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ABSTRACT: We disclose a precursor-driven orgerder transition (OOT) between bcc and fcc lattices in a
sphere-forming blend of a poly(ethylene oxid#dckpoly(1,4-butadiene) (PE®-PB) and a PB homopolymer
(h-PB). The blend as cast from toluene exhibited a metastable trapped fcc (t-fcc) phase, which showed no sign
of transformation into bcc phase on heating to 260 Annealing the as-cast blend a0 °C disturbed the
long-range order of t-fcc due to crystallization of PEO within the spherical microdomains. A significant portion

of the rather disorderly arranged crystalline domains relaxed to grains having the equilibrium bcc lattice, when
the PEO crystals were melted at elevated temperatures. The bcc grains thus developed then acted as the precursor
to induce a transformation of t-fcc phase to bcc phase on heating up tdC2(Since the t-fcc phase was not
completely wiped out through this process, a bcc-to-fcc OOT assisted by the residual t-fcc precursor set in on
heating from 205 to 260C where fcc became the stable packing symmetry. Subsequent cooling froAC€260
recovered the bcc phase and the blend cooled to°Cl@as essentially fcc free. Because of the absence of fcc
grain, the thermodynamically prescribed bcc-to-fcc OOT could no longer take place on reheating. Our results
revealed the necessity of bcc or fcc precursor for initiating the relevant OOT and hence implied a high activation
barrier associated with the transition. The activation barrier was proposed to be entropic in origin stemming from
the deformations of PB blocks and h-PB chains in the lattice transition proceeding through the Bain distortion
mechanism.

Introduction the domain interface The SCMF calculation showed that the
Microphase separation in diblock copolymer bA8) and its composition Wlndqw of CPS phase |nb\3/h-A blend became
blend with the corresponding homopolymer B4B/h-A) may broader than that in neat B-B.” In a previous study, yve have
yield nanoscale microdomains with lamellar, cylindrical or revealed the presence of fcc-packed PEO spheres in a blend of
spherical geometryy The spherical domains thus formed have & symmetric PE®-PB and a h-PB,where the system was
been found to pack almost exclusively in body-centered cubic shown to undergo an ordeorder transition (OOT) from bcc
(bcc) lattice. In addition to bee packing, closely packed spheres to fcc phase on heating. It is noteworthy that CPS phase has
(CPS) in face-centered cubic (fcc) or hexagonal closely packed been identified more prevalently among the diblock copolymer
(hp) lattices have also been predicted theoreti&lign basis  solutions with low-molecular-weight selective solvehits)
of the self-consistent mean-field (SCMF) calculation, Matsen \hich the interactions between the coronal blocks and the
and B.ates developed a .pha.se ghagram for neakEAthat . solvent molecules played a role in micelle ordering.
prescribed a CPS phase situating in a narrow temperature region
between bcc and disordered phasecently, a CPS phase with The present study is an extension of our previous work on
fcc packing has been found to coexist with a disordered micelle poo—fcc OOT of PEOb-PB/h-PB blend. Here we examine the
phase ove4 K temperature interval in a sphere-forming poly-  ansition process in further detail through systematic SAXS

i a _ i 4
(ethylene oxideplockpoly(1,4-butadiene) (PE@PB)'. FC(.: heating and cooling experiments. It will be shown that the OOT
phase has also been reported for an elastomeric triblock.

copolymer, poly(1,3-cyclohexadienbjeckpoly(ethyleneeo- is influenced by the thermal history of the sample, and this effect

but-1-ene)blockpoly(1,3-cyclohexadiene), when the sample strongly implies a precursor-driven mechanism underlying the
was subjected to a flow treatment at 493 K followed by an transition, where the OOT becomes inaccessible once the system

annealing at 473 K. does not contain the bcc or fcc precursor prior to the transition.
In the case of the blends of BB with h-A, the phase e shall prove that the previously observed OOT of the PEO-

behavior is governed not only by the segregation strength andP-PB/h-PB blend is due to the precursor-driven OOT to be
the volume fractions of A or B blocks, but also by the volume reported in this paper. This precursor-driven mechanism is
fraction of h-A in the A domains and the factor = Mp—a/ phenomenologically similar to the self-nucleation in atomic or
Mp,a (With Mi—a andMj, A being the molecular weights of h-A molecular crystallization, where the residual nuclei persisted in
and A block, respectively) that determines the extent of the melt promotes the crystallization upon cooling. The activa-
solublization of h-A chains into A block chains emanating from tjgn energy barrier associated with the bécc OOT in the

present blend will be discussed in the light of the Bain distortion
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Experimental Section Heating Cycle

Materials. The PEOb-PB with the polydispersity indexMy/ ] Figure 2a
M) = 1.04 was synthesized by sequential anionic polymerization ]
of butadiene and ethylene oxide (Polymer Source, Inc.). Nlhe .
of PEO block M, peg was 7.5x 10° andM, of PB block (M pg)
was 5.5x 10°. This PEOb-PB has a slightly longer PEO block
than the sample used in the previous stullly geo = 6.0 x 1C%,
Mpps = 5.0 x 10%).8 The 1,4-addition PB homopolymer witd,
= 2.73 x 10° was also synthesized by anionic polymerization
(Polymer Source, Inc.). The blend with the overall PEO volume
fraction freg) of 0.17 was prepared by solvent casting. PEGB
and h-PB were first dissolved in toluene at room temperature (ca. .
27°C). The microphase-separated blend was obtained by removing
most of the solvent on a hot plate at 80, followed by drying in Figure6 ——————»
vacuo at 60°C for 2 h for complete removal of residual solvent. A 1 '
portion of the as-cast blend was stored-&0 °C for 8 h prior to R B B B S A AL
the SAXS experiment. This treatment, which allowed the PEO 0 20 40 6™ ?00 1000‘ 1200 1400 1600
blocks to crystallize in a large portion of the microdomains, is Time (min)
crucial for inducing the formation of bcc phase on heating, as will (a)
be demonstrated later.

SAXS Measurement.The thermally induced phase transitions 300
of the blend in the melt state were detected by the temperature- 1 Heating Cycle Cooling Cycle Reheating Cycle
dependent SAXS measurement. The SAXS instrument was equipped ., _ Figure 3 Figure 4 Figure 5
with an 18 KW rotating-anode X-ray generator operated at 30 kV
x 400 mA (MCA Science Co, Ltd., Yokohama, now Bruker Co,
Ltd., M18XHF, Ibaraki Pref., Japan), a 1.5 m camera with a graphite
monochromator, and a one-dimensional position-sensitive propor-
tional counter. The Cu & line (1 = 0.154 nm) was used. The
intensity profile was output as the plot of the scattering intensity
(I) vs the magnitude of the scattering vector= (4:/1) sin(@/2)

(60 = scattering angle). The SAXS profiles were corrected for the

absorption, the air scattering, the slit-height and slit-width smearing
effect, and then for the background arising from thermal diffuse

scattering (TDS). The intensity level of TDS was assumed to be a 50 e Figure 7 and 8
constant over the range covered in this study and its magnitude
was determined from the slope lgf* vs g* plot at the highg region

(g > 1.3 nnmY).

Cooling Cycle

Figure 2b
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Both heating and cooling experiments were conducted in the i .
SAXS measurement. The thermal treatments were operated under Time (min)
N, atmosphere in a temperature controlled samplele&ligure 1 (b)

illustrates the thermal protocols adopted for as-cast blend (part a) Figure 1. Thermal protocols adopted in the SAXS measurements in
and —20 °C annealed blend (part b) for the SAXS experiments. the present study. Part a is for the blend directly heated from the as-
For the SAXS measurement at each temperature, the sample wasast state, while part b is for the blend having been annealed at
first equilibrated for 30 min followed by data acquisition for another —20 °C prior to the heating cycle. Three types of thermal treatment,
30 min. Therefore, the sample was kept at each temperature for poheating, cooling and reheating cycle, were conducted. Their respective

min. This annealing time was sufficient for resolving the sequence time windows are marked by the solid arrows. The figures showing
of thermally induced phase transition of interest. the results obtained from the thermal protocols are also indicated.

in the profile. This fcc phase remains stable throughout the
heating to 230 C without showing any sign of transformation

SAXS has been widely utilized to distinguish the type of to bcc phase. The subsequent cooling does not induce any
lattice symmetry in diblock copolymers based upon the relative structural change either [Figure 2b]. These observations appear
positions of the diffraction peaks. In the case of sphere-forming to conflict with our previous study showing the occurrence of
systems the characteristic peak positions following the ratios a bce-to-fcc OOT on heatifgAs a matter of fact, the sample
of 1:(4/3)/2(8/3)V2(11/3)2(12/3)2... signal the formation of  used in the previous study had somehow been stored at
fcc lattice, while the ratios of 1132412 indicate bcc —20°C for more tha 8 h prior to the SAXS heating experiment.
packing®® In the present study, the fcc and bcc peaks are marked |t will be demonstrated below that this thermal treatment is a
by the opened and solid arrows in the SAXS profiles, respec- key for inducing the formation of bcc phase and hence the
tively. occurrence of beefcc OOT on heating.

Parts a and b of Figure 2 present the SAXS profiles of the  Figure 3 shows the SAXS profiles of the blend collected in
as-cast blend collected in situ in the heating and subsequenta heating cycle from 100 to 260C after an annealing at
cooling cycle, respectively. In the plot, we adopt the reduced —20 °C for 8 h. The low-temperature annealing allows PEO
scattering vectog/gn in order to clearly distinguish the type of  blocks to crystallize in a large portion of the spherical domains
lattice symmetry at each temperature, whgrgas reduced by  through homogeneous nucleattbrand such a crystallization
gm With gm being the primary peak position at each temperature. disturbs the long-range order of the sphéfeEhe disturbance
The temperature dependenceggfcan be separately traced by  of lattice packing is evidenced by the broad primary peak in
D = 27/qm shown later in Figure 6. Interestingly, the as-cast the SAXS profile obtained by heating the crystalline blend to
blend contains only fcc phase at 3Q (i.e., the onset of the ~ 100°C [Figure 3a]. In this case, the microdomains cannot relax
heating experiment) as neithéf2hor 32 bce peak is identified to attain their original long-range order even after the melting

Results
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Figure 2. Series of SAXS profiles of the as-cast blend collected in ®)

situ at various temperatures from (a) 30 to 280in the heating cycle

and (b) subsequent cooling from 230 to 1ZD The thermal protocol Figure 3. Series of SAXS profiles of the-20 °C annealed blend
subjected to this blend is shown in Figure 1a. The scattering profiles collected in situ at various temperatures from (a) 100 to 200 and (b)
are presented as a function @fj, with gn being the position of the 205 to 260°C in the heating cycle. The thermal protocol subjected to

first-order lattice peak at each temperature. The changg,iwith this blend is shown in Figure 1b. The scattering profiles are presented
temperature can be evaluated from thabDir{=27/qy) with T shown as a function ofyqn with gm being the position of the first-order lattice
in Figure 6. peak at each temperature. The changgiiwith temperature can be

evaluated from that ilD (=27/qy) with T shown in Figure 8. The

: . _opened arrows identify the characteristic peak positions relative to the
of PEO crystals. The primary peak sharpens on further heatlrlgfirst-order peak position ((4/8%: (8/3)2...) that the fcc lattice should

from 100 to 142°C, showing the development and growth of  exhibit, while the solid arrows pinpoint the relative peak positiod&:(2

the ordered grains. Interestingly, &33iffraction peak associ- 32 4'2.) associated with the bce phase. The broad peak marked by
ated with bcc lattice now appears clearlyTat 123°C together “i = 1" is the first-order peak for form factor of the spherical
with the fcc peaks. Thel peak grows whereas (4/8)and microdomain.

(8/3)V2 fcc peaks diminish progressively with increasing tem- is indeed the thermodynamic equilibrium packing symmetry
perature toward 200C, showing a transition from fcc to bcc  below 200°C. Such an OOT is not accessible by heating the
phase. The occurrence of this transition process attests that bcbcece-free as-cast blend due to a high activation energy barrier
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Figure 4. Series of SAXS profiles of the annealed blend collected in
situ at various temperatures from (a) 260 to 205 and (b) 200 t6C10

in the cooling cycle from the fcc phase at 28D. The change i,

with temperature can be evaluated from thaDi(=27/qy) with T
shown in Figure 8. The data were obtained with the protocol shown in
Figure 1b.

for OOT. However, if we introduce crystallization into the
system, the crystallization driving force is sufficiently large to

knock the fcc-packed spheres away from their original positions.
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Figure 5. Series of SAXS profiles collected in situ at temperatures
from 110 to 26C°C in the reheating cycle from the complete bcc order
at 110°C. The bcc-to-fcc OOT observed in the first heating cycle (
Figure 3b) no longer occurs up to 28C, as bcc phase is found to
span the whole temperature window. The changg,iwith temperature
can be evaluated from that D (=27/qy) with T shown in Figure 8.
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Figure 6. Iyt andD vs T! plots for the as-cast PEGPB/h-PB
blend. The boundary between t-fcc and fcc phases is marked at
170 °C by the vertical dashed line, which is determined by the slop
change inl,t in the heating cycle. In the cooling cyclg,™* and D
closely agree with those in the heating cycle when temperature is
increased above 170C. A large hysterysis stemming from the
metastable nature of the trapped fcc phase is found beloWw@.70he
parenthesis in the symbol denotes the thermal treatment where H
represents thi,* collected in the heating cycle and C represents that
collected in the cooling cycle. The temperature dependence of D is
similar to that inly L.

nuclei for the growth of bcc phase, such that a fcc-to-bcc OOT
becomes accessible with increasing temperature.
Figure 3b presents the SAXS profiles collected by further

When the system is subsequently heated to melt the PEOheating from 205 to 260C. Over this temperature range, fcc

crystals, a significant portion of the rather disorderly arranged
spherical domains relax to pack into the equilibrium bcc lattice.

phase is seen to grow in expense of bcc phase above46
manifested by the intensification and diminishment of (873)

The bcc grains thus formed somehow act as the precursors oand 32 peak with increasing temperature, respectively. At



3704 Huang et al. Macromolecules, Vol. 40, No. 10, 2007

230°C a shoulder corresponding to the (4/Bfcc peak appears T(CO)

beside the primary peak and the (8/8peak dominates over 200230 200 180 160 140 120 100
the neighboring (32 bce peak. Combining the results of Figure FCC | BCC

3a and b, the thermally induced phase transition in the 0.6

—20 °C annealed blend on heating is found to follow the e i 3

sequence of mixed bcc/fcc phase, bee phase, and fcc phase. Now 09; : ‘20l \

the observed bcc-to-fcc transition (with the onset temperature 054 4 ]

of the transition being ca. 20%) is consistent with the previous = .Y i ” e Ny
finding for another PEQ-PB/h-PB blend having also been 3 T %0 i 2 zaTul mifml o1k
annealed at-20 °C prior to the SAXS heating experiméht. a— ‘% E e
Nevertheless, the transition in the present systdgpto= 7.5 - LS

x 10, Mppg = 5.5 x 10°) occurs at about 80C higher than ] . a 4 e, s °°
that of the previously studied system, indicating the stability of “*, sa3 g e’

bcc phase is enhanced significantly with a minor increase (ca. 0317 Py | 4 Rgg 2%

25%) of PEO block length. It is noted that a complete bcc or {o1© | e

fcc order is never attained under the thermal protocol adopted A L'®H) !

in the heating cycle, as residual trace of fcc or bcc phase is 0-21'8—'—2'('] ! o o o e
found to coexist with the dominant counterpart even at 200 ( ' } 1;1x 10° a(;) ' ’

Figure 3a) or 260C (cf. Figure 3b), respectively. )
. . Figure 7. 11 vs T~ plots for the—20 °C annealed PE®-PB/h-PB
A SAXS cooling experiment was conducted from the state pjend. The boundary between bce and fec phases is marked 46200
of predominant fcc phase at 260 after the series of the heating by the vertical dashed line, in that this temperature roughly represents
experiment described above for th0 °C annealed blend to the point where fcc phase vanishes in the cooling cycle. Little hysterysis

test the thermal reversibility of the befcc OOT. Figure 4 teffe(t:t is fourt1d across thfe bed:lc;:OOtO'lz'dag)higrk]l_-lterrlperatl?]re t(i.e.,_in
- e temperature region from () , while strong hysterysis
presents the temperature-dependent scattering patterns CO”eCtegemming from the metastable nature of the trapped fcc phase is found

in the cooling cycle. It can be seen that bcc phase grows pelow 170°C. Through comparindn~is in cooling and reheating
progressively in the expense of fcc phase between 250 andcycles, another strong hysterysis is found to appear with reheating the

205°C. The temperature-dependent SAXS profiles clearly show cooled blend. The hysterysis originates from the coexistence of bcc

: ; and fcc phase in the onset of cooling. The parenthesis in the symbol
an OOT from fcc to bee phase in the cooling process, thereby denotes the thermal treatment where H represents.theollected in

demonstrating that bedfcc OOT is thermally reversible. the heating cycle, C represents that collected in the cooling cycle and
The SAXS cooling profiles at temperatures lower than RH represents that collected in the reheating cycle. The inset in the
210°C are shown in Figure 4b. It can be seen that the fcc phasef'%UIre S*l‘joé"’g"t‘)r v T aciozsothe fgfffc OOT for the system with
originally existed below 206C in the heating cycle [cf. Figure S "' 0ckNlbpeo = 6.0 x 10).
3a] is no longer present as the bcc phase remains stable all th
way down to 110°C at which the system possesses nearly
complete bcc order. This verifies that the fcc phase observed
in the heating process below 200 in Figure 3a is metastable,

and its formation should be associated with the solvent casting heating run. The temperature dependendg;ofin the cooling

process, where the f_cc structure seemingly formed first QUrlng cycle is characterized by a smooth curve with the! values
the solvent evaporation process was somehow trapped into the

bulk after complete solvent removal. This metastable fcc phase Sols%yoggf?;gtgggig}g?ge%ﬁgg 2% T ;h7% Iggatlv\?hge;:g rtﬂfeat
is called “trapped fcc phase” (t-fcc) here and its formation ' !

. : ) . . . intensities at a given temperature in the heating and cooling

mechanism will be illustrated in the Discussian. cycles do not agree. Such a hysterysis effect is an indicative of

A reheating experiment was conducted after the blend hasthe metastable nature of the t-fcc phase observed below
been subjected to the heating and cooling cycles (cf. the thermali 70 °C. Similar conclusion can also be drawn from thevs
protocol in Figure 1b). Figure 5 shows the SAXS profiles T-1p|ot.
collected in situ in the reheating cycle. At the onset of the Figure 7 plotd »~ against the inverse of absolute temperature
reheating process (i.e., 11) the system exhibits nearly  for heating, cooling and reheating cycles for the0 °C
complete bece order. Interestingly, the bee-to-fcc OOT observed annealed blend which exhibits befcc OOT in the heating and
in the first heating cycle no longer occurs up to 2€0 as bcc  cooling cycles. The vertical dash line represents the approximate
phase is found to span the whole temperature window. This is gnset (200°C) of the bce-fcc transition under the temperature
reminiscent of the result in Figure 2a showing that heating the protocol used in our study. Little hysterysis effect is found in
as-cast blend with complete fcc order does not induce fcc-to- the temperature range from 170 to 28D across the beefcc
bce transition. The results hence indicate that the OOT is 0QOT, wherd ;! associated with the heating run closely agrees
accessible only if the system contains the bec/fcc precursor. Thewith that in the cooling cycle. This means that the corresponding
fcc precursor is created by the solvent casting which leads to hec and fcc phases are thermodynamically stable structures and
the formation of the metastable t-fcc phase, whereas the bccthe dynamics of the phase transition is rapid. On the contrary,
precursor is generated by allowing the PEO domains in the as-strong hysterysis stemming from the metastable nature of the
cast blend to crystallize followed by heating above the melting t-fcc phase is found below 17, wherel, in the heating cycle

%oundary between t-fcc and fcc phase upon heating, in which

t-fcc phase is a lattice packing that situates in a metastable state
generated during solvent removal. The boundary between t-fcc

and fcc phase is determined by the slope changh,of in

point of PEO. (due to bcc/t-fee structure) is clearly lower than that in the
Figure 6 displays the temperature dependences of the inversecooling cycle where the corresponding structure is bcc.
of the intensity of the primary scattering pedk (%) and the Imin the reheating cycle closely agrees with that in the cooling

characteristic distancé(= 27/qm) for the as-cast blend. The cycle atT < 170 °C, whereas a deviation is found @t >
data were obtained from Figure 2. In this plot, the vertical dashed 170°C. The deviation is due to the fact that the system subjected
line represents the approximate onset (1ZPof the transition to the cooling experiment contains both bcc and fcc phases at
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T(CO) 1. A metastable t-fcc phase develops during solvent casting
260 230 200 180 160 140 120 100 and the as-cast blend is essentially bcc-free. Heating the as-
L e ' L cast blend does not induce transformation of t-fcc phase to bce
@ phase in the temperature range where bcc is supposed to be the
equilibrium structure.
° 2. Annealing the as-cast blend-a20 °C allows PEO blocks
28 - - to crystallize in the microdomains. The crystallization driving

1 5@? force is sufficiently large to knock the fcc-packed spheres away
from their original positions, and a significant portion of the
rather disorderly arranged domains relax to pack into the
equilibrium bcc lattice upon subsequent heating to melt the PEO
crystals.

3. The bcc grains thus developed act as the precursors or
nuclei to initiate the transformation from t-fcc to bcc phase on
heating in the temperature window where the later is the stable
structure. The t-fcc phase is however not completely wiped out
before reaching the temperature where fcc becomes the favorable
packing symmetry. The residual t-fcc grains then serve as the
precursors for initiating a bcc-to-fcc transition upon further
%rif heating.

; BCC 4. The conversion from bcc to fcc phase is incomplete on

32

30+

24+

22 >

A\
A\
\\

R,D (nm)

>>mOe
o

12 +

10 H

=P H>
=P

reaching the maximum experimental temperature (2BPDas
s some bcc residue still remains to act as the precursor to initiate

T'x10° (K") a reverse fcc-to-bcc OOT in the subsequent cooling cycle. The
Figure 8. D andRvs T~ plots for the—20 °C annealed PE®-PB/ conversion to bcc order is complete upon cooling to 1CGat
h-PB blend.R is obtained by fitting the form factor profiles using a  which the system is essentially fcc free.

polydisperse spherical form factor. The temperature dependenges of -
andR display a strong hysterysis below 170 due to the presence of 5. Because of the lack of fcc precursor, reheating the cooled

trapped fcc phase in the as-cast blend. In the reheating cycle, a veryPlend can no longer induce the bce-to-fcc OOT.
small hysterysis originating from the coexistence of fcc and bce phase  Now let us first discuss the origin of t-fcc phase. It is known
in the onset of cooling cycle is found to appear above 120 that block copolymer mesophase in the as-cast state may be
T > 170 °C, while the blend is essentially fcc-free in the nonequilibrium because the solution mesophase of theBA
reheating experiment. Note that vertical dash line for the solvent mixture above the threshold polymer concentration for
approximate onset of OOT is irrelevant figr! vs T2 for the microphase separation may deviate from the equilibrium melt
reheating run. structure of Ab-B and such a structure may be trapped into
Figure 7 also demonstrates that the onset of the-bur the bulk upon solvent removal, yielding metastable bulk
transition is characterized by the change of the slope of the plot. structure in the as-cast sampfel® Although toluene has a
In the previous study, a rather vague discontinuityiyin® vs slightly closer solubility paramete¥ toward PB'? it can still
T~ across the beefcc OOT in the system with a shorter PEO  be considered as a nearly neutral solvent for PEO and PB
block length was suggested with less intensity data points, asbecause toluene can swell nearly equally well PEO and PB
shown in the inset of Figure & As a matter of fact, a close = domains. During the solvent evaporation, the increase of the
comparison between the plot of the present system and thatblock copolymer concentration tends to increase the effective
shown in the inset indicates that the temperature dependencesegregation strength between PEO and PB in the medium of a
of It of both systems across the OOT are essentially identical neutral solvent of toluene, in that the effective interaction
except for the temperature shift for the OOT. Since more parametery.s, can be formulated aggp with ¢p being the
intensity data points are collected over the transition region for polymer concentration according to the dilution approximatiéh.
the present system, tihg~* vs T-1 plot across the OOT observed Consequently, we expect a series of transitions such as follows
should be more accurately characterized by a slope changeto occur with increasing concentration: homogeneous solution
instead of an abrupt discontinuity. The discontinuity is not — disordered micelles> fcc phase— bcc phase. The fcc phase
observed here because the lattice transformation is not sharpprecedes the bcc lattice, because according to the thermally
where bce and fcc phases coexist over a wide temperature rangénduced phase transition, fcc phase is favored at smgal(er
under the thermal protocol adopted. at higher temperature), i.€gocc > xtcc. Once the fce-bee
Figure 8 dispalys the temperature dependences of D and thetransition is quite slow compared to the rate of solvent removal,
average radiu® of the PEO spherical microdomains for the fcc phase will be trapped into the bulk before the completion
—20 °C annealed blendR was obtained by fitting the form  of the transition, thereby leading to the absence of the expected
factor profile shown in Figure 35 (with the broad first-order bcc phase in the as-cast sample (Figure 2a).
peak marked byi*= 1" nearg/gm ~ 2.75) using form factor The more interesting observation here is the precursor-driven
for polydisperse spheres. Similar kg, a strong hysterysis is  mechanism of the beefcc OOT. bcc-to-fecc transition is
found below 170°C due to the presence of t-fcc phase in the accessible when the system contains residual t-fcc grains before

T T T T T
1.8 2.0 22 24 2.6 2.8

as-cast blendcf. heating and cooling cycle). reaching the temperature where fcc phase is the stable structure
. . on heating. The converse is true for the t-fcc-to-bcc (on heating)

Discussion and fcc-to-bee (on cooling) transitions, where bcc precursor is
The following summarizes the salient features of the bcc/fcc required to induce the phase transformations. This kind of

phase and the relevant OOT in the sphere-forming BHB/ precursor effect is phenomenologically reminiscent of the self-

h-PB blend derived from the present study: nucleation encountered in atomic or molecular crystallization;
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contraction
4 axis

W-S cell of

BCC Phase

W-S cell of

FCC Phase Coexistence of BCC and FCC grains
expansion Figure 10. Left: Wigner—Seitz (W-S) cells of the spherical micelles
axis in bcc and fcc lattice. The WS cell is a truncated octahedron and a

Figure 9. Schematic illustration of one set of Bain distortion for the ~dodecahedron for bce and fce phase, respectively. Right: In the system
transition from fcc to bec lattice, which involves the transformation of ~ €ontaining both bee and fec grains, the two types of 8/cells cannot

a distorted bee unit cell embedded in two fcc unit cells to a bee unit 9eometrically match with each other at the grain boundaries, such that
cell by compressing along one (100) direction and expanding along Vacancies are created near the boundaries (i.e., the shaded region).
two (110) directions of the fcc unit cells.

fill into the vacancies, thereby giving rise to an excess interfacial

therefore, bcefcc OOT must likewise involve an activation  free energy associated with the conformational entropy loss. In
energy barrier which is lowered by the presence of the precursor.this case, the grain boundaries may be unstable, such that the

To reveal the nature of the activation energy barrier, we need more stable bcc grains grow from the boundaries in the expense
evoke a plausible pathway through which the OOT takes place. of the t-fcc phase to reduce the interfacial free energy by the
For the crystals formed by metals, befcc lattice transformation local rearrangement of the spherical micelles.
proceeds through the well-known Bain distorti®nSuch a
mechanism was found to be operative in the thermally induced Conclusions
bcc—fcc OOT of the spherical micelles formed by block
copolymers in low-molecular-weight selective solvehit&or
the transition from fcc to bcc phase, the Bain distortion
mechanism involves the transformation of a distorted bcc unit ; . "
cell embedded in neighboring two fcc unit cells to a bec unit not contain bcc or fcc precursor prior to the transition. The lack
cell by compressing along one (100) direction and expanding of fcc precursor may be one of the reasons for Fhe p_revalent
along two (110) directions of the fcc unit cells, as illustrated absence of beefcc OOT among the sphere-for_mmg diblock
schematically in Figure 9. The contraction may also occur along COPOlymer systems. The activation energy barrier of the OOT
(010) or (001) direction with the corresponding expansions along &S Proposed to stem from the stretching and compression of
(101) and (h01), or (110) and (410) directions, respectivel}. the corona! blocks qnd homopolymer chains in the .matrlx ph.ase

The deformation of unit cells via Bain distortion mechanism s the lattice transition occurred through the Bain distortion
is relatively easy for lattices composing of the spherical micelles Mechanism. Such an entropic barrier was difficult to be
dispersed in a low-molecular-weight solvent. In the case GEA-  OVercome by the therr_nal fluctuatlon-ln_duced coIIec_t|ve motu_)n
B/h-B blend, however, such a lattice distortion will cause the ©f the spherical domains, thereby making the OOT inaccessible
stretching and compression of the coronal blocks and ho- " the melt composing of only one type of lattice. Nevertheless,
mopolymer chains in the matrix phase; consequently, an if the bcc or fcc precursor co_uld somehow be ger_lerated out of
activation energy barrier with entropic origin exists for thetcc  the fcc or bee matrix, respectively, the bec/fee grain boundaries
fcc transition. Such an activation energy barrier is difficult to  May be unstable due to the geometric mistmatch between the
be overcome purely by the thermal fluctuation-induced collective Wigner-Seitz cells of the two types of lattices. Such an
motion of the spherical domains to create the unit cell distortion. intérfacial instability will then drive the growth of the stable
As a result, the t-fcc phase developed in the as-cast BEO- lattice from the precursor grains. We found that cry;talhzaﬂon
PB/h-PB blend is superheated to the temperatures where bec i©f PEO blocks at low temperature followed by heating to melt
supposed to be the stable structure. When the as-cast blend ighe crystals was an effective approach to induce the development
annealed at-20 °C to perturb the fcc order by PEO crystal- of the preqursor_vx_/lth the equmbrlur_n_lattlce. In this case, the
lization followed by heating to melt the PEO crystals, a portion Ccrystallization driving force was sufficiently large to knock the
of the domains would relax to the equilibrium bcc lattice, leading SPherical domains away from their original positions and a
to the coexistence of bce and t-fec phase. It is known that the Significant portion of the rather disorderly arranged domains
Wigner-Seitz (W-S) cell of the spherical micelles with bcc and ~ Would relax to the equilibrium lattice upon the melting of PEO
fcc packing is a truncated octahedron and a dodecahedroncrystals. Other perturbations such as the application of shear
respectively, as shown in Figure 262In the system containing flow may also be useful for inducing the formation of the
both bcc and fec lattices, the two types of-\8 cells cannot precursor out of the metastable phase for initiating the growth
match with each other geometrically at the grain boundaries, of the stable lattice structure.
such that vacancies are created near the boundaries (i.e., the
shaded region in Figure 10). To eliminate the density dips, the  Acknowledgment. We gratefully acknowledge financial
PB coronal blocks or h-PB chains located near the grain support from the National Science Council Taiwan under
boundaries must hence be stretched out of theSAtells to Contract NSC 94 2216-E-007-002.

We have revealed a precursor-driven mechanism underlying
the OOT between bcc and fcc phase in a sphere-forming PEO-
b-PB/h-PB blend. The OOT was inaccessible if the system did
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