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Two-dimensional coarsening and phase separation in thin polymer solution films
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A comprehensive experimental study on the late stages of phase separation in two dimensions was per-
formed by phase separating thit.5 and 10um) films of off- and near-critical polymer solutions. The
resulting domain-size growth rateoarsening radeof the dispersed phase was directly measured for several
systems using optical microscopy. Domain sizes of off-critical solutions coarsen predominantly via Ostwald
ripening, growing approximately d¢t'’®, regardless of system. For near-critical solutions, domain sizes grow
approximately a&t'’® at early times, with coarsening via both coalescence and Ostwald ripening, and feature
a crossover to an ultimaté’® growth rate. The crossover domain size decreases with increasing quench depth
in a manner consistent with a transition from a thermally driven to a flow-driven coarsening mechanism. In
general K increases with area fraction of the dispersed phase for a given off-critical or near-critical system.
Both average and crossover domain sizes increase with increasing film thickness, and coalescence is signifi-
cantly dependent on film thickness while Ostwald ripening is not. The substrate polarity does not greatly affect
off-critical coarsening, although near-critical coarsenfpgrticularly near the crossoveis greatly affected.

Other effects of polymer molecular weight, solvent viscosity, and quench depth are discussed.
[S1063-651%97)13303-7

PACS numbeps): 61.25.Hq, 61.4%-e, 64.75+¢, 68.55--a

INTRODUCTION The high interfacial area between the phases causes a high
interfacial energy which is dissipated in a process known as
The dynamics of binary liquid-liquid phase separation incoarsening11].
various geometries has received much attention recently There are three main coarsening mechanisms described
[1-23, in particular, the later stages of phase separatiofior 3D systems that have been applied to 2D systems, and in
where the domains of the minority phase grow according teeach case it is assumed that the two phases have reached
a power lawt®, wheret is the coarsening time andis the  their equilibrium compositions. In the Ostwald ripening
growth-rate exponent. One aspect of liquid-liquid phasemechanism, two assumptions are made: the area fraction of
separation that differs from phase separation in metallic althe dispersed phage, is small, and the chemical potential
loys is the presence of flow, which strongly affects the do-of a coarsening droplet is directly proportional to its curva-
main growth[1]. The effects of this flow behavior have been ture[11]. Based on this second assumption, smaller particles
well described theoreticallyl,5] and experimentally6—10| (with high curvaturg are unstable, and larger particles tend
for three-dimensional3D) systems; however, to date the ef- to grow by dissolution of the smaller particles in an
fects of flow on two-dimensiondRD) coarsening have been evaporation-condensation mechanism. The average domain
the subject of relatively little experimental study. This will size d) of the dispersed phase for 2D Ostwald ripening has
be the first comprehensive experimental investigation of 2Cbeen theoretically and numerically predic{d@] to grow as
coarsening dynamics, to our knowledge. Kt The parameteK has been predicted to be mildly de-
When a homogeneous solution is quenched into the twopendent on the interfacial tension between the phésgs
phase region of its phase diagram to a temperalggetwo  Tpg, the diffusion constant, and other materials parameters
phases will form. For the binary polymer-solvent systemg13]. K has also been predicted to be strongly dependent on
studied here, polymer-rich and polymer-lean phases wilF, [11]; asF, increases, interparticle interactions increase
form. The relative amounts of each phase are related to thend diffusional length scales decrease, resulting in an in-
guench deptlAT is the distance from the binodal cuihend  crease irk.
the distance and direction from the critical compositigh). For sufficiently largeF, (i.e., for near-critical systems
For example, the polymer-lean phase of a system phase sepawpingement of droplets brought together by Brownian mo-
rated from a solution with less-than-critical composition istion, or coalescence, becomes important. Recent predictions
the majority(matrix) phase, and the rich phase is the minor-for the 2D domain-size growth-rate exponents in this second
ity (dispersefiphase. The converse is not necessarily true focoarsening regime range fropr{14] to % [15] to 3 [1,16] at
a solution with greater-than-critical composition due to theearly times, and for liquid-liquid systems feature a crossover
asymmetric nature of some polymer-solvent phase diagramso the third coarsening regime, hydrodynamic flow. In this
Often, the two phases reach their equilibrium compositionsegime, pressure gradients due doeffects become more
relatively quickly; however, the system is not at equilibrium. important than curvature or thermal effects. In an intercon-
nected phase, there are several different length scales, with
“narrow” regions between closely spaced droplets of the
* Author to whom correspondence should be addressed. other phase and “wide” regions between spatially distant
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droplets. There are pressure differences between narrow and TABLE I. Approximate critical temperature§) and critical
wide regions due to interfacial tension. Since the interconcompositions(¢.) for the polymer-solvent systems used in this
nected phase is a liquid, there will be material flow from Study-

narrow regions to wide regions. This flow, known as hydro-
dynamic flow, accelerates coarsening; the domain-size

300 kPS- 2000 kPS- 2000 kPS- 300 kPS-

growth rate for this mechanism was analyzed for a 3D ge- DEO DEO DEM bIbP
ometry by Siggia[5], who predicted an ultimate! growth T (°C) 36.5 48 28.5 60
rate. More recently, a more thorough scaling analysis wag, (wt %) 6 3 5 8

performed on 2D and 3D systems by FurukgW#l7]. For
flow-dominated coarsening in phase-separated systems, Fu-

rukawal[1] predicted the ultimate domain-size growth ratesgne system. In that study, rates for off-critical and near-

for 2D and 3D coarsening by scaling the coupled Navieriicai polystyrene (PS—diethyl oxalate (DEO) systems

Stokes anq Cahn—H.iIIiard eq'uations';; he alsq included inertia),qre reported, with off-critical domains growing as approxi-
effects which were ignored in previous scaling analyses. H‘?natelytl’3 at early times and accelerating to an appatéAt

predicted two growth rates for flow-dominated 3D coarsen i rate at longer times. The current study will present

. . . . l
ing in the absence of gravitational effeatis; t* followed by qre comprehensive results by demonstrating the depen-

2/3 H H
d~t , and only one for 2D floltvggommated COarsening, gence of 2D coarsening on a variety of system parameters,
d~1t. He claimed that the ultimate™ growth rate is due 1o jycyding polymer molecular weight, solvent, composition,
the balance of interfacial tension and inertial forces. The PeNguench depth, and film thickneggap width.

ultimatet! growth rate predicted to occur in 3D systems is
not observed in 2D systems because the dissipative forces
that balance the interfacial tension forces for 3D systems are
not allowed in the 2D case. Thig”® growth rate for 2D
systems has since been verified by several numerical studies Two relatively monodisperse PS standar(Rressure
[14,15,18 and one experimental stud$9]. Chemica)] and solvents diethyl malonatddEM, Aldrich)

A primary experimental difficulty in studying 2D coars- and diisodecyl phthalat€DIDP, TCI-Chemical were used
ening is the preferential wetting of one phase on the samplas received. As it is highly hygroscopic, the solvent DEO
cell walls [20]. Differences betweewr for the liquid-liquid  (Aldrich) was dried prior to use by adding anhydrous potas-
and liquid-solid phases in thin-layer phase separated systensgum carbonate, and DEO solutions were prepared and stored
cause curvature between the phases. For shallow-quenchedder a nitrogen atmosphere in order to prevent water up-
critical phase-separated systems in such a geomethe- take. The lower molecular weight PS standé8d0kP3 had
tween the two liquid phases and the solid phase may result ia number average molecular weight,,, of 2.9x10° with a
one of the liquid phases forming a wetting layer over the polydispersity(M,,/M,,, where M, is the weight average
entire substrate surface. This complete covering of the sutmolecular weight of 1.06. M, for the higher molecular
strate by one phase is known as critical wetfiad]. Boden-  weight PS standar(2000kP$ was 2.0<10% the polydisper-
sohn and Goldbur§0] claimed that a wetting layer in their sity was 1.2. Phase diagrams were determined from turbi-
phase-separated th{t00-um gap 2,6-lutidine—water solu- dimetry as described elsewhe@4]. The critical tempera-
tions accelerated coarsening over much of the time frame&ures (T;) indicated in Table | are slightly above room
studied. Despite the potential complications this phenomtemperature, facilitating easy handling of the solutions.
enon presents to studying 2D coarsening, there are advan- Homogeneous solutions were sandwiched between two
tages to studying coarsening in thin films. When studying 3Dmicroscope slides maintained at a constant gap width by
coarsening, it may be necessary to use extraordinarily shathonodisperse glass beaduke Scientifig. The beads were
low guenchegespecially for small molecule system8]), placed far from the viewing arga>1 cm) so as not to influ-
very viscous system@uch as a polymer blendg,8,25), or  ence the phase separation or coarsening. Two different sub-
isodensity (isopycnig systems[9,10,2§ in order to delay strates(glass and nonpolaand two bead diametef4.5 and
macroscopic phase separation caused by gravity. Gravity eft0 um) were used. The nonpolar slides were prepared by
fects are negligible in a 2D geometry; therefore, these preehemically depositing dimethyl siloxane on glass slides us-
cautions are unnecessary. In addition, phase separation aimt) a procedure outlined elsewhdi@5]. The samples were
coarsening in a 2D geometry may be directly viewed byplaced in a Mettler hot stage and quenched at 2 °C/min to the
optical microscopy, unlike many of the more indirect meth-desired phase separation temperature. Samples which were
ods used in 3D studies. Some recent studies have attemptgdenched too quickly>4 °C/min) featured strong tempera-
to examine 3D coarsening using “direct” techniques such agure gradients, and samples quenched too slawi§.5 °C/
optical microscopy[27—-29 or confocal microscopy 30]; min) featured strong concentration gradients; these gradients
however, there is significant droplet overlap in the formerproduced unusual, nonregular morphologies. The measure-
studies and few data points due to experimental complexitynent of coarsening time was started as soon as phase sepa-
in the latter study, difficulties not encountered when studyingated structures could be observed through the optical mi-
2D coarsening by optical microscopy. croscope (Nikon Optiphot2.pol; equipment limitations

Despite these advantages, there are very few successfallow accurate domain size determination whesd4<60
experimental 2D coarsening studies presented in the litergzm. Since phase separation began before temperature equi-
ture [19,20,31-33 and they are all limited in nature; only librium had been reached, domain sizes were measured only
one [19] reported domain-size growth rates for more thanafter several minutes had elapsed. Thus it can be safely as-

DESCRIPTION OF EXPERIMENTS
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FIG. 1. Cloud point curvefphase diagramdor all four systems
used in this study.[]: 300kPS-DEO; A: 2000kPS-DEO;O:
2000kPS-DEM; ¢ : 300kPS-DIDP. The quench shown is for 5
wt % 300kPS-DIDP(AT=2 °C), which from the tie line gives an
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RESULTS AND DISCUSSION
General coarsening behavior

Phase diagrams for the PS-solvent systems are given in
Fig. 1, and the approximaf€é. and ¢, values are given in
Table I. For almost all of the systems studied, relatively shal-
low quenches were performgdT=<4 °C); the phase dia-
grams for the 300kPS systems are nearly symmetric for these
shallow quenches, i.e., a critical quench result$ jx=0.5.
Other observed values follow the tie lines as predicted, e.g.,
for a 5wt % 300kPS-DIDP solution quenched 2 {@T
=2 °C) into the two-phase regiofto Tps=55 °C), the ex-
pectedF, value based on the tie line in Fig. 2 is approxi-
mately 0.20, equivalent to the, value determined from the
optical micrograph. It should be noted that for the 2000kPS
systems significant asymmetry is present in the phase dia-
grams at all but the smallest quenches.

Typical micrographs following the coarsening of an off-
critical system are given in Fig.(&; the average domain
size of the dispersed phasa)(for such a circular morphol-
ogy was taken to be the average circle diameter. Sinwas
generally of the order of or larger than the gap width and no
overlap between droplets was observed for the coarsening
times studied, the observed circles can be thought of as disks
instead of spheres; thus the domain growth can be considered
to be 2D coarsening. The morphology of near-critical sys-
tems was similar to that of off-critical systenjsee Fig.
2(a)], except with largerF, values. For all off- and near-
critical systems studied; , values were approximately con-
stant over the time frame studied, indicating that the phases

sumed that the early stages of phase separation were comad reached their equilibrium compositions prior to domain
plete (F, was constantprior to taking coarsening data for size measurement.

each of the regular systems described here, i.e., the noncriti- Approximately critical systems featured very irregular
cal systems, and that samples had reached final temperatureorphologieqsee Fig. 2b)] and apparently extremely fast

a).
b)-

FIG. 2. Optical micrographs for PS-DEO so-
lutions using a 1Q:m gap width between glass
slides: (@) 300kPS-DEO, 2.5 wt %off-critical),
quench deptHAT)=2 °C, coarsened for 1440 s
(left) and 10 000 dright). (b) 300kPS-DEO, 6.0
wt % (critical), AT=2°C, coarsened for 60 s
(left) and 120 dright). Please note the growth of
domains(i.e., circles with time and the differ-
ence between the off-criticdtirculan and criti-
cal (irregulan morphologies. The scale bar is ap-
plicable to all four micrographs.
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FIG. 3. Schematics of cross section of phase-separated 2D
sample.(a) The schematic for the polymer-lean solution cross sec- o o
tion in which the rich phase is the dispersed phabeThe sche- FIG. 4. Average domain sized) of the minority phase as a
matic for the polymer-rich solution, where the lean phase is thdunction of coarsening time for several off-critical solutions phase
dispersed phase and whét) the domain size of the lean phase is Separated between glass slides with aubd-gap width. A: 2.5
of the order of the gap width; an@) some later time, where the Wt % 300kPS-DEOAT=1°C, FA~0.11; A: 2.5 wt % 300kPS-
lean phase domains are being “squeezed” along wetting layers. DEO,AT=2°C,F,~0.16;01: 1.0 wt % 2000kPS-DEQ)T=4 °C,

FA~0.11; B: 1.0 wt % 2000kPS-DEMAT=1 °C, F5~0.10; O:
coarsening rate@l>t") from which domain sizes could not 5.0 wWt% 300kPS-DIDP,AT=2°C, F;~0.20; @: 5.0 wt%
be accurately determined; this behavior was observed befoR90KPS-DIDP.AT=4°C, F5~0.20. The slope is not a fit, only a
in a study of 2D coarsening of a critical composition of 2,6- 9uide.

lutidine—water by Bodensohn and Goldbii), who attrib- polar polymer-rich phase, a contact angle between the two

uted it to the formation of a wetting layer. It is possible thatquuid phases and the solid phase is formed, causing a cur-

since a wetting layer by one phase would allow greater NVature between the two liquid phases. This is shown sche-

terconnectivity between phases, the additional diffusional de- atically for a majority lean-phase system in Figai3If the

gree of freedom could enable flow effects and a faster growtﬁ:me mobile polymer-lean phase is the minority phase, as is

rate. This adgitiongl_flqw, which oceurs while the phases a%he case for shallow-quenched systems with an initial com-
reaching their equilibrium compositions, is most likely the osition greater thang,, then this curvature acts to
c

cause of the unusual morphologies. This theory is validateg " the | h | ;
" wetting layer to th
both by the nonconstafft, values for these critical systems, squeeze™ the lean phase along a wetting layer to the edges

implying that the phase compositions are not constant and/é’g\/here the interfacial tension would be favorablwe Fig.
that there are shrinking wetting laye20], and by the fast (b)]. The use of nonpolar substrates was unsuccessful in

S : .. _._overcoming this difficulty since their use actualigceler-
rowth rate, which is possible when these extra diffusion - ” .
griving forces are presepnt. Due to the complexity of the mor-atecjthls reversal,” apparently, the additional pressure on

hologies. from which ntitative domain size values coul he solvent-rich phase by the nonpolar walls forced that
phologies, 1ro ch quantitative domain size vaiue hase to diffuse preferentially to the edges, even though the
not be measured, critical coarsening behavior will not b

discussed further here. etting mechanism was not possible.

Only less-than-critical(polymer-lean compositions of
these systems could be studied quantitatively in a 2D geom-
etry. Coarsening in phase-separated polymer-rich solutions Domain-size growth-rate data are shown for several off-
stopped once the average domain size of the dispersed phagttical systems in Fig. 4. Regardless of systaingrows
approached the gap width; the dispersed phase domains thapproximately as*® (“best-fit” exponents range from 0.34
appeared to “dissolve”(i.e., the dispersed-phase domainto 0.42 for the systems in Fig.) 4or the range of domain
size decreased with timeuntil only matrix phase remained sizes studied. Changing the solvent from the low viscosity
over most of the sample. Coarsened structures were onlpEO or DEM (viscosity=2 cP at 25 °C for eacf9]) to the
present near the edges at much higher than predi€jed relatively viscous DIDP(viscosity~80 cP at 25 °C[36])
values; therefore, the minority polymer-lean phase, after itgloes not significantly affect the coarsening rate, as evidenced
apparent dissolution, traveled over the relatively large disby the significant overlap of data in the DEO and DIDP
tance to the sample edges. This behavior may have beeaystems. Similarly, polymer molecular weight and quench
caused by the formation of a wetting layer. Since the glasslepth AT had no effect on the growth-rate exponent, al-
slide prefers the more polar polymer-lean phase over the leshough effects ofAT on domain size at a given coarsening

Off-critical coarsening
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FIG. 6. Temporal dependence df for near-critical 5 wt %
300kPS-DEO solutions with glass substrates and gap widths of 10
pum: O: AT=1°C;[0: AT=2°C; A: AT=4°C; &: AT=6 °C. The
slopes are not fits, only guides.

tim;e werek substantial. For exampler,] '('; thﬁ case of t:e 58n a coalescence mechanism, very little coalescence was ob-
wt % 3300 PS-DIDP system, quench depths of 2 and 4°Geryeq in off-critical systems; instead smaller droplets were
both yielded approximately the same dispersed-phase arggsanyeq to decrease in size while larger droplets increased
fraction F, of 0.20; un(_jer these condmons_, Increasing they, size, indicating that the dominant coarsening mechanism
quench depth resulted in smallérvalues. This is in accord |\ < Ostwald ripening The parameteK (see slope in Fig.)5
with expectations based on the initial phase separatiopanges from 0.5 to 1.3m/s*3, depending on system and
mechanism of spinodal decomposition. Before coarseningoarsening conditions. For the 2.5 wt % 300kPS-DEO sys-
begins, the fluctuation wavelength, proportional to initial do'tem an increase in quench depdT from 1 to 2 °C in-
main size, decreases with increasiig [37]. Thus, as 10ng . eases the dispersed-phase area fraction from 0.11 to 0.16,
as the coarsening-rate exponent is system independent fPésuIting in a doubling oK from 0.5 to 1.0um/s*3. This
off-critical cases and the growth-rate paraméteis a func-  j,rea5e ink is qualitatively, although not quantitatively,
tion of F, for a given systenjl1], the obs_erved trend '.d consistent with expectations based on recent theoretical de-
values for the 5.0 wt % 300kPS-DIDP is expectétihis velopmentg 11] indicating thatk increases a&%2 Some-
assumes that coarsening initiates at sufficiently short times QBhat surprisingly, domain-size data taken f(/;r 2 300kPS-
to appear nea_rly ?ndependent of quench depth on the timBIDP system at ’approximately the sarfig but different
_scales shown in Fig. )40r_1 the qther hand, Wh?n an !ncreasequench depth§2 and 4 °Q yielded substantially differert
in quench depth results in a sizable chang& jn as in the values(1.3 and 0 Q/Lm/sm respectively. As will be seen in
f::siroé t\r/]aeluzé&ss Vr\:]ta/o ggogtiiir?eiowsi't%\sﬁz Zgzwgrm L'l:('a%cﬁSUbsection C, when similar conditions apply in a near-critical
g y Per g toarsening studyK values remain approximately constant as

largerF 5 system; this indicates the important role played byIong as F, also remains approximately independent of

rFaAm'Qt;f‘ieCtmg the coarsening growth rate through the pa'quench depth, in accord with expectation from theory. The

reason for the singular disagreement with expectations from

o ;rr]sgg?r? r t?o?vsti?rsastem(;rrear?]l:%rrz \t/g(leus;f?/\?ggrgnlcmi d theory of the 300kPS-DIDP system in off-critical coarsening
99 P P is not clear at present.

as a function oft'® for all of the systems in Fig. 5(An
additional reason for plotting data in this manner is that a
recent study has shown that determining growth-rate expo-
nents by log-log plots is less appropriate than plotting do- For the systems studied here, coarsening in most of the
main size as a function of time raised to a presumed growthaear-critical systems is distinctly different from the off-

rate exponen{38].) Figure 5 shows good linearity in all critical case. Droplets are observed to coalesce much more
cases, making clear that data yielding an apparent “best-fit'frequently, although coarsening by Ostwald ripening remains
growth-rate exponent slightly abovecan in fact be fully  significant. While the added coalescence does not alter the
consistent within experimental error of the expectations arearly-time growth-rate exponent, the growth rate in the later
exponent of; based on Ostwald ripening thedd2]. (While  stage of coarsening is markedly different. Figure 6 shows
the exponent of is also consistent with expectations baseddomain-size growth rates for four near-critical 5 wt %

FIG. 5. Plot ofd as a function of*® for the off-critical systems
shown in Fig. 4. The best-fit slop¢k[=] um/s®) are also given
for three of the systems.

Near-critical coarsening
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300kPS-DEO systems quenched to different temperatures. Py S RTITENTETE FUNTE FRUVI UUTTS FRRTE SETE New
F 5 was constant over the time frame studied for all systems 3 .
(FA~0.35 for all but the AT=6°C quench, where 40 OFE
FA~0.30, signifying that the phases had reached equilib- . -
rium compositions. For the most shallow quen¢AT 35 k=2.0 O -
=1 °C), d~t¥® over the entire time range studied. However, ] r
for a slightly deeper quendl2 °C) there is an apparent cross- 30 -
over atd~30 um to an accelerated coarsening rate. A cross- ] C
over is more apparent and occurs at a smaller domain size 25 -
(d=~19 um) for the 4 °C quench and at an even smaller size ] .
(d~10 um) for the 6 °C quench. The ultimate growth-rate 20 -
exponent is? (best-fit exponents after the crossover range g ] F
from 0.62 to 0.69 in agreement with 2D theoretical and — 15 -
numerical studies which include hydrodynamic effects = ] F
[1,17,18. 104 A MZO . -
The best-fit growth-rate exponents for the early-stage ] ’ r
coarsening in near-critical systems range from 0.30 to 0.38, 5 -
independent oAT, similar to the off-critical case. However, ] C
domain size decreases with quench de(sée Fig. 6. at a o;)”..........‘...........,.......u..... -

600-s coarsening timal~20 um for AT=1 °C while d=~9
pum for AT=4°C. The effect of quench depth on domain
size is due to the initial phase separation mechanism, spin-
odal decomposition, as described in subsection B. Thus, if F|G. 7. Plot ofd as a function of® for four 5.0 wt % 300kPS-
the onset of coarsening occurred at sufficiently short time S@EO (near-critica) solutions ofd values during~t*® growth rate
that on the long time scales of Fig. 6 they appeared to bé&recrossovér F,~0.35 unless otherwise note@: AT=1 °C; [I:
nearly independent of quench depthyalues would always AT=2°C, A: AT=4°C; ¢: AT=6 °C (F5~0.30. Note that the
be smaller for deeper quenches as long as the paratdeterlines are best-it slope&[=] um/s’).
and growth-rate exponent were invariant with quench depth
(or in the case oK decreased with quench depth tent with a crossover from a thermally controlled to an
This point was evaluated in Fig. 7, which plots the pre-interfacial-tension-controlled(flow-dominated coarsening
crossover data from Fig. 6 as a function 9. The data mechanism.
yield very good linear relationships, with the slopes being Experimental observation of near-critical crossover be-
the same for the three shallower quench€s-2.0 um/s”®  havior in 2D phase separation has been reported only once
which have approximately the sanfg, values(0.35. The  before[19], and for that case, as in this one, the dispersed
slope was lowerK~0.7 um/s'®) for the deepest quench phase featured a circular morphology. A common miscon-
with the smallei , value(0.30. It is interesting to note that ception is that an “interconnected” morphology is necessary
although coalescence played some role in coarsening dbr flow-dominated coarsening to occur. It was recently im-
these near-critical systems, these quench depth results arephed by Okadaet al. [40] that the spherical morphology of
qualitative agreement with the dependence Kf on  their off-critical 3D polymer blends caused slowet~t)
dispersed-phase area fraction suggested by Ostwald ripeniggowth, while the interconnected morphology observed in
theory[11], as mentioned in subsection B. their near-critical blends allowed the accelerated coarsening
The fact that quench depth affects the domain size atates(d~t'); however, it should be noted that the morphol-
which a crossover in coarsening mechanism and growth rategy may be a result of the accelerated growth rate, and not
occurs in near-critical systengsee Fig. & may be related to the other way around. The presence of a circular morphology
interfacial tension effects. Since interfacial tension betweerin our 2D systems as seen in FigaRdoes not prevent flow
the phasesg, increases with increasing distance from the(as implied by Okadat al.[40]); there are wide and narrow
critical temperatureT.—Tpg), and thus with increasing dis- regions, and the crossover to a flow regime may be due to the
tance from the binodal curv@T) the crossover domain size existence of domains large enough to be considered “wide”
decreases with increasing This is in qualitative agreement regions, assuming there is enough dispersed pliesg,
with Siggia’s scaling analysis of 3D systerff§ which pre-  near-critical systepnfor there also to be “narrow” regions
dicts that crossover domain size scalesoas’”. However, [41]. Thus a circular morphology may not necessarily pre-
the agreement is likely not quantitative. For some phasevent a flow mechanism. Similarly, while the unusual mor-
separated polymer solutiofi89], it has been predicted and phologies observed in our 2D critical systefifdg. 2(b)]
experimentally determined that~(1—TpdT.)*?° This im-  may have caused very fast growth, it is possible that it is the
plies that if Siggia’s analysis holds in 2D coarsening, thenfast growth which caused the unusual morphologies.
crossover domain size should scale @ {Tpg9 %% a The dependence of the crossovernand gap width is
much weaker dependence than actually observed. A momgiven in Fig. 8. As each of these systems is a 300kPS-DEO
critical study would result when measurementsoofcur-  solution phase-separated at the same temperature
rently underway in our group via the sessile drop techniquéTp<=33 °O), o is identical for the three systemhis is not
[39]) are compared to an analysis specifically considering déhe case for the systems represented in Fig. 6 where cross-
2D geometry. In any case, our crossover behavior is consissver domain size was seen to be a function of quench depth.

3t’/g (;ecl’()/3)l3 15 18 20
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FIG. 8. Temporal dependence df for near-critical 300kPS-
DEO solutions quenched to 33 °C with glass substratest wt %,
10 um gap, F5~0.28; O0: 5 wt %, 10um gap,F,~0.35; O: 5
wt %, 1.5um gap,F ,~0.35. The slopes are not fits, only guides.

FIG. 9. Temporal dependence dffor near-critical solutions
using a 10um-gap and glass slidegl: 5 wt % 300kPS-DEOAT
=2 °C,F5~0.35;A: 2 wt % 2000kPS-DEMAT =1 °C, F5~0.25;
O: 6.5 wt% 300kPS-DIDPAT=2°C, F5~0.27; O: 2 wt%
2000kPS-DEO,AT=1 °C, F5~0.30. Slopes are not fits, only

At a constant gap widti10 xm), the crossover occurs at a guides.

smaller domain size for the 4 wt %, low&t, system. This Based on interfacial tension effects alone, it is not neces-
dependence of crossover domain size on dispersed-phasarily expected that the crossover domain size in the
area fraction has not yet been considered in any theoretical @00kPS-DEO systertr~~13 um) would be significantly be-
numerical study, to our knowledge. A possible explanatiodow that of the 300kPS-DEO syster+-30—-35 um), as

for this effect may be the “availability” of flow sites: since Shown in Fig. 9. Sincer decreases with increasing polymer
o causes flow from narrow to wide regions, and the lofigr  molecular weight{39], the crossover domain size may be

: ; - expected to be larger in the 2000kPS-DEO system, the op-
system would have more wide regions early into the coars osite of what is observed. The different quench depths em-

ening process, flow may occur at smaller domain size in thgoned with the 300kPS-DEO and 2000kPS-DEO systems
system with less dispersed phase. In addition, at conBfant 5155 might suggest that the higher molecular weight system
a smaller gap width(1.5 vs 10um) lowers the crossover should have a larger crossover domain size. However, the
domain size; this may be explained by added pressure frongwer F , value and crossover domain size of the higher mo-
the walls. The curvature between the phases schematicallgcular weight system are consistent with fhg effects ob-
shown in Fig. 83 would be enhanced for a more narrow served as a function of composition in Fig. 8. Given that

gap; this may augment effects, causing flow at a smaller DEO and DEM solutions using the same polymer mole(_:ular
domain size. weight at similar quenches below, also reveal substantial

In order to show the universality of 2D near-critical cross- differences in crossover domain size, measurements for
over behavior, domain-size growth rates were determined foghrzs\’/ee?ﬁrtr?&srtgﬁtal;uaﬁg?lca?/f ;nggf[f;rl%rn‘gg;ggn%?ggsgfl\;ﬁgt
ls;everal different phase-separating polymer SOIU“M ) E’ole of o in crossover domain size may be obtained.

ig. 9. Of these systems, three show crossover behavior:

wt % 300kPS-DEO, 2 wt% 2000kPS-DEO, and 2 wt %
2000kPS-DEM. No crossover was observed for any near-
critical 300kPS-DIDP system, which could be due to the
crossover domain size being larger than the maximum deter- The studies described above in subsections B and C, ex-
minable domain sizé~60 um) with our experimental setup. tensions of our work in Ref.19], which reported crossover
(Work is underway to modify equipment to allow determi- in domain-size growth rate for 2D near-critical systems, re-
nation of larger domain sizesThe high viscosity of the late to well characterized polymer-solvent systems. Coarsen-
DIDP system as compared to the DEO and DEM systeming behavior was monitored at sufficiently long times so that
does not substantially alter the precrossover growth rate; foronditions of approximately constant dispersed-phase area
the conditions given in Fig. 9, the 300kPS-DIDP systemfraction (implying that equilibrium phase compositions had
yields K~1.4 um/s"®, similar to values obtained for the been achievedand thermal equilibrium within the sample
other solvent systemsee the precrossover DEO systems inare found to hold. This is necessary for a quantitative com-
Fig. 7 as well as the off-critical systems in Fig. 5 parison with theory and numerical simulation studies which

Comparison with other quantitative, experimental
2D coarsening studies
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typically assume such conditions. In the case of off-criticalphase compositions have reached equilibrium and that no
and near-critical conditions, these experimental studies sulithermal gradients exist within the sample under sjudy
stantially confirm either quantitativelias in the growth-rate quires that sufficiently long time scales are employed. This
exponents or qualitatively(as in the dependence of the pa- point was also made earlier in the two-dimensional coarsen-
rameterK on F, for all but one situationexpectations from ing study by Bodensohn and Goldbur2Q]; they indicated
theory and simulation. As indicated in subsection A abovethat, even for the extremely small quenches of 15 mK below
guantitative analysis of approximately critical systems waghe critical temperature required by their use of a critical, low
not possible in the present study, although apparent growtmolecular weight mixture, “the time for the system to reach
rates were very high. This is in accord with observations byits final temperature wa&@bou} 25 s, so we were barred
Bodensohn and Goldbur20] who, in a two-dimensional from studying the early stages of phase separatidfLir-
coarsening study of a critical mix of two low molecular thermore, when conditions were used in the present study
weight liquids, found that coarsening happened much fastenvolving very rapid quenching where significant thermal
than in a bulk mixture, and that there was no significant timegradients were present in the sample, flow effects similar to
interval over which the domain size grew algebraically withthose described by Tanakd2,33 and ascribed to viscoelas-
time. tic phase separation rather than to the temperature gradients
In contrast, there is a limited series of experiments byinducing flow, were observedn the studies reported in sub-
Tanaka[32,33, using systems related to those of the presenkections B and C above, the assumption of equilibrium phase
study, which deviate significantly from expectations basedompositions was verified by demonstrating constancy of the
on qonventlonal phase separation and coarsening theory. H]spersed-phase area fractiéfy ; in contrastF , constancy
particular, Tanakg32] recently reported a coarsening growth < neither verified nor is likely to hold for the conditions
rate scaling as®® for approximately critical PS-DEM sys-
tems(with PS of several different molecular weightnd as reported by Tan_ak.EG2,3?§. -
%2 for a (polymer-lean off-critical PS-DEM system. These AS a_result, It Is not surprising that_ Tgnaka’s apparent
' coarsening growth rates would differ significantly from the

determinations were not made from direct analysis of do_expe(:tations based on theory and simulation. It is noteworthy

main sizes but from 2D Fourier transforms of digital IMagYeS,at several other coarsening studies have been reported in

from which a pseudo-structure-factor was determined as g, osearch literature with apparently anomalous growth

function of wave number. Tanaka claimed that, since tr?erates which may actually be consistent with conventional

refractive index of a phase is proportional to its brightness 'ncoarsening ideas. For example, while slower-than-predicted

an imagg42], this structure factor is directly proportional to h —t92 p for phase-
the structure factor obtained from scattering studies; theregrOWt rates(~t? have been reported for phase-separated

diblock copolymer filmg[31], these data were later reana-
fore, he took the wave number for the peak structure facto . "
(0. to be inversely proportional td [42], fyzed by Ardell[38] who, by focusing on the long-time data,

T anaka atiributed thi lously S| th rate t demonstrated that the results were in fact consistent with
anaka attributed this anomalously Slow growtnh rate O;F~tl’3. As well, 3D coarsening studies of PS-solvent sys-

mode of coarsening which he termed “viscoelastic spinod : :
o o o ems by Song and Torkels$®,10] yielded apparent domain-
decomposition”[32,33,43, in direct opposition to Ostwald size growth-rate exponents in the early stages of coarsening

ripening theories which discuss the “universality” of the (pri : .
. ; .~ (prior to hydrodynamic flow effecjganging from as low as
growth behavior{11]. Accepting for the moment Tanaka’s 0.05 to 2, depending on the system and quench depth em-

tgheneral app_roach f%r dgte[rmlmrl](g tgetgrowtr;]—_rate exponer;%oyed (generally lower exponents were obtained for shal-
€ comparison made by 1anaka between Nis expenmentg,, .. guenches However, reconsideration of these data

d_ata aqd the expectations based on conventional .theo.ry a Q4] suggests that at least some of the anomalously slow
simulation may be questioned on several fronts. First, in th oarsening results could be associated with the systems not

?netgasefwhere the é):[guzajot-hstructulig-faﬁor |stplt())tted as baeing at conditions of equilibrium phase compositions, i.e.,
unction of wave num  (N€ peak 1S shown 10 b€ VETy ¢ nfirmation of constant phase volume fractions was at-

broad, making the assumption of equivalence betwggn tempted as a part of those studies. Thus, while the issues

and theaveragedomain sized, tenuous. Furthermore, the ointed out above in no way invalidate Tanaka’s interesting

time scales represented in the plot showing th_e tempor bservationg 32,33, it is clear that other options beyond
change of the pseudo-structure-factor as a function of WavEic . oalastic phase separation exist to explain them.
number range from only 1 to 100 s, well belamy of the

time scales used in the studies reported here for determining
coarsening growth rates. In fact, none of the data reported by
Tanaka exceeds 720 s, and his coarsening data are often From Fig. 8, gap width is revealed to play a strong role in
shown on time scales of 2, 2.5, 4, 5, and 10 s after quenchetetermining domain size in 2D coarsening of near-critical
of as much as 12 °C, conditions where extreme thermal grasolutions, with much smallet values being present with the
dients throughout a sample and rapid changes in averagerrower, 1.5um gap-width system. Similar effects are ob-
sample temperatures must hold. In some cf38ksinvolving  served for off-critical solutions, and data for both off- and
poly(vinyl methyl ethef—water systems, apparent 2D coars-near-critical systems are plotted as functiong*6fand gap
ening results purportedly illustrating a linearity of domain width in Fig. 10. For the near-critical system, Fig. 10 reveals
size with coarsening time are obtained framximuncoars- that the parametdf (slope in Fig. 1Qis almost a factor of 2
ening times of only 1-5 s. greater for a 1Q«m gap than for a 1.2¢ém gap; howeverK

This is an important point, since a valid comparison withvalues for the 1.5- and 10m gaps for the off-critical sys-
theory or numerical simulation studiéahich assume that tems are very similar. Therefore, the coalescence mechanism

Film thickness and substrate polarity effects
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FIG. 11. Temporal dependence dffor off-critical solutions
using a 10xm gap and either glass or nonpolar slides.2.5 wt %
300kPS-DEO,AT=2 °C (glass; H: 2.5 wt % 300kPS-DEOAT
=2 °C (nonpolay; O: 1.0 wt % 2000kPS-DEMAT=1 °C (glass;
®: 1.0 wt % 2000kPS-DEMAT =1 °C (nonpolaj.

FIG. 10. Plot ofd as a function oft'® for two near-critical
(precrossoverand two off-critical 300kPS-DEO solutions compar-
ing effects of gap width[J: 5.0 wt % (near-critical, AT=2 °C,
10-um gap;M: 5.0 wt % (near-critical, AT=2 °C, 1.5um gap;A:
2.5 wt % (off-critical), AT=2 °C, 10um gap; A: 2.5 wt % (off-
critical), AT=2°C, 1.5um gap. Note that the lines are best-fit
slopes(K[=]um/s"3).

both the elongated nature of their domains and their acceler-
_ ~ated coarsening rates. The unusual morphologies and fast
has a greater dependence on gap width than Ostwald ripegrowth rates present in these near-critical nonpolar-substrate
ing, implying that Brownian motion(i.e., the transport systems are similar to critical systefisee Fig. 2b)], and are
mechanism for coalescercis more hindered by a thinner probably caused by interfacial tension effects such as added
gap than diffusion(i.e., the one for Ostwald ripeningAs  pressure due to the nonpolar walls. When the substrate is
gap-width effects in 2D coarsening have not been consideregolar (glass, it attracts the polar polymer-lean phase more
prior to this study, they merit further investigation. than the less polar polymer-rich phase, causing pressure on

The effect of substrate polarity on coarsening is very dif-only the polymer-rich dispersed phase. However, when the
ferent for off- and near-critical systems. Figure 11 showssypstrate is nonpolar, both phases are repulsed by the sub-
domain-size growth rates for similar off-critical systems strate; therefore, the phases minimize their surface area at a
phase separated between either glass or nonpolar slidegych greater rate due to the added pressure of the walls. This
These data indicate that Off'Critical Coarsening depends Iittl%creased Coalescence rate does not a.”OW a drop'et to reach
on Substrate; ”keWise, the domain size and qualitative mori'ts desired, energy_minimizing circular form before impinge_
phology are affected slightly by substrate polarity. This simi-ment with another droplet, causing the unusual morphology
larity is expected since changing the substrate only affectgeen in Fig. 1&).
the curvature between the phadese Fig. 8)], which
should have little effect on the growth rate in an evaporation-
condensation mechanism.

In contrast, the resultant morphology and coarsening rate
for near-critical systems are significantly affected by sub- We have reported a comprehensive experimental study of
strate. Figure 12 shows micrographs from two 5 wt %2D coarsening. With the use of several polymer-solvent sys-
300kPS-DEO system@T=2 °C) phase separated between tems, the effects of compositiofoff- and near-critical
either glass or nonpolar slides. Early-time coarsening behavguench depth, dispersed-phase area fraction, film thickness,
ior [Figs. 12a) and 12c¢)] is not affected by substrate. How- substrate polarity, polymer molecular weight, and solvent
ever, once the domains reach a size scale approaching that\déécosity on domain size and domain-size growth rate were
the crossover domain size, i.e., wherbecomes important, studied by optical microscopy over coarsening time scales
the domain-size growth rate for the system phase separatédm several minutes to more than ten hours. For the condi-
between nonpolar substrates increases significadtiytf),  tions studied, no significant effect of polymer molecular
and the morphology starts to become very unufcaipare  weight was observed, except to the extent that it defined the
Figs. 1Zb) and 12d)]. Once this occurs, the domain-size shape and location of the phase diagram for each polymer-
growth rates become impossible to determine because sblvent system.

CONCLUSIONS
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FIG. 12. Optical micrographs
for 5 wt % 300kPS-DEO(near-
critical) solutions using a 1@m
gap, AT=2 °C, between glass or
nonpolar slides(a) between glass,
coarsened for 180 gp) between
glass, coarsened for 1800 &)
between nonpolar, coarsened for
210 s; (d) between nonpolar,
coarsened for 2280 s. Please note
that while the morphologies are
regular (i.e., circulaj for each
substrate at early coarsening times
[comparg@) and(c)], noncircular,
irregular structures appear be-
tween the nonpolar substrates at
later times[compare(b) and (d)].
The scale bar is applicable to all
four micrographs.

With regard to composition effects, phase-separated offresulted in smaller domain size, at least until a crossover to a
critical (polymer-lean solutions coarsened predominantly by t%° growth rate. This is due to the smaller domain size
evaporation-condensatig®stwald ripening with d=Kt*3.  formed with increasing quench depth in the initial stages of
The parameteK increased with increasing dispersed-phasespinodal decompositiof87] prior to the onset of coarsening.
area fractiorF  , in qualitative agreement with theory devel- With sufficiently large quenches, the dispersed-phase area
oped for 3D coarsenindl1,12. Near-critical(polymer-lean  fraction is a significant function of quench depth due to the
coarsening featured much more droplet impingenm{ena- asymmetric nature of the polymer-solvent phase diagram,
lescencias well as Ostwald ripening, witth=Kt* at early ~ and area fraction effects become important. For near-critical
times; at longer times, a crossover to a higtférgrowth rate  systems the crossover ta%® growth rate occurs at a smaller
was observed for some of the polymer-solvent systems. Thdomain size with increasing quench depth; at long times this
domain size at which this crossover occurred decreased wituench-depth dependence of the crossover can result in
increasing quench depth; this is in qualitative, although notarger domain size with greater quench depth.
quantitative, agreement with predictions for crossover from Finally, with thinner films, the average domain size was
thermal- to flow-dominated coarsening in 3B). significantly smaller over the entire coarsening range for

The growth-rate exponents gfand 2 have been deter- both off- and near-critical systems. This is likely due to
mined here with high precision for many cases of coarsenslower coarsening in 2D as compared to 3D, with the thinner
ing. For off-critical and early-time near-critical coarsening, films entering a condition of 2D coarsening at shorter times,
the best-fit exponents ranged from 0.30 to 0.42, and in eachll else being equal. Gap width also affected khealues for
case the domain size could be plotted as a functiottdf the early stage of near-critical coarsening, although off-
yielding a very good linear dependence. For long-time neareritical K values were not affected; this suggests that coales-
critical coarsening after the crossover to a different coarsencence is more hindered by a thinner gap than Ostwald ripen-
ing mechanism, best-fit growth-rate exponents ranged fronng. Coarsening in off-critical systems depended little on
0.62 to 0.69, and in each case the domain size could bsubstrate polarity; however, near-critical coarsening near the
plotted as a function of? also with a very good linear crossover was strongly affected by substrate. Such effects
dependence. Thus, this study confirms the theoretical ankdave not been considered theoretically and merit further
numerical prediction§12] of a t*® growth rate for 2D Ost-  study.
wald ripening, when the dispersed-phase area fraction is
small, and the predictiond,15,1§ for an initial t** growth
rate followed by a crossover to & growth rate for 2D
coarsening in near-critical systems, when the dispersed- We thank Professor Wesley Burghardt for use of his op-
phase area fraction is larger. tical microscopy and hot stage. This research was sponsored

Other factors being equal, increasing the quench depthy NASA-Marshall(Grant No. NAG8-1061
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