. We refer to the first stage as the fluctuation relaxatioesponse after quenching into the metastable region; see
stage(F) wheret< 7, the second stage as the early stage oFigs. 13b) and 13c). An obvious explanation for this initial
nucleation(E) where rr<t<r¢, and the third stage as the response is the fact that it takes a finite amount of time to
intermediate stage of nucleatidh) wheret>7¢; see Fig. change the sample temperature or pressure from its initial
13(b). Linear fits through thé vst data were used to identify value in the one-phase region to its final value in the two-
the crossover fronfr to E, andE to 1. phase region. However, it appears that this is not the case.
The extent of phase separation can be quantified by confor the 0.34 kbar quench of the sample P35 this “initial”

puting the time dependence of the scattering invariggt, response is spread out over 98 min. This is a much longer
time scale than is required to effect a change in sample pres-

|inv=f 1(g)g?da. (3 sure from 0.01 to 0.34 kbar, which is 1 miriJoule—
Thompson effects will dissipate in less than $)swe pro-
The integration was performed over the entifjeange  pose that the relatively rapid increase in the SANS scattering
0.02<q=0.14 nm ! using the trapezoidal rule. We used the observed at times less tha 7 reflects the response of the
Integrate-Area function of theALEIDAGRAPH for Windows,  metastable, single-phase fluid to the pressure quench. The

5. The fluctuation relaxation stage
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FIG. 12. Log-log plots of the SANS intensity vs scattering vector at se-

FIG. 11. Log—-log plots of the SANS intensity vs scattering vector at se-lected times from blend P35 after pressure quenct@sguench to 1.03

lected times from blend T50 after temperature quenck@&sguench to kbar, (b) quench to 0.69 kbafc) quench to 0.34 kbar. The solid and dashed

25 °C, (b) quench to 34 °C(c) quench to 44 °C. The solid and dashed lines lines show the positions af, andq, at the earliest and the latest times

show the positions off; andq, at the earliest and the latest times, shown, shown, respectively.

respectively.

response of polymer blends quenched from one equilibriuntaxation proces¢F). The fluctuation relaxation process is not
state to another was studied by Fegigal >®> We believe that observed during spinodal decompositifeg., P35 during
the initial response of our polymer blends is analogous to th&.03 kbar quench—Fig. 18)]. Similar results were obtained
process studied by Fergf al., except for the fact that the in other studies of spinodal decomposition in polymer
final state in our case is metastable. We thus refer to the firdilends, e.g., Refs. 7-9. We sgt=0 in the spinodal decom-
process in our nucleation experiments as the fluctuation regposition regime.
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FIG. 13. Characteristics of the different stages of phase separé&tide-
notes the fluctuation relaxation stagedenotes the early stage, ahdle-
notes the intermediate stage. is the end of the fluctuation relaxation stage
(F), and g is the end of the early stage of nucleati). (a), (b) The SANS
intensity vs time atq=0.021 nm® for the P35 blend after pressure
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TABLE Ill. Start and end times 4= and ¢, respectively for the early
stage of nucleation and growth.

Quench
temperature ' _ _ - - -
or pressure 7¢ (MiN) ¢ (Min) 7 (Min) 7¢ (Min) 7 (Min) 7¢ (Min)

P35 T40 T50

25°C 19.5 149
34°C 43 280
44 °C 22 42 56 181
49 °C 21 76
54 °C 21 111

0.34 kbar 98 618

The fluctuation relaxation process is observed in the
nucleation regime, because the phase separation process is
relatively slow. We conclude that, regardless of the quench
type (temperature quench versus pressure queril rapid
increase in the scattering intensity observed in the very early
stages of the quenches to the nucleation regime is due to the
fluctuation relaxation process. The time required to complete
the fluctuation relaxation process;, in each of the
quenches to the metastable region, and the times required to
complete the early stage of nucleatiory, are given in
Table lll. We find that in most cases and g increase with
decreasing quench depth. In general, these time scales will
depend on thermodynamic and viscoelastic factors. In our
limited experimental windows and ¢ are dictated by ther-
modynamic factors. Since we are primarily interested in the
nucleation process, we do not discuss the datalat in the
remainder of the paper.

G. The early and intermediate stages of nucleation

Let us go back to the data obtained from sample T40
(Fig. 10. The presence of a scattering peak during spinodal
decompositiorfFig. 10@)] indicates the presence of a peri-
odic structure. The lack of a scattering pd#kgs. 1db)—
10(d)] during nucleation indicates that the emerging phase
separated structure is characterized by a distribution of
length scales. Examination of Figs.(&0-10(d) shows that
for each quench, the scattering profiles at different times
merge at a point that we depict by the symiogle,qe. The
SANS intensity is independent of time in the range
>0Omerger We begin by studying the SANS profiles gt
<Omerge FOr sample T40 at 44°CFig. 1Qb)], att
=201 min, the scattered intensity decreases sharply with in-
creasingq in the range 0.033 nmt<q<0.055nm. Theq
dependence of in this region can be approximated by a
power lawl ~q~¢. We defineg, andqy, to be the lower and
upper bounds, respectively, over which power law behavior
is observed®

A crossover in theq dependence of is evident atq
~q.[g,=0.033nm* in T40 at 44°C at 201 min; see Fig.

quenches(a) Quench to 1.03 kbar. The solid line represents the Cahn—-10(b)]. In the rangeq<(q, , the scattered intensity appears to
Hilliard—Cook fit to the data. The vertical line indicates the end of the eaf'yapproach a-independent plateau. The solid lines in Fig. 10

stage for spinodal decompositioB). (b) Quench to 0.34 kbafc) The time
dependence of the scattering invaridgy, during the 0.34 kbar quench. The

indicate the position off, andqy at 7, which is the earliest

inset in(a) and (b) show the time dependence of the sample pressure durindime shown in the figures. The dashed lines show the posi-

these quenches.

tions ofq, andgy at the last time shown in the figures. The
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crossover from power law behavior to an apparent plateau, (a)
g<q, [Fig. 10b)] is typical of scattering from disordered

systems such as polymer blends and solutions and particulate T40at T=44°C

suspension$.This crossover is an indication of the charac- N VAL L I B LA
teristic length scale of the structuré&(é~1/q,) and it rep- & T 22min | 3
. ; . 40 £ —6— 32 min |]
resents the approach toward Zimm scattering indle1 > & ]
limit. The characteristics of the SANS data obtained from 'z o ]
samples T50 and P35 were similar to that of sample T40 £ r ]
(compare Fig. 10 with Figs. 11 and )1ZThe characteristic % 20 L ]
scattering vectorgjyege: du» @andgy in these samples were < C 3
obtained using procedures that were identical to those used 10 L
in the analysis of the T40 data. [
A detailed analysis of the scattering profiles is possible 0 T T e
in the case of quenches into the binodal region wiggre/as 0.02 003 004 005 006 007 0.08
identified (T40 at 44 °C, T50 at 25 °C, and P35 at 0.34 Rbar q(nm’)
A number of simple models have been used to describe poly-
mer mixturest The Ornstein—ZernikéOZ) equation is often
used to analyze scattering profiles in the single-phase region®)
while the Debye—Buech@B) equation is often used to ana- P35 at P = 0.34 kbar
lyze scattering profiles in the two-phase region. Since we 500 T
have a blend that is transforming from a one-phase system to N 5 98 min | 1
a two-phase system, it is not immediately obvious whether 400 f —6— 140 min |
we should use the OZ equation or the DB equation. In Sec. 2 re %% —&—265min ]
Il F we established that the system is single phase attheend & 300 [ & 368 min
of the fluctuation relaxation stage. We therefore expect the & r
OZ equation to be applicable, at least during the very early £ g s
stages of nucleation. The OZ equation for the scattering pro- 5 r
file is given by 100 E
lo 0‘....|....|....|...||....|,
Q)= ——=, (4) 0.02 0.03 004 0.05 006 007 008
1+g%¢ q (nm™)

wherel, the extrapolated intensity as— 0, is proportional FIG. 14. SANS intens_ity Vs scattering vectoroat selected times during the
 the product of the scatering povier and the average madg!Y sae o ticleaory Serd T4 at 14 1 sl 73 at 0.3
of the scatterers. In Fig. 1&), we show data obtained after a gata.
temperature quench in sample T40 to 44 °C, while in Fig.
14(b) we show data obtained after a pressure quench for the ) )
sample P35 to 0.34 kbar. In both cases we restrict our atteritat all of the data collapse onto a master line, consistent
tion to the early stage of nucleationd<t< r¢) and to times  With the following scaling law:
where a significant number of data points were obtained in &(t) \/W
the g<<q, range. The curves through the data in Fig. 14 are = .
the least-squares fits to the OZ equafign. (4)] with 1, and &(7¢) lo(7e)
£ as free parameters. It is evident that the data after both The observed increase in the scattering intensity, during
temperature and pressure quenches are in reasonable agrie early stage of nucleation, implies clustering of the la-
ment with the OZ equation. beled chains in the mixture. The- /I, scaling is indicative
The typical time dependence of the fitted OZ parametersf the nature of the clusters. In the mean-field limit, the scat-
(I, and ¢) during the early stage of nucleation is shown intering from concentration fluctuations in binary liquid mix-
Fig. 15. We show data obtained from T40, T50, and P35tures(including polymer mixturesobeys Eq(5). We there-
Note the wide variety of time scales and length scales obfore conclude that the clusters formed during the early stage
tained during the early stages of nucleation in the differenbf nucleation cannot be distinguished from mean-field con-
samples. In the T40 sample at 44 °C, the early stage lasts faentration fluctuations. The fact thatand |, increase with
20 min andé¢ increases from 30 to 40 nm. In the P35 sampletime (Figs. 15 and 16implies that the concentration fluctua-
at 0.34 kbar, the early stage lasts for 250 min in which timetions grow during the early stages of nucleation. The ob-
£ increases from 50 to 150 nm. In Fig. 16, we show theserved scaling of onl, [Eq. (5)] provides some justification
relationship betweeg and |, for all of the data shown in for using the OZ equation.
Fig. 15. (The 25°C quench on the T50 sample was per- The Ornstein—Zernike analysis was restricted to deep
formed twicg. The time-dependent values bf and £ ob-  quenches wherein botl) andqgy were within the accessible
tained from the different quenches were normalized by theig window. It is not possible to conduct the same analysis of
values at the beginning of the early stagg)( It is apparent the data in the cases whege could not be identified, spe-

®
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(@ 5
T40 at T =44 °C 4t
90 T T T 60
r ] slope = 0.50 £ 0.02
,:m 3F u]
80 - I 50 §
70 F o 52
60 ~
40:.........|....|....|....'20 1®/1()
20 25 39 _35 40 45 FIG. 16. The relationship between the Ornstein—Zernike paramégeand
Time (min) & during the early stage of nucleation. Diamonds: blend T40 at 44 °C.
Circles and triangles: two separate quenches of blend T50 to 25 °C. Squares:
blend P35 at 0.34 kbat, and ¢ were normalized by their values at the
() beginning of the early stage= ) for each of the quenches.
T50at T =25°C
120 T T T T 80
r 1 law fits were used to estimattas a function of time and
100 ¢ 1 6o quench depth for each sample. For the cases wiem®uld
80 1 not be identified, we fit all of thé vs q data atq<qy to a
] o power lawl~q~9, assuming that), lies behind the beam
L e f 140 8 stop. Typical results of the fitting procedure are shown in
Y ] = Fig. 17a) where we plod versus time for the four quenches
4 20 (t> 1) performed on T40. We have included the data ob-
20 | ] tained at the largest quench de®% °C), the open triangles
0 T T T T 0 in Fig. 17a), where T40 exhibited standard signatures of
0 20 40 60 80 100 120 140 160 spinodal decomposition. In all of the cases the time depen-
Time (min) dence ofd has a sigmoidal shape. At early timebyaries
© between 0.8 and 2. At later timed, increases, reaches a
maximum value, and then decreases.
P35 at P = 0.34 kbar The value ofd obtained during the early times are not
6000 . . S . :
: reliable due to the relatively weak scattering intensity during
5000 [ this time. Incoherent scattering, which has not been sub-
. tracted from the measured signal, is probably important at
4000 large scattering vectors. As phase separation proceeds, and
I, 3000 [ the scattering intensity increases, background subtraction is
: no longer important, and reliable valuesdére obtained. In
2000 ¢ all of the cases, the fractal dimension of the phase separated
1000 E 1 structure increases as phase separation proceeds. It is clear
F : from Fig. 17a) that ast—<°, d will approach an asymptotic
50 100 150 200 250 300 350 400 value between 3 and 4. In two phase systems with sharp

Time (min)

interfaces,| ~q~3, in the gé~1 regime (Kratky regime,
andl~q~* in the q¢>1 regime(the Porod regime* (Here

FIG. 15. The dependence on time of the Ornstein—Zernike paramegers,
(solid circles and& (open squares(a) Blend T40 at 44 °C(b) blend T50 at
25 °C, and(c) blend P35 at 0.34 kbar.

¢ is the characteristic length scale of the phase separated
structure). Therefore, the increase thfrom low initial val-
ues to values between 3 and 4 is consistent with the forma-
tion of a phase-separated structure. The fact tha less
than 3 during a significant portion of the nucleation process
54 °C, see Figs. 10) and 1@d)]. All microstructures must indicates that nucleation occurs via the formation of struc-
exhibit Zimm scattering in the limit o§&—0. The fact that tures that are not compact. Mean-field concentration fluctua-
we do not observe this limit at low-quench depths simplytions, which we believe are responsible for nucleation, fall
indicates that the characteristic length scale of the growingnto this category.
structureqé) is larger than the instrumental resolution. The data in Fig. 1{& suggests that increasing the
Having established the origin of the scattering in the quench depth in sample T40 simply results in a shift of the
rangeq<(, , we move on to the|, <q=<qy regime wherd d(t) data to the right. Note that the abscissa in Figalt
scales agy;~ 9. This is sometimes called the intermediate log(t). The data are reminiscent of rheological data from ho-
regime. The scattering profiles in this regime are related tanopolymers, wherein the time dependence of the stress re-
the fractal dimension of the scatterérseast-squares power laxation modulus shifts to longer times as the temperature is

cifically the shallower quench deptlis.g., T40 at 49 and
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Initial stages of nucleation in blends 6095
concept is tested in Fig. 1) where we plotd vs ayt for
T40. The reference temperatusghereay is set to unity is

54 °C, for the T40 blend. Aside from the early time scatter,
we observe a significant collapse of the time dependende of
[see Fig. 1)].

The temperature dependence of the shift factagg for
the T40 sample is shown in Fig. (J. The value of 1d,
may be considered as an estimate of the time scale for nucle-
ation, relative to that observed at the reference temperature.
The large values ody at lower temperatures thus imply that
the nucleation process is more rapid at lower temperatures.
The nucleation shift factors are different from the rheological
shift factors because rheological time scales decrease with
increasing temperature as a result of the increasingly rapid
molecular motion. Of course, in our blends, molecular mo-
tion does slow down with decreasing temperature. However,
the nucleation time scales in our experimental window ap-
pear to be dominated by quench depth, i.e., thermodynamics,
rather than molecular mobility. A quadratic extrapolation of
the shift factor datdFig. 17c)] suggests the existence of a
point at whichay— 0. For the T40 sample this happens at
57 °C. A shift factor of zero implies that the nucleation pro-
cess would require infinite time, i.e., time scales much larger
than the experimental window (1fin). One may thus re-
gard these points as binodal points determined by dynamical
measurements. Our dynamical estimateTgfof 57 °C in
T40 is somewhat lower than that determined from static
SANS (81 °C).

The time dependence dfobtained for samples T50 and
P35 were similar to that obtained for T40. For completeness,
Fig. 18a) showsd vs ayt for P35 at a reference pressure of
0.34 kbar. We refer to this as time—pressure superposition.
The pressure dependence of the shift faetgris shown in
Fig. 18b). The dynamical estimate &¢f, in P35 at 42°C is
0.2 kbar, while static SANS indicate that it is near O kbar
[Fig. 5(b)]. In most casesy decreases as the binodal is
approached[see Figs. 1) and 18b)]. The T=49°C
guench of the sample T4®ig. 17c)] andT=34°C quench
of sample T5(see Fig. 11are the only exceptions. We have
no explanation for these deviations. We suspect that it re-
flects the delicate nature of nucleation near the binodal and
our inability to exercise precise control over quenching con-
ditions.

In both T40 and P35, the superposition principle was
applied to data obtained during both spinodal decomposition

FIG. 17. Demonstration of the time—temperature superposition principle or@and nucleatior{Figs. 17 and 18 The ability to collapse all

data obtained from blend T40&) A plot of the exponentl vs log time for
all of the quenches on the T40 bleritd) The d(t) data in(a) shifted along
the horizontallog time) axis to obtain best overlap with the 54 °C data. The
abscissa is thus loggt) whereay, is the nucleation shift factofc) The shift

the quenches for a particular sample onto a master curve
implies that the crossover from spinodal decomposition to
nucleation is smooth. The lack of an abrupt change as one

factor, ay, vs temperature. The solid curve is a quadratic fit through thecrosses the mean-field spinodal line, observed in samples

data.

T40 and P35, was anticipated by Bind&f° To our knowl-
edge there has not been any theoretical or experimental work
that indicates this crossover would be manifested in time—

lowered. The principle of time—temperature superpositiorfemperature and time—pressure superposition principles.

has been established for collapsing rheological data at differ-

The similarity of the data obtained at all quench depths

ent temperature¥. We find that a similar principle can be in Fig. 17 suggests that the nucleating structures formed dur-
applied to our nucleation data. Multiplying the time axis by aing the shallow quencheg.g., T40 at 49 and 54 9Care

shift factor,ay, results in a collapse of the(t) curves. This

similar to those formed during deep quencliesy., T40 at
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4.0 F O 0.69 kbar E o o %O §
E| O 034kbar I A b
35 :_ €XCess r % T
d 3 | R ]
30 100 E| & 25°C 0“0’ E
25 F 3 o 44°C N 3
: L o 49°C 1
20 F
o A o r &) 54 oc 4
1.5 ;‘OQ OOAOO 10" : — ]
E Ll 0.2 0.4 0.6/0.8 1.0 2.0
1.0101 > e 0’ 9q,
a t(min)
N FIG. 19. | o cess@t equivalent times vs a normalizepvalue for all of the
guenches on the T40 blend. The open triangles are the 21 min data for the
b 25 °C quenchg,=0.063 nm?, the open circles are the 37 min data for the
(b) 44 °C quenchg,=0.039 nm'%, the open diamonds are the 155 min data for
shift factors for P35 the 49 °C quenchg,=0.037 nmt?%, and the open squares are the 111 min
D — data for the 54 °C quencio,=0.033 nm%.
10 | *
8 3 E the figure caption. The similarity dt,.ess0btained at differ-
. . ] ent quenches, at equivalent times, suggests that the structures
% 6¢f 3 formed in T40 at all quench depths are similar. The main
4 b ] distinction lies in the Zimmé< 1) regime. The data in Fig.
C ] 19 also indicated the lack of a sharp distinction between
2 F . spinodal decomposition T=25°C) and nucleation T
:?..I....I....I....I....I....I....I....: 244°C)'
00.3 04 05 06 07 08 09 10 L1 In Figs. 17-19, we emphasize the similarity of the data
Pressure (kbar) obtained at different quench depths. Note that there are also

) . . - important differences in the phase separation kinetics due to
FIG. 18. Demonstration of the time—pressure superposition principle on

data obtained from blend P35. Tré(t) data obtained from different changes in quench depth.. In F'g' 2.0’ we show the time de-
quenches were shifted along the horizoritad time) axis to obtain the best pendence of the scattering invariahf, for all of the
overlap with the 0.34 kbar dat#b) The shift factor,ay, vs pressure. The quenches performed on T40. When the composition and the
solid line is a least-squares linear fit through the data. volume fraction of the coexisting phases reaches equilib-
rium, l;,, approaches a time-independent plateau. This is
) usually called the late stage of phase separation. The kinetics
25 and 44 °Q. Thg nature of th'e nucleating structures can be, phase separation at 25 °@olid circleg were relatively
gauged by examiningeycessdefined as rapid and the late stage was reached in approximately 200
lexcest@, ) =1(aq,t) = 1(q,7¢), t>7¢. (6) min. It is clear from Fig. 20 that at lower quench depths, the
. late stages of phase separation lay outside the experimental

Our objective is to compare the nucleating clusters ini : ;
.window. We expect that near the binodal, the long time pla-
sample T40 at 25, 44, 49, and 54 °C. One of the problems in P g P

making such a comparison is that the clusters change with
time. It is therefore necessary to compare the nature of the

. . . . T40
clusters at equivalent times during the nucleation process. 10" :

The nucleation shift factorsy, allow a clear definition of

. . . X . [| e 25°C
equivalent times. For example, if we are interested in the O 44°C
clusters formed during the 54 °C quench in Tdbe refer- X 49°C
ence temperature for the shift factpet 111 min, then the | & s54°C
equivalent time during th&=44°C quench is at time I 102 F
=111/ay which is approximately 37 min.(We have 5 o
“rounded off” the equivalent time to match the time at C °® "z

which the data were acquirged&imilarly, the equivalent time

for T=49°C run is 155 min. We compare the scattering
profiles obtained from T40 at equivalent times by examining 107 RN E U R
the g dependence df,,..ss0N a log—log plot in Fig. 19. The 10° 2 10°
scattering profiles were shifted horizontally to obtain the best

collapse. In other words, the axis i_S n(_)rmalized b_y a f_it FIG. 20. The time dependence of thg, for all of the quenches on the T40
paramete.. The values ofj. used in Fig. 19 are given in blend.

1
10" Time (min) 10
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. T50 and T50' at 25 °C T50at T=63 °C
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Time (min)
FIG. 22. SANS intensity vs scattering vector at selected times from blend

FIG. 21. The dependence of the SANS intensities on timegat 150 during the 63 °C quench.
=0.02 nn%, for the three 25 °C quenches on blends containing 50 vol %
diblock copolymer. Circles and triangles: separate quenches performed on
the T50 blend. Diamonds: T5Mlend.
H. Critical length scale during nucleation

We conclude this section by discussing the significance
of dmerger the characteristic scattering vector for a given
s duench beyond which the SANS intensity is independent of

because the composition of the coexisting phases at equilitime (See Figs. 10-12lt is important to note thalegewas
rium approach each other as the quench depth is reducelfentified in all of the quenches int@nd near the nucle-

The differences inl,, obtained at different quench depths ation regime. It is evident thalimerge fOr a given sample

thus reflect kinetic differences as well as changes in the equgelpendfs on qutezzflgéptdh- tllzortlexlamplet,hln s;amtplitT_élo,dthe
librium characteristics. The collapse dfvs t data[Figs. Valu€ Olfmerge IS distinctly fower than that obtaine

. . ) . at 25°C[compare Figs. 1@ and 1Q@b)]. Increasing the
i;(cisai?]ﬁ 1(??)] was obtained in spite of the large differ guench temperature to 49 and 54 °C results in a further de-
nv .

. . - crease iNQmerge [Figs. 10c) and 1Qd)]. It is evident that
Nucleation experiments are often difficult to reproduce,Clmerge decreases with decreasing quench depth. The T50

especiqlly if 'the nucleation is heteroggneous. We tested rsduench dataFig. 11 and the P35 quench dat&ig. 12,
proc/iumbmty in our syst_ems by examining samples _T50 aN%how the same gualitative features: the existence of a merge
T50'. Th(_ese are two different samples with nearly 'dent'calpointqmerge, which in most cases, decreases with decreasing
compositions(see Table ). Two temperature quenches to quench depth.
25°C were performed on T50 two years after the same’ |, 5 annroximate sense, the formation of structures with
quench was conducted on T50The source that produces 5 |ength scale of will result in increased scattering at
cold neutrons at NIST, where these experiments were carried 1z “The fact that the scattered intensity does not increase
out, was changed after the T58ample was examined. .In at q values greater thaliyee Sets a lower bound on the
order to compare the runs before and after the change in thgpgth scale of the structures formed during phase separation.
cold source, we divided the T5@ata by a constar6.0) 10 Thjs |ower bound, defined by the symbil; = Ullmerger iN-
empirically account for the changes in the cold source monixeases with decreasing quench dejsiigs. 10—12. For ex-
tor reading. Qualitative agreement between the three datgmple, in the case of T4Q,,, increases from 8 to 26 nm
sets was obtained. In Fig. 21, we show the time dependenGghen the quench temperature is increased from 25 to 54 °C.
of the scattering intensity &~0.02nm . Itis evident from  Classical nucleation theor$***®predicts the existence of a
Fig. 21 that the trends in the nucleation data are entirelyyitical nucleus size Ry;), and that only nuclei with sizes
reproducible in samples with 50% block copolymer. Due togreater than the critical nucleus size will grow spontane-
limited access to the neutron beam and the success of the§QS|y_ The merge point provides direct evidence for the ex-
experiments, we did not repeat the other quenches. istence of such a critical length scale. However, the classical
As a final check of our experimental protocol, we estimate ofRgy; is based on the assumption that the nuclei
quenched sample T50 to 63 °C. As indicated in Fig) 8his  have attained equilibriurh.In contrast, the nuclei that we
quench is located slightly above the binodal curve estimateflave obtained during the early stage of nucleation in samples
from static measurements, i.e., it is located in the singleT40, T50, and P35 are distinctly out of equilibrium.
phase regime. In Fig. 22 we show the time-resolved scatter- In Fig. 23, we summarize the critical length scale of the
ing results that were obtained during this quench. The exnaucleating structures obtained from all of the samples by
periment was terminated after 3 h, because we observed mgotting & versus quench depth. In order to display the
evidence of nucleation during this time. All of the other pressure and temperature quenches on the same plot, we use
guenches showed significant changes in the SANS profileg, the Flory—Huggins interaction parameter as the abscissa.
after 3 h. The conversion from temperature and pressurey tovere

teau ofl;,, will be a strong function of quench depth. This i
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30 PR R R increase in scattered intensity. The exponerapproaches
F " 00 \-\ a 1 values between 3 and 4. This is the intermediate stage of
25 E \ R g phase separation of nucleation and growth, which ultimately
20 L BN N 3 !eads to the formation of the new quuid.phase with s_harp
E R . \ \\ E interfaces. We demonstrated the existence of time—
N 15" & \ v h temperature and time—pressure superposition principle for
eriteal : \ D\\ ] nucleation. We found that the time dependence of the expo-
10 | © é\ - nentd for a given blend could be superimposed by a lateral
: O \ ‘] shift of the data along the time axilg scalg. Analogous to
3 o ) N 9 the shift factor for viscoelastic behavior of polymers, we
0 BN \I ] define a nucleation shift factoay , which describes the in-
05 06 07 08 09 10 1.1 crease in nucleation kinetics with increasing quench depth.
x/xs The superposition principle applies to data obtained both

above and below the classical spinodal, indicating that the
FIG. 23. The critical nucleation length scalé, vs x/xs for all of the  crossover from nucleation to spinodal decomposition in our

quenches. T4QC|rcI_e$, T50 (diamonds, P35_(square£ The dashed lines p{stem is smooth and continuous. This was anticipated by
are least squares fits through the data obtained from each sample. The ra 20
inder and co-workers>

of gyration of the polymer chains in our blen¢RRg) are in the vicinity of ) ) ) o
17 nm. For each quench, we find that the scattering intensity is

independent of time in the high regime @>Qpergd- This
) o N ) implies the absence of growing structures with length scales
done usmg_thg data in Fig. 1. In. addition, we normalized thegmaller than £ei= L/ merge during nucleation. The length
value ofy with its value at the spinodaks (=x atTsor P).  gcaleg,, bears some resemblance to the critical nucleus size
In the case of sample T40ys=x(T=6°C,P=0kbar) predicted by classical nucleation thedry.
=0.00238, while for P35ys=x(T=32°C,P=0.34kbar) Aside from the existence of a critical length scale, the
=0.00173. The measured valuesigf; lie between 5 and 30 patyre of the nucleating structures during the early stages is
nm. We thus see tha; can be smaller or larger than the gypstantially different from the predictions of the classical
radius of gyration of the polymer moleculeR{=17nm for  theories. They are out of equilibrium and qualitatively simi-
all of the componenys lar to the diffuse, ramified structures proposed by Binder
et al’®*?° and Klein et al?! Recent experiments and com-
IV. CONCLUDING REMARKS puter simulations indicate that nonequilibrium structures

Liquid—liquid phase separation in mixtures of high mo- may plgy gr;oimportant role in the initial .stages of .cry.stal
lecular weight polyolefins was studied by time-resolved neu_nucleaﬂor_sf ten Wol(_je and Frankgl St.Ud'ed crystallization
tron scattering. Phase separation was induced by either dg,f a C°!'°"5’§" suspension from.the liquid state by computer
creasing temperature or increasing pressure. We focused 3“““'6‘“0”' They _found_ that_ dlsqrc_jered clusters were pre-
data obtained during the initial stages of nucleation, i.e., exCursors to nuclea_ltlon. leew|se, it is has been reported t_hat
periments wherein the sample was quenched to temperaturgg]orphous density f'ugcég‘a“o”s areé precursors o crystalhza-
or pressures that were between the spinodal and the binodﬁfn of some p_olymeré.' T_here IS thus increasing ewdenc_e
Separate static neutron scattering experiments were cor, nat the nuclei formed during th?. egrly stages of nucleation
ducted to identify the binodal and spinodal points for eac" Some systems are out of equilibrium.
mixture. Phase separation, initiated by both temperature and
pressure quenches, yielded similar results. Three regiméCK'\K)WLEDGMENTS
were identified during the nucleation process. First, we ob-  We thank Jack Douglas for his valuable suggestions, and
serve a relatively rapid process wherein concentration fluc€henchy Lin, Ramanan Krishnamoorti and S. V. Jonnala-
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