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Critical length and time scales during the initial stages of nucleation
in polymer blends
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The initial stages of nucleation during liquid—liquid phase separation in polymer mixtures were
studied by time-resolved small angle neutron scattering. The time required for nucleation vanishes
exponentially as the stability limi¢spinoda) is approached. The critical nucleus size decreases
monotonically with increasing quench depth and remains finite at the spinodal. Our data differ
qualitatively from theoretical predictions. @002 American Institute of Physics.
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Nucleation is a universal process for transforming awhich is the basis for all of the parameters reported h¢hne
metastable phase into the stable equilibrium phase. Classicalerage number of deuterium atoms per repeat urdtFm
nucleation theory? and more recent extensicn$provide a  was 4.5. The radius of gyratiorR() of bothdPM andhPE
unified framework for describing diverse phenomena such ashains were 16 1 nm? We prepared two binary blends, B1
boiling, crystallization, condensation, magnetization, andand B2, withdPM volume fractions¢=0.161 and 0.099,
liquid—liquid phase separation. In theory, these phase transiespectively. The blends were studied by time-resolved
tions are triggered by the formation of microscopic nuclei.SANS on the NG3 beamline at the National Institute of Stan-
Whether or not nucleation will occur in a given systemdards and TechnologyNIST) in Gaithersburg, Maryland.
hinges on the characteristi¢size, fractal dimension, order One four-day experimental run was performed on blend B1,
parameter, ett.of the smallest viable nucleus or the critical and two four-day experimental runs, using two different
nucleus and the pathways available for its formation. In mossamples, were performed on blend B2. Data acquisition
systems, however, the subtle processes that lead to the fdimes for each SANS profile ranged from 2 to 30 min. We
mation of critical nuclei have escaped experimental scrutinyeport the azimuthally averaged raw scattering intensity
(e.g., Ref. 8 Consequently, we are not aware of any system(without background correctionl, as a function ofg [q
wherein the experimentally determined characteristics of the=4# sin(6/2)/\, 6 is the scattering angle, and the wave-
initial stages of nucleation are compared with theory. length of the incident neutrons, was 14. Separate experi-

It has been recogniz&d that polymer systems are ide- ments with analogous blends show that the smallest reported
ally suited for studying the kinetics of phase transitions. Thd (q) is a factor of 15 larger than the background scattering
large molecular size enables detection of small clusters ofincluding empty cell and incoherent scattefinBetails re-
molecules using techniques such as small angle neutron scaarding instrument configuration and data reduction proce-
tering (SANS). In addition, kinetic processes are slow due todures are similar to our previous studfeand will be given
the entanglement of polymer chains and this enables timen a full papert*
resolved measurements. In a previous papeve demon- The equilibrium thermodynamic properties of blends of
strated how these features could be exploited to investigatine dPM and hPE polymers used in this study have been
the initial stages of nucleation in a series of multicomponenthoroughly investigatet? The temperature and pressuie
polymer mixtures. Unfortunately, a direct comparison be-and P) dependence of the binodal and spinodal curves of
tween theory and experiment was not possible because dblends B1 and B2, determined in Ref. 15, are shown in Fig.
tailed theories of nucleation’ are limited to binary systems. 1. Also shown in Fig. 1 are th& P values where the phase
In this paper we present data obtained during the initiakeparation kinetics were studied. The blends were homog-
stages of nucleation in a binary polymer mixture. We com-enized at the start of each experiment by heating above the
pare theory and experiment with no adjustable parametersbinodal temperature at atmospheric presga@® °C for B1

Partially deuterated polymethylbutylendRM) and hy- and 79 °C for B2. Homogenization was verified by ensuring
drogenous polyethylbutylenehPE) homopolymers were that the SANS profiles measured at the end of the homog-
synthesized and characterized using methods described @mization step were in quantitative agreement with theoreti-
Ref. 13. The polymers were purified by filtering through acal predictions based on the random phase approximation
0.2 um filter and precipitation. The numbers of repeat unitsand previously reported measuremenitiVe were able to
per chain in the two components were determined to b@erform multiple phase separation experiments on the same
Nppe=4260, and Npy=3357(based on a 100 Frepeat unit sample because homogenization of PM/PE blends is ex-
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FIG. 1. Phase diagrams for blen@ B1 and(b) B2 showing temperature  FIG. 2. Time dependence of the SANS intensity vs scattering vegtdr

(T) vs pressuré¢P) for binodal and spinodal curves taken from Ref. 15. The blends(a) B1 at T=48 °C, P=0.86 kbar, andb) B2 at T=35°C andP
filled diamonds represent the locations where phase transition kinetics were 1 kpar.

studied. The crosses represent the location of the spinodal corresponding to
each kinetic experiment.

was found up td=21000 min. In the remainder of the paper,
tremely rapid(requiring less than 10 mjrt® The homog- we focus on the deeper quenches where significant changes
enized blends were then cooled under isobaric conditions tm the SANS profiles were recorded.
the temperature of interest and then subjected to an isother- In the inset of Fig. 3, we show the time dependence of
mal pressure quench to obtain the desifeand P. 1(q=0.021 nm 1) after quenching blend B2 td=35°C,

The SANS profiles were monitored throughout the entireP =1 kbar[the same data set shown in Figbd. We see two
guenching process. In all cases, no evidence of nucleatiodominant regimes: the nucleation stage<#450 min)
was observed prior to the pressure quertch@ ™). We thus  wherein the increase ihwas slow and within experimental
define time zero t(=0) as the time at which the pressure uncertainty, and the late stag&>(450 min) whereinl in-
quench was initiated. Most of our quenches were located icreases rapidly/ In systems with significant nucleation bar-
the metastable region of the phase diagram, between the birers, one expects a slow nucleation process followed by a
odal and spinodal curve§ig. 1). However, we did conduct rapid growth process. We define the nucleation timeg, to
one experiment inside the spinod&ig. 1(a)]. be the time window within which the changeslimre com-

Typical SANS data obtained during the initial stages ofparable to experimental uncertairnfyig. 3 inset. We deter-
phase separation are shown in Fig. 2. In Fi@) 2ve show  minedr,, for all of the quenches, and our results are shown
the data obtained from sample Bl inside the spinodal ( in Fig. 3 where we show the quench depth dependence of
=48°C, P=0.86 kbar). We see relatively rapid phase sepa-r,, for both samples, B1 and B2. The abscissa in Fig. 3 is
ration and the development of a scattering peakg@atx  x/xs Wherey is the Flory—Huggins interaction parameter at
=0.035nm’. In contrast, no scattering peaks were ob-theT andP values at which the phase separation experiments
tained in any of the quenches located outside the spinodalvere carried out ang is the value ofy at the spinodal
An example of such data is shown in Figlb2 where we located by crosses in Fig. 1. The dependenceyofor
show data obtained from sample B2Rs 1 kbar at quench dPM/hPE mixtures onT, P is given in Ref. 15. Figure 3
temperatures of 35°C. All of the data obtained from theshows that the nucleation time decreases exponentially as the
metastable systems were qualitatively similar to that showispinodal is approached. The results in Fig. 3 are in reason-
in Fig. 2(b) except the shallowest quenchi£64°C) per- able agreement with expectations becaugg, is related to
formed on blend B2 where no change in the SANS intensitythe activation barrier that must be overcome by nucleation,
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FIG. 3. The dependence af,, on quench deptly/ xs for blends B1 and
B2. The curve is the least squares fit of the equatigp,/mo=exp 35 9
[-B(x/xs—1)]—1 through the data which gives,=16.2 min and B i Dv g 1
=13.4. Inset: Determination of the nucleation timg, of blend BZ_ atT _ 30 L +v ®x© « b
=35°C andP=1 kbar from the time dependence of the SANS intensity, o 04, W% % © o 1
1(g=0.021 nnY), and the horizontal line shows the mean valud &r € (nm) I ove <>+?f(f R xo w0 o
1< Tnuel- 25 [x Oq@oo © X - -
and this barrier is believed to vanish at the spinodal. The 20 a2 Z: A ]
curve in Fig. 3 is the least squares fit of an empirical equa- [
tion 7o/ To=exd —B(x/xs—1)]—1 through the data. The B 20 40 60 80 100
parameterB, which is 13.4 for our system, describes the t (min)
guench depth dependence of the nucleation barrier.
More insight into the nucleation process is gained by 2.0 : ©
examining theg-dependence of the SANS profil€sig. 2).
To our knowledge, theoretical predictions for the structure
factor during the initial stages of nucleation do not exist.
Based on considerations given in Ref. 12, we used the
Ornstein—ZernikgOZ) equation for analyzing the data ob- E(LVE=0)
tained during the initial stages of nucleation<{(7,,):
1(@)=1o/[1+9%£?]. The curves in Fig. @) are least Lo+ 1
squares OZ fits through the 0.02 nfs<q<0.08 nm ! data. 0.9
In Figs. 4a) and 4b) we show the time dependence Igf 0.8
and ¢, respectively, obtained at different quench depths. It is 0.7 .
0.7 0.80.91.0 2.0 3.0

evident that a broad spectrum of behaviors is observed: Deep
guenches lead to rapid changesland & while shallow
qguenches lead to slow changesland ¢ In Fig. 4(c) we

(/1 (t=0)

ot | btained at th it lized b FIG. 4. The time dependence of the Ornstein—Zernike parameters during the
plotlo versus¢ obtained & € same umenormalize y early stages of nucleatiofa) 1, vst. (b) £ vst. (c) |4 vs & normalized by

the pre-quench values of these variall@st=0"). In spite  their pre-quench values. Sample Bl-crosses: 0.19 kbar, circles: 0.27 kbar,

of the fact that the phase transition kinetics are strongly desquares: 0.34 kbar, upside down triangles: 0.38 kbar, open diamonds: 0.43

pendent on quench depﬂsee the dependence mzud on kbar, and solid diamon_ds: 0.51 kbar. Sample B2-solid triangles: 40 _°C, _and
. . . . the pluses and open triangles: two separate 35 °C quenches. The (B)e in

quench depth in Fig. () and the time dependencies f is the least-squares power law fit through the data. Error bars indicate aver-

and f in FigS. 4&) and 4b)], we find that all of the data age uncertainty in parameters.

collapse when plotted in the format used in Fi¢c)4This is

expected if one assumes that the underlying mechanism for

the phase transition is the same for all of the quenches showeharacteristic that distinguishes homogeneous nucleation

in Fig. 4. Further, the observed scaling is not very differenfFig. 2(b)] from spinodal decompositiofFig. 2(a)] is the

from 15~ £%°. A least squares fit through the data gilgs absence of a dominant length scale, i.e., a scattering peak,

~ ¢058=0.04Tline in Fig. 4c)]. Since the observed scaling is during nucleation.

similar to that expected from mean-field concentration A common feature of all of the SANS profiles obtained

fluctuations'® the data in Fig. 4 suggests that nucleation oc-during the early stages is that they merge at a critical scat-

curs homogeneously by the amplification of concentratiortering vectorg, (see arrows in Fig.)2the SANS intensity at

fluctuations. Homogeneous nucleation is expected for deeg>q. is independent of time during the early stage of phase

quenches in the vicinity of the spinodéfig. 1). The main  separation. Since the formation of structures with a charac-
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ERrs

(x/xs>1, i.e., spinodal decomposition). (2

15 sy

Equation (1) only applies for deep quenches near the
spinodal®

As shown in Fig. 5, the mean-field theory of phase
separatiofpredicts arincreasein R, with increasing quench
depth in the nucleation regimgi{xs=1) ending in a diver-
gence ofR. at the spinodal. In contrast, the experimentally
determinedR, values in Fig. 5decreasewith increasing
qguench depth. The solid lines, in Fig. 5, are least-squares
linear fits through the data. Extrapolations of the data suggest
a divergence oR; at y/ x values of 0.72 and 0.63 for blends
B1 and B2 respectively. These values are well removed from

FIG. 5. A plot of (Ry/R.)? vs quench depthy/ s for blends B1 and B2, tfe divergence anticipated by the mean-field theory/al;,

whereR, is the radius of gyration of the chains aRgis the critical nucleus ~ — 1. The experimentally determ'ned points of d.'Vergence_ lie
size. The solid lines are least squares fits through the data. The dashed linggughly halfway between the binodal and spinodal points
are theoretical predictionfEgs. (1) and (2)]. The theoretical curves for  (Fig. 5). The nucleation mechanism that we have identified

blends B1 and B2 in the nucleation regime are nearly indistinguishable i . ; ;
the range of interegordinate difference is less than 0)0Bor simplicity, a thus appears to have a limited range of appllcabld(ly72

single curve(the average of the two theoretical curyés shown. Arrows <X/X_s<1 for B1 and 0.6 x/xs<1 for B2). Note that our
indicate the value of¢/ s at the binodals of blends B1 and B2. Inset: experiment on blend B2 gt/ ys=0.57[shallowest quench in

(standard deviation ofl) vs q for B2 quenched toT=35°C andP Fig. 1(b)] showed no evidence of nucleation in the 1000 min

=1 kba_r Wit_h the two line least squares fit. Error bars indicate averageexperimema| window. Thus nucleation at shallow quench

uncertainty in parameters. depths(x/xs<0.72 for B1 andy/xs<0.63 for B2 is trig-
gered by processes with different characteristic length and
time scales than those that we have identified.

In summary, we have studied nucleation in a binary
teristic lengthé will lead to an increase in scattering at scat- polymer mixture. Systematic studies of nucleation are often
tering vectorgy~ 1/¢, the lack of an increase in scattering in thwarted by the overwhelming role of uncontrolled foreign
the rangeq> (. indicates the absence of growing structuresobjects like dust and defects in container walls. It appears
with characteristic lengths smaller thamd/** The data thus that such problems have been circumvented in our experi-
suggest that the merging of the scattering profiles is a signaments because of the chemical similarity of the blend com-
ture of the critical nucleus, and its size (ignoring prefactors) ponents: both components are long alkanes and thus there is
R.=1/g.. The scaling law established in Fig(c#indicates no significant preferential affinity for typical uncontrolled
that the same prefactor applies to all of the quenches. Whiléoreign objects. This enables measurement of the quench
we do not suggest that our interpretation is unique, it is dif-depth dependence of the critical length and time scales in-
ficult to envision other physical processes that would lead tovolved in nucleation. Many aspects of our data are qualita-
the observed changes in SANS. tively inconsistent with current theories. In particular, we

We use the following procedure to determine the posifind that the length scale of the nucleating entities do not
tion of .. The change in the scattering intensity with time atincreasegor divergg as the spinodal is approached. We hope
each value ofy is quantified by calculatingr(q), the stan- that our results will guide the development of a quantitative
dard deviation ofl in the time intervat< r,,,,. Typical re- understanding of the initial stages of nucleation.
sults are shown in the inset of Fig. 5. We used the two-line ) ) ) _
least squares fitting procedure, described in Ref. 12, to fit the 1N authors thank K. Binder for educational discussions
o versusq data and obtain the two lines shown in the Fig. sand the National Science Foundatig@rant No. CTS-

inset. The location of the intersection of the two lines give50196066 for financial support. The SANS instrument is sup-

g.- In Fig. 5 we show the dependence of the critical Iengthportecj by Grapt No. DMEFR'9986442 from the National Sci-
scale on quench depth by plottinQQ(/Rc)2 versusy/ xs. It ence Foundation to NIST.
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