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SUMMARY: The ordering kinetics of cylindrical and spherical microdomains in a polystybémepoly-
isopreneblockpolystyrene (SIS) copolymer were studied using synchrotron small-angle X-ray scattering
(SAXS) and rheology upon quenching the sample from a disordered state to an ordered state having either
spherical or cylindrical microdomains. The SIS exhibits an order to order transiteh&it’C, a lattice dis-
ordering transition at210°C and becomes disordered at higher temperatures. Higher order peaks in the
SAXS profiles corresponding to hexagonally packed cylindrical (HEX) microdomains appeared after less
than 1 h when the sample was quenched from°23&® 170°C. When quenched from 238 to 200°C, a

broad higher order peak at1.65 g, corresponding to spheres wiiquid-like short-range order, was persi-

stent up to 4 h before higher order peaks corresponding to body-centered cubic (BCC) microdomains appea-
red. We repeated this experiment by changing temperature from one ordered state with BCC microdomains
to another with HEX microdomains, and vice versa. The BCC microdomains were attained Withvhen

heating from 170C to 200°C. The transition between HEX and BCC is thermoreversible. The time evolution

of dynamic storage modul@’ is in good agreement with that of SAXS intensity.

Introduction lar Topr; and (ii) when the quenching depth is the same,
Numerous studies have been reported on the order-disthhe complete ordering of body-centered cubic (BCC)
der transition (ODT) in block copolymers during the pastnicrodomains for a triblock copolymer takes much more
two decade's?. However, although the ordering procesgime than for a diblock copolyméf?.
of microdomains in a block copolymer from a disordered It has been recently found that some block copolymers
state to ordered states has been studied very recently, th&ve multiple ordered states, and the transition from one
mechanism is not fully understobé?. Floudas et aP. ordered state to another is referred to as an order to order
found that the ordering process of a polystyrdémeck  transition (OOT)*2% Thus, it is very interesting to inves-
polyisoprene (SI) copolymer can be described by atigate the ordering process of a block copolymer with
Avrami-type nucleation and growth mechanism, and thi©OT when temperature is changed from one ordered state
depended on the guenching depfAT), namely, the dis- (e.g. cylindrical microdomains) to another (e.g. spherical
tance betweeiopr and the phase-separating temperaturgnicrodomains). Very recently, Sakurai et?dlhave stu-
When AT is very small, the Avrami exponent is about 4,died the ordering kinetics from thermally frozen cylindri-
while it becomes 3 for largeAT. On the other hand, cal microdomains to lamellar microdomains at equili-
Takenaka et &.showed that, for very larg&T, the order- brium using temperature jumping experiment by synchro-
ing process is described by the spinodal decompositidron small-angle X-ray scattering (SAXS). Also, some
mechanism, not by the nucleation and growth mechamesearch groupgs®” predicted theoretically an intermedi-
ism. Also, the ordering process depends upon the molecate state when one microdomain is transformed into
lar architecture of block copolyméts another. However, to our best knowledge, the ordering
Using small-angle X-ray scattering (SAXS) and rheoltransition (or kinetics) of a block copolymer between
ogy, Adams et al¥ investigated the ordering kinetics of spherical and cylindrical microdomains has not been stu-
highly asymmetric Sl and SIS copolymers with sphericaflied experimentally.
microdomains of PS and reported that (i) the ordering In this study, using synchrotron SAXS and rheology,
kinetics of these copolymers is much slower than thave investigated the ordering kinetics of cylindrical and
observed for nearly symmetric S| copolymers with simispherical microdomains in a polystyrebick-polyiso-
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preneblock-polystyrene (SIS) copolymerupon quench-
ing the sampe from a disorceredstateto the ordeed state
havingeithe spheric or cylindrical microdomains. This
experimentwas repeaed by changingtempeature from
an orderedstatewith spheical microdomairs to anaher
with cylindrical microdonains,andvice versa

Experimental part

Materials

A commercial grade (Vector 4111, Dow-Exxon Polymer
Co.) SIS triblock copolymerwas employedin this study It
hasaweight-averagenolecularweight (M,) of 1.427 x 1(,
aweightfraction of the PSblock of 0.183,anda polydisper
sity index of 1.09%. Sampleswere preparedby first dissol-
ving a predeterminedamount of the block copolymerin
toluenein the presenceof an antioxidant (Irganox 1010;
Ciba-GeigyGroup)andthenslowly evaporatinghe solvent.
After completelyremovingtracesof the solvent,the speci-
menwasfinally annealedat 140°C for 48 h.

Rheologicalproperties

Using an AdvancedRheometricExpansionSystem(ARES)
with parallelplatesof 25 mm diametey dynamictemperature
sweepexperimentand temperaturgumping testswere per
formed. Dynamic temperaturesweepexperimentwas done
under isochronal conditions with increasing temperature
from 160 to 240°C aswell asdecreasingemperaturdrom
240to 160°C to investigateToorand Topr. Also thistempera-
ture sweepwas performedto confirm thermoreversibilityof
the transition betweenone orderedstate and anotherwith
increasingtemperatue from 160°C to 200°C andannealing
at 200°C for 1 h, then decreasingthe temperaturefrom
200°C to 140°C. The heating and cooling rates of these
experimentswvere 0.5°C/min. The strain amplitude (yo) and
the angularfrequency(w) were0.03and0.05rad/s,respec-
tively. After a strainsweepat 160°C, we foundthata linear
viscoelasticregimewasobtainedwheny, waslessthan0.05
atthis temperatureln orderto measurehe orderingkinetics
of this SIS copolymer the time evolutionsof dynamic sto-
rageandlossmoduli (G’ andG”) weremeasureétw = 0.05
rad/safter temperaturevas changedrom a disorderedstate
to two orderedstates,and from one orderedstateto the
other The settingtemperaturevasachievedessthan2 min
in our rheometemwhenchangingfrom initial temperature.

Synchotron smallangleX-ray scattering

Time-resolvedSAXS experimentsvere conductedusingthe
beamline (3C2) at the PohangLight Source ,Korea. SAXS
profiles were measuredcontinuouslyduring the particular
kinetic experimentwith an exposuretime of 10 s. But, for
somespecimensthe exposuretime wasincreasedo 30 sin
order to detectmore clearly the existenceof higher order
peaks.Theincidentbeamwasfocusedwith atoroidal mirror
andmonochromatizedising a doublecrystal Si(111) mono-
chromatorat a wavelength(Z) of 0.1598nm, and scattered
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intensity (1 (q)) wasdetectedoy a diode-arraypositionsensi-
tive detector(ST-120; Princetoninstrumentsinc.) allowing
variouswavevectors(q = 4 nsin(@/2)/1 whered is the scat-
teredangle¥®. The samplewaslocatedin the heatingblock
in away thatthefilm normalis parallelto theincidentbeam
direction, and the film thicknesswas 1.8 mm. Two heating
blocks were usedfor the temperaturgumping experiment.
The specimensoakedfor certaintimes dependingon initial
temperatue in the first heating block was pneumatically
placedinto the secondheatingblock maintainedat the set-
ting temperatureAfter placing the sampleinto the second
heatingblock, the specimerreachedhe settingtemperature
within 10 min, dependingon the gapbetweeninitial andset-
ting temperatures.

Resultsand discussion

Order-to-disoder and order-to-order transitions

Fig. 1 givesthetempenturesweepof storagemodulusG’
at w = 0.05rad/sandy, of 0.03during heatng andcool
ing with a rate of 0.5°C/min. It canbe seenthat, during
heaing, G’ first deceasesslowly with increasig tem-
perature and reacles a minimum at =181°C. Then, it
increass and has a maximum at =190°C. Finally it
deceasesagain first at a slow rate to 210°C and then
with much fasterrate above210°C, which is consstent
with resuts by Sakamotoet al.?¥ The tempeasture at
which a precipitous deceasein G’ is obsered is often
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Fig.1. Temperaturesweepof G’ aty, = 0.03andw = 0.05rad/
s during heating from 160 to 240°C (o), and during cooling
from 240to 160°C (). The heatirg andcooling ratesare0.5°C/
min
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referredto asthe Topr?®%2. Using this definition, onecan
obtaina Topr Of =210°C.

Howeve, this definition must be reservedfor highly
asymmetricblock copolymerg?® since in these block
copolymes sphereswith liquid-li ke short-ramge ordercan
be found at temperaures higher than the Topr defined
above.Recenly, Schwaband Stthr®® showedthat, for an
asymmetricS| copolymer (volume fraction of PSis 0.11)
sphereswith liquid-li ke order existel betweenBCC and
homogaeously disardered state, which was deduced
from the existence of high orderpeaksnot correspnding
to BCC microdorains in SAXS profiles. Thus, the
above-metioned rheolggical criterion?®-3? as the defini-
tion of Topr should be carefuly emgoyed for highly
asymmetric block copolymers without SAXS profiles
allowing oneto determinewhetherhigher order peak(s)
corresponthg to sphereswith liquid-like short-rame
orderexistor not Otherwise,the temperatue delineating
sphereswith liquid-like shortrange order from BCC
microdomain, nanmely the lattice disorderirg transition
temperéure (T p7), canbe erroneoust taken asthe Topr.
On the other hand,anoher rheological criterion, namey
that the Topr is taken as the temperaure above which
plots of log G’ versuslog G” showtempeatureindepen-
denceat lower frequencies,becanespowerul for deter
mining the Topr Of highly asymmetic block copoly
mer£-2%, Whenthis criterion is emgdoyed, the Topr of the
block copolymeremployed in this studywas deternined
to be=230°C2

Therefae, the temperatureof =210°C in Fig. 1 would
correspondo T pr andnotto Topr. Thiswill beelabaated
later when SAXS profiles arepresentThe increasen G’
nearat 185°C with increasng temperatureis dueto the
formation of a new type of microdomain According to
ref.2¥, this block copolymerhas a cylindrical microdo-
main at temperaures less than 181°C, but a spheical
microdorain at tempeaturesabove 181°C, verified by
transmissbn electon micrography(TEM).

It canbe also sea in Fig. 1 that, during cooling, the
increasein G’ with decreaing temperatureis rather gra-
dual,andthereis no shap increasen G'. This resut sug-
geststhat, for a highly agymmetric block copolymer the
orderingof the microdomainduring cooling procesfrom
a disorceredstateto an orderel stateis very slow com
paredwith the disorcering of the microdornain during
heatingprocessfrom the ordeed stateto the disardered
state.Therefae, thetemperaturesweepof G’ during heat-
ing is more powerful to detectthe transitiontemperature,
which was already demonstratd by mary research
group$®32, Basdon Fig. 1, onecandistinguish4 differ-
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ent regmes for this block copolymer (1) the ordered
statewith cylindrical microdomains belov =181°C; (2)
the body-centeredcubic spherical(BCC) microdomains
with solid-like long-range order between =181 and
=210°C; (3) sphereswith liquid-like shortrange order
between=210and=230°C; and(4) a disarderedstateat
higher temperaturesalthoughtheseregimesare not deli-
neatdvery accuately.

Orderingkineticsof sphericalmicrodomainsrom
disorderedstate

Fig. 2 givesthe time evolution of overall SAXS profiles
and SAXS profiles nearthefirst order peakafter quench
ing to 200°C (an orderedstatewith BCC microdomains
at equilibrium) from 235°C after soakingthe specmen
for 10 min at 235°C. Here, overal SAXS profiles in
Fig. 2(a) arearbitrarily shiftedto avoid overlags. Thetwo
SAXS profilesat 200°C and235°C obtainedduring heat
ing were givenin dottedcurvesfor comparison.In Fig. 2,
thetime zerois takenasthe time whenthe temperatureat
the specimerfirst reached 200°C. Althoughpolyisoprene
candegradeat highertemperatuesfor longertimes?, we
checledby GPCthatno degradtion of this block copoly-
mer occured within this time period This is becausehe
nitrogen environment and an antioxidant were usedin
addtion to shorttime exposue at 235°C (e.g. =10 min).

It canbe seenin Fig. 2(a) that the maximum scatteing
intensity (Im) grows with time, but there exists a broad
higher order peak However aswe examineclosel the
SAXS profiles, the peakmaximumappearsat =1.65 qn,
which doesnot correspndto v/2 g nNor v/3 g, Where g
is the maximum peakpostion. TheseSAXS profiles are
different from the SAXS profile (curve Il) at 200°C
obtained during heatng where v2 g, and v/3 g, are
cleaty seenWhena block copolymershows SAXS pro-
files with diffraction peals appeaing at the ratios of
1:1/2:4/3:1/4 ... in reciprocal space,t hasBCC micro-
domans, while it has hexayonally packed cylindrical
(HEX) microdomairs when diffraction peaksappea at
1:/3:1/4:4/7 ...in reciprocalspace.

The higherorder peakoccuring at =1.65 g, wasalso
seen at time zero (curve (1) in Fig. 2(a)). But, sinceit
took =10 min to reach 200°C when quenchéd from
235°C, somemorphobgical changemight happenduring
this time. This broad higher order peak appearig in
Fig. 2(a) wasalsorepoted by Adamset al.!¥ for a highly
agymmetric SIS copolymer However they ascribedit to
the vitrification of large-amitude conposition fluctua-
tion existng in a disorderedstate althoughthe prediction

2 Very recently Sakamotoet al. (Macromolecules30, 5321 (1997) showal that the Topr Of Vector 4111 was estimatedto be
=270°C by extrapldion of experimatally determinel Topr of Vector4111/dioctyl phthaldae mixturesbasedon a dilution theory
Thus,thereporedvalueof the Topr (=230°C) for Vector4111 in this studymight not be quite accurate However this changein
Toor doesnot affect any conclwsionin this paperon the orderingkineticsbetweerHEX andBCC microdomans.
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(a) Overall SAXS profiles and (b) SAXS profiles nearthe first order peakas a function of time when quending to

200°C from 235°C aftersoakirg for 10 min at 235°C: (1) 0's; (2) 650s; (3) 1294s; (4) 27465; (5) 46965; (6) 52865; (7) 6230
s;and(8) 6748s. Time zerois takenasthe time whenthe specimertemperaturdirst reache200°C. Dottedcurves(l) and(ll)
in part (a) are SAXS profiles obtainel at 235°C and 200°C, respetively, during heating.All curvesin part (a) are arbitrarily

shiftedto avoid overlaps

basedon a model correspondingto sphereswith liquid-
like short-rame order (or hard spherey gives a higher
order peak occuring at =1.68 g, in the SAXS profile
(seeFig. 13 in ref), while the randomphaseapproxi-
mation (RPA) model with the concentration fluctuation
effect doesnot predict the existenceof the higher order
peak. However Sakamoto et al?¥ showal that there
existeda higher order peaklocatedbetweeny/2 g, and
V3 gm in SAXS profiles at 212°C during heating of the
sameSIS block copolymer employed in this study, and
thatthis peakresuted from the exisienceof sphereswith
liquid-like short-rage order Therdore, from the exis-
tenceof the higherorderpeakshown in Fig. 2(a), we can
concludethat BCC microdonains with solid-like long-
rangeorderwere not attanedup to =2 h at 200°C when
guenchedrom 235°C.

It is notedthat our synctrotron SAXS expgiment was
doneup to =2 h dueto thelimit of beamtime allocation,
and long-time orderingkinetics of this block copolymer
was not studed in-situ using synclrotron SAXS experi-
ment.In orderto carry out a long-time ordeting expei-
ment, the specimenwas preparedby first quenching to

200°C from 235°C after soakng at 235°C for 10 min,
thenanrealingat 200°C for four differenttimes,0.5, 2, 4,
and 6 h, resgectively, in a heathg block under nitrogen
envronment,andfinally quenchinginto ice waterto fix
themorphology The SAXS expeaimentfor thesesampes
was dore at room temperaturewith a longer exposire
time of 30 s to investigate higher order peals more
cleatty. Althoughthe morphology of a block copolymer
obseved during anin-situ anneahg testmight be differ-
entfrom that obtainedfrom the abovemethodowing to a
possble morphologcal charge during quenching, we
asumetheseare almostthe same, since microdonains
are sufiiciently fixed during quenching. The SAXS pro-
files for thesesamplesannealedat four differenttimesare
givenin Fig. 3. It canbe seenthat (i) abroadhigherorder
peak not correspndingto v/2 nor v/3 gy, wasobserve
for the samplesanneadd up to 2 h, (ii) a peakoccuring
nearv/2 g, was found for the sampe anneled for 4 h,
and(iii) higherorderpeakscorresponihg to v/2 andy/3
O were cleally visible for the sampleanneled for 6 h.
Therefore, we corclude that when the sample is
guenchedfrom 235°C to 200°C, sphereswith liquid-like
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Fig.3. Overall SAXS profiles of the specimenspreparedby
first quenchingto 200°C from 235°C after soakingfor 10 min
at235°C, thenanneding at 200°C for varioustimes(h)

short-ramge orderpersistup to =2 h, while BCC microdo-
mainswith soliddike long-rarge order might be attained
at =6 h. At 4 h annaling, someorderingin BCC aswell

assphereswith liquid-like shortrangeordermay coexist,
althoughthe former seemsto dominde overthelatter.

Thetime evolutionsof I, g, andthe half width at half
maximumintensity a4, aregivenin Fig. 4. Opensymbols
were taken from resultsin Fig. 3. It is worth noting in
Fig.4 that (i) I, increass steadly with time; (i) gn
decreaessteadly with time up to 2 h andthenseemgo
level off; (iii) o4 is almost constat untl 4h, but it
decreaessignificantly betweem h and6 h. Theseresults
alsosuggesthatBCC microdomainswith solid-likelong-
rangeorderwere notfully attainedupto 4 h.

Fig. 5 givesthetime evolutionsof G’ andG"” at 200°C
after quencling from 235°C. It canbe seenthat G’ and
G"” do not changewithin 1 h and increaserapdly with
time betweenl h and3 h, andthenseen to reacha steady
value at times greaterthan4 h. Initial increasein G’ and
G" attime zerois attributed to the fact that G’ andG” at
200°C are larger thanthose at 235°C. The values of G’
andG” attime zeroareslightly largerthanthoseobtained
during coding (see Fig. 1). Howewr, the value of G’
after 6 h givenin Fig. 5 is lessthanthat at 200°C during
heating,asgivenin Fig. 1. This suggest thatBCC micro-
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Fig.4. Time evolutionsof (&) Im, (b) gm, and(c) o4 Wwhenjump-
ing to 200°C from 235°C aftersoakingfor 10 min at235°C

10° 4

100 -

NI S S s S B

0 5000 10000 15000 20000
Time (s)

Fig.5. Time evolutionsof G’ (o) andG"” (o) aty, = 0.03andw
= 0.05rad/swhenquenching to 200°C from 235°C after soak-
ing for 10 min at235°C

domans with solid-like long-rangeorder (or an equii-
brium state)can be attanedat very long time (say=6 h
or evenlonger),which is anagreemen with resuts given
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by Adams et al.®¥, who showed that for an asymmetric
SIS triblock copolymer, G’ reacled a steadyvalue after
=20h when the orderingtenmperatureis just 35°C lower
thanTopr This slow ordeing is attributedto the fact that,
when quenchd from a disorderedstate,BCC microdo-
mains with solid-like long-rangeorder could be attained
only after crosshg over the state conssting of spheres
with liquid-like short-rage ordet Theorderingin sphees
with liquid-like short-rame ordershouldnot be confused
with the thermal coneentrationfluctuation found some-
timesin a disorderedstate.If this block copolymer had
beenin a disorderedstateat 200°C with the thermal con
centation fluctuation the valuesof G’ andG” would not
hawe increasd with time.

Fig. 6 shows that with increasng the quenchdeph, the
stating time for theincreasan G’, namdy theincubation
time, becanesshorter For instance whentempeatureis
deceasedto 190°C from 235°C, G’ keeys the initial
value until 0.5h, andthevalueis largerthanthatobtained
during coolinggivenin Fig. 1. Then,G’ startsto increase
very rapidly up to 2 h, andfinally reachesa steadyvalue
which is essentilly the sameasthe G’ at 190°C during
heatng asgivenin Fig. 1. However the incubationtime
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(a) Overall SAXS profiles and (b) SAXS profiles nearthe first orderpeakasa function of time whenquenchingto 170°C

from 235°C after soakingfor 10 min at235°C: (1) 0's; (2) 228s; (3) 752s; (4) 1368s; (5) 1608s; and(6) 2818s. Time zerois taken
asthe time whenthe specimerntempeaturefirst reachesl 70°C. Dotted curves(l) and(ll) in part(a) are SAXS profiles obtainel at
235°C and170°C, respectivelyduringheatirg. All curvesin patt (a) arearbitrarily shiftedto avoid overlaps
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is not proportonally decreaedto the quenching depthif
the OOT took placein thisregion Forinstancetheincu-
bationtime whenquenchedo 180°C is abouttwice that
whenquenchd to 190°C, althoughthe quenching deph
of theformeris 10°C largerthanthatof thelatter.

Orderingkineticsof cylindrical microdomainsrom
disoderedstate

Fig. 7 givesthe time evolutionsof overall SAXS profiles
and SAXS profiles nearthefirst orderpeakafter quench-
ing to 170°C (an orderedstatewith cylindrical microdo-
mains) from 235°C after soakingfor 10 min at 235°C.
The two SAXS profiles at 170°C and 235°C obtained
duringheatng aregivenin dottedcurvesfor comparisn.
Here,time zerois takenasthe time whenthe tempeature
at the specimenfirst reached170°C. It can be seenin
Fig. 7 that the maximum intensity grows very rapdly
betweer228s and752s anda peakcorrespndingto v/3
On first appeas after 752 s, which indicatesthat the block
copolymerattainedHEX microdomainsafter this time. It
took very short time to develop HEX microdomains
when quenchedfrom a disorderedstate,which is quite
differert from the ordeiing of BCC microdonains given
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Fig.9. Time evolutionsof G’ (o) andG” () aty, = 0.03andw
= 0.05rad/swhenquenching to 170°C from 235°C after soak-
ing for 10 min at235°C

in Fig. 2. Thisis dueto the differencein quenchingdeph
aswell asthe differencein orderingformation of micro-
doman structure§HEX versusBCC).

The time evolutions of |, gn, and o4 are given in
Fig.8. It can be noted in Fig. 8 that untl 1000s, I,
increase exponetially with time, while g, and g,
deceasesteadiy with time. Then,all of theseleveledoff
after 1000s, implying that HEX microdomains are com-
pletely attanedwithin 20 min.

Fig. 9 givesthetime evolutionsof G’ andG” at170°C
after quenchng from 235°C. It canbe seenthat G’ chan
ged very rapidly with time until 1000 s and leveled off,
which is corsistentwith SAXS resultsin Fig. 8. It should
be mentionedthat Winter et al.® reported that the first
order peakof SAXS profiles is sensitive to the order of
the microdonain scale, while rheologicalpropertes are
sensitive to the micron-scalegrain structure,nanely, the
degee of contnuity of the PS cylinders across the
domah boundary This suggststhatit be not necessar
to havethe sameresultsfor SAXS and rheolayy. How-
ever Balsaraet al.*® and Hashimoto et al.!? showed that
the grainsizehasonly little effect on the elastc modulus.
Therefore,the goodagreemenbetweenthe experimenal
resuts from SAXS and rheolayy (Fig. 8 and 9) implies
that the higher ordeiing of HEX microdomairs for this
SISblock copolymerwasattanedeasly.

Orderingkineticsof sphericalmicrodomaindrom
cylindrical microdomains

Fig. 10 gives the charge in overall SAXS profiles and
SAXS profiles nearthe first order peakwith time when



648

(@)
70004

6000+

5000+

4000

S

————

3000 - (10)
(8)
@
(6)
®)
(4)
! ()
! @)
M

=

Intensity (a.u.)

2000+

1000+

01
q (nm™)

J.K. Kim, H. H. Lee,M. Ree,K.-B. Lee,Y. Park

(b)
5000 -

4000 -

w

(=]

[=]

o
1

Intensity (a.u.)

Fig. 10. (a) Overall SAXS profiles and (b) SAXS profiles nearthe first order peakas a function of time when heatingto 200°C
from 170°C after soakingfor 50 min at 170°C: (1) 60 s (194°C); (2) 1325 (196°C); (3) 192s(199°C); (4) 250s (200°C); (5) 312s;
(6) 4965s; (7) 6625;(8) 850s; (9) 1588s; and(10) 2852s. Thetime zerois takenasthetime whenthe specimerat oneheatirg block
wasfirst placedinto the otherheatingblock maintainedat 200°C. All curvesin part(a) arearbitrarily shiftedto avoid overlaps

temperéureis increasedo 200°C from 170°C after spe-
cimen was soakedfor 50 min at 170°C. It took abaut
200s to readh 200°C in the jumping experimem of
SAXS. It canbe found that until 132s, the higher order
peaksat v/3 g, and v/4 ¢, correspnding to the HEX
microdomains remaired, and that the higher order peaks
at /2 g, and+/3 g, corespondingo the BCC microdo-
mains occurrel after 500s. This is quite different from
the ordering process of BCC microdomairs when
quenchedrom a disorceredstate,at which higher order
peaksat v/2 g, andv/3 g, canrot be seenevenafter 7200
s. This leadsus to corsider that the ordering of BCC
microdomains took place more easily during heating
comparel with cooling.

The time evolutions of |, gn, and g4 are given in
Fig. 11. It can be seenthat before reaching200°C, the
peakintensitydecreaseddramaticaly with time, while g,
increasesapidly from 0.198 nnt* to 0.212nnT? at short
times. Once the temperatue at the specimenreaches
200°C, g doesnot further changewith time, while I,
increasesxponentlly with time until 2000s and then
levels off, suggeting thatthe orderingof BCC microdo-
mainsmay be conpletedwithin 1000s. It is worth noting
in Fig. 11 that o, exhibited a maximum near at 200s,

implying that this state might be an intermediatestate
betweenHEX and BCC, but not a disarderedstate,since
Im has a relatively large value. However we could not
corclude whether or not this intermediate state corre-
spords to an equilibrium morphobgy, althoudh recen
theaies?®?" sugget this possilility . This will be studied
in detail in the near future. Nevertreless,accoding to
resuts givenin Fig. 11, we concludethat the transition of
HEX microdomnains into BCC microdonains occurrel
without a conplete dissolution of HEX microdonains
into a disorderedstate.

From the g., the interdomain spacingbetweenHEX
microdomairs (Duex) was calculted to be 31.4 nm at
170°C andthe interdoman spacimg betweenBCC micro-
domans (Dgcc) to be28.6nm at 200°C. Notethat Dyey =
v/ (4/3) digo andDgcc = 1/(3/2) duo, respectiely, where
dioo and duio are defined by 2n/g.,. Thus, the difference
betweenDyex and Dgcc is less than 10%. When HEX
microdomairs are transbrmedinto BCC microdomains,
with keepng the sameinterdomainspacirg in addtion to
the samevolume fraction of PSblock, the radius (Ruex)
of a HEX microdonain mustbe smaler thanthat (Recc)
of a BCC microdomain. This is attributedto the fact that
the cylindrical axis of HEX microdonainsundulatsand
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Fig.11. Time evolutionsof (a) Im, (b) gm, and(c) o4 whenheat-
ing to 200°C from 170°C aftersoakirg for 50 min at 170°C

is brokeninto BCC sphere®. This undulationis alsothe-
oretically predicted by Qi and Wang® and by Laradji et
al.?” On the basisof the scatteing theory Ruex/Rscc is
givenby:

Ruex _ d100 ( 64¢ >1/6
Rscc  duo \ 27v/3n

For this block copolymerwith ¢ for PSblock of 0.15, this
ratiois obtainedto be 0.72.

Thetime evolutionof G’ is shownin Fig. 12 whentem-
peratureis rapdly increasd to 200°C from 170°C after
specimenwas soakedfor 2h at 170°C. The specimen
temperdure reated 200°C within 2min in our rheo-
meter after jumping, and the fluctuation in temperaure
waswithin 5°C beforeit is stablized. It is ratherinterest-
ing to seein Fig. 12 thatinitially G’ dropssignificantly,
thenincreass rapidly andfinally reahesa steadyvalue
after 5000s. It is noted that the drop in G’ found in
Fig. 12is moreevidentif comparedwith thatobservedat
=Toor during heatinggiven in Fig. 1. We also obseved
this kind of a drop in G’ beforeincreashg and leveling
off whentemperaure is increasedo 190°C from 170°C
for this block copolymer However when polystyreneor
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Fig.12. Time evolution of G’ (o) at y0 = 0.03and w = 0.05
rad/s when the specimenwas rapidly heatedto 200°C from
170°C after soakingat 170°C for 2 h, and when quenchedo
170°C from 200°C
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polyisoprenehomolymeris rapidly heatedfrom 170°C
to 200°C (or 190°C), we could not obseve this drop in
G'. Therefore thedropin G’ shown in Fig. 12 is not due
to atemperaure fluctuetion beforestablizing the settirg
temperaturein this rheoneter, ratherit canbe explaned
asfollows.

When the specimenis rapdly heatedfrom 170°C to
200°C, we speculge that at short times microdonains
may take a superhated state of undulatel cylinders
formed near Toor (=181°C). The value of G’ for this
block copolymer with a superheadd state of undulatel
cylindersat 200°C is expectedto be lower than that at
Toow Since this temperatureis =20°C higher than the
Toor With increasig time the undulated cylindrical
microdomairs with superheted stateare graduallytrans-
formed into BCC microdonains with soliddike long-
range orders thusG' increasesccordimgly. However the
stea@ valueof G’ at200°C is lessthanthatat 170°C.

It shoud be mertioned that during the transiion from
HEX microdomainsinto BCC microdomains,a plateal
(or an incubation) in G’ does not appea before G’
increass and levels off with anneahg time. This beha
vior is differentfrom the casewhenquenchedrom a dis-
orderedstateto 200°C at which a plateas (or anincuba-
tion) in G’ wasvisible up to 1 h beforeG’ increasesand
levels off with annealingtime (seeFig. 5). Also, thereis
no higherorderpeakat =1.65 gy, in the SAXS profile as
shown in Fig. 10. It is notedthat this higher order peak
was found when quenchedfrom a disardered state to
200°C (seeFig. 2). Theseresultsleadusto concludethat,
when the specimenwas rapdly heaed from 170°C to
200°C, thereis no needto crossover spherewith liquid-
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like short-rage order before transbrming into BCC
microdorains with solid-like long-range ordet which
suggest that a complee dissdution of HEX microdo-
mainsinto a disorderedstateis not necessar during the
transition from HEX to BCC microdonains. Therefae,
the minimumin G’ observedat =Toor Shown in Fig. 1 is
not dueto a conplete dissoltion of HEX microdomains
into a disorderedstate,but dueto the undulaed cylindri-
cal microdomainsformed at =Toor from HEX microdo-
mains.

Using theorieg’*® available at the presenttime, we
now testwhetheror not a conplete dissolutionof HEX
microdorains into a disorderedstate can take place
before being transfamed into BCC microdomains.This
is simply checled becausethe free enegy barrier
betweenthe HEX microdomainand the disorderedstate
can be theoreticaly compaed with that betweenHEX
and BCC microdomains Accordng to Leibler’s theory”
extendedby Mayes and Olvera de la Cruz®®, the free
enepy differencefor a triblock copolymerbetweenHEX
microdomains and the disordeed state ((AF);), and that
betweenBCC microdomairs and the disardered state
((AF)¢), aregivenby:

AF), 27041+ 7,)°(3y, — 1
/’(0 kB)T =- G((64;/2()ﬁ()3y ) (n=3andn = 6)
(29)
where
1/2
Vo= 1+M (n=3andn=26) (2b)

2
a2

wherep, is the dersity of monomerunit, ks is the Boltz-
mannconsant, T is the absolute tenperaturey andys are
Flory’s interaction parametes at the pre-settempeature
andatthe spinodaltemperaturerespectively, andN is the
total number of statistcal segnents(or degreesof poly-
merizatbn). The coeficients of a, and g, givenin refs3®
and” dependon the volume fraction but not on tempen-
ture. It shodd be mertionedthat differert expressionsof
x andN give differentvalues of (AF); and(AF)s. Among
manyexpression of ypspiavalable atthe presat time, in
this study we choosethe following expressiol®:

x = —0.0419+ 3854/T (3)

Also, N andthe volumefraction of PS(f) areobtained
by:

N = (s ps Mw, ps+ Us pi Mwpi)/Vret (4a)

f =vs ps M, ps/ (Us ps Mwps + Us pi Mw, pi) (4b)

whereus; is the specificvolumeof blocki (i = PSandPl)
given in ref?, M, is the weightaverag molecubr
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Fig.13. Scheméc of morptological transfomation from
HEX to BCC microdomans

weight of block i, and V. is taken as the monomeic
volumeof PSandbecomed/p, in Eq. (2).

We found from the calcuation basedon Eqs (2)—(4)
thatthe predictedToor is 180.7°C, which is very closeto
experimentaldata, while the predictedTopr is 195.3°C,
which is lower than the experimemal data When tem-
pemtureis increasedrom 180°C to 185°C, the value of
(AF)3N/(keT) wasincreasedrom —0.01626 to —0.0@B030,
while the value of (AF)sN/(ksT) was increasedfrom
—0.01619t0 —0.0®193.This suggeststhatBCC microdo-
mains are more stablethan HEX microdomainsat tem-
peraturesgreaterthan Toor, while HEX microdomairs are
more stable at temperaures less than Toor Also, it is
found that at temperaturesslightly greaterthan Toor the
freeenegy barrie for atransitionof a HEX microdomain
into adisarderedstate(i. e.,—(AF)3/(poks T) is muchlarger
thanthat of the HEX microdonain into the BCC micro-
doman (i.e., (Fs — Fe)/(poksT)). For instance, at 185°C,
theformerwas0.00830,whichis about7 timesthelatter
(0.001163). Based on the above analsis, the transition
from HEX to BCC microdomnains can be schenatically
shown in Fig. 13. Among thesetwo possiblepaths,path
(1) is morelikely to be the true path althoughthe exact
medanismwil| only be investigatedin detal in the near
future.

Orderingkineticsof cylindrical microdomainsrom
sphericalmicrodomains

Fig. 14 gives the time evolutions of overall SAXS pro-
files and SAXS profiles nearthe first order peak when
tenmperatures deceasedo 170°C from 200°C after spe-
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Fig. 14. (a) Overall SAXS profilesand(b) SAXS profiles nearthefirst orderpeakasa function of time whenquendiingto 170°C
from 200°C after soakirg at 200°C for 110 min: (1) 60 s (190°C); (2) 408s(170.3°C); (3) 5285 (169.7°C); (4) 640s (170°C); 822
s; (6) 1080 s; and(7) 2386 s. The time zerois takenasthe time whenthe speémen at one heatirg block was placedinto the other
heatingblock maintairedat 170°C. All curvesin part(a) arearbitrarily shiftedto avoid overlaps

cimen was soakel for 110 min at 200°C. It took abaut
400sto reach170°C when quencling from 200°C in our
SAXS expaiment. It canbe seenthat, until the tempea-
ture at the specimenreachesl70°C, BCC microdomains
are persisting. However as soonas temperatue reaches
170°C, BCC microdomainsaretransformedvery quickly
into HEX microdomains.

The time evolutions of |, gn, and g4 are given in
Fig. 15. It canbe seenthat beforereacting 170°C, peak
intensity decreasge slowly with time, and g, also
decreaesfrom 0.21nnr? to 0.196 nnT* with time. Once
the tempentureof the specimens maintainedat 170°C,
On doesnot further charge with time, while |, increases
exponenlly with time untl 1000s andthenlevels off.
But, o4 exhibited a maxmum nearat 500s, meaningthat
this state might be an intermediate state betweenBCC
andHEX microdomairs.

Thetime evolution of G’ is alsoshownin Fig. 12 when
temperéure is deceasedo 170°C from 200°C. It canbe
seenthattheincrementin G’ occurreal at very shorttimes
without showinganydropin G’ andthatthe steadyvalue
is exactl the sameasthattreatedat 170°C for 2 h. Very
recently Laradji et al.?” theaetically prediced that the

transition from HEX into BCC proceed directly, while
the transitionfrom BCC into HEX proceed throughan
intermediatestate.Thus,they concludedthesetwo transi-
tions are not thermoreersible. Howewer, as shown in
Fig. 16, we constderthatthe transitionbetweenHEX and
BCC for this block copolymeris thernoreversble except
thatthe Toor (or the minimumin G’) obtainedduring the
coding cycle is 15°C lessthanthat obtainedduring the
heatng cycle. This is also consisent with results in
Fig. 12.

Conclusions

In this study we hawe investigatedthe orderingkinetics
of cylindrical and sphericalmicrodonainsin a polystyr-
eneblockpolyisoprer-block-polystyrene (SIS) copoly-
mer after quencling from the disorderedstate to an
orderedstatehaving either sphericalor cylindrical micro-
domah, andfrom one of the orderel statesto the other,
using synchraron SAXS and rheology The SIS hasan
order to ordertransiion at =181°C, a lattice disorderiry
abore =210°C, andreaclesthe disorderedstateat higher
tenperatures
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Fig.15. Time evolutionsof (a) Im, (b) gm, and (c) o4 when

quenchingo 170°C from 200°C after soakingat 200°C for 110
min

Higher order peaksin the SAXS profile correspnding
to the hexagonlly packed cylindrical (HEX) microdo-
mains appearedafter lessthan 1 h when quenchedrom
235°C to 170°C. But, when quenchd from 235°C to
200°C, it wasfoundthat (i) a broadhigherorderpeakat
=1.65 g, correspndingto spherewith liquid-like short-
rangeorder was persistentup to 4 h beforehigher order
peakscorrespnding to the body-@nteredcubic (BCC)
microdomains appeared and (i) G’ and G” did not
change within 1h but increasedrapdly with time
betweenl h and 3 h, andthen reache steadyvalues at
times greaterthan 4 h. The time evdution of G’ is in
goodagreementwith thatof SAXS profiles. Theseresuts
lead us to conclude that BCC microdonains with solid-
like long-rangeorderwerenot fully attainedupto 4 h.

Howeve, when heatedto 200°C from 170°C, higher
order peals in the SAXS profile, corresponihg to BCC
microdomains, appeaed within 1 h, without exhibiting a
broad higher order peakat =1.65 ¢.. It was also found
thatthe plateauin G’ did not appearbeforeG’ increased
andleveld off with annealingime. Theseresuts suggest
that, during the transiton from HEX to BCC microdo-
mains,thereis no needto crossover sphereswith liquid-
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like shortrange order before transfaming into BCC
microdomairs with soliddike long-rarge order There-
fore, the minimum in G’ observel at =Toor in the tem
perature sweepduring heatingis not due to a conplete
dissdution of HEX microdomainsinto a disordeed state,
but due to the undulatd cylindrical microdonains
formed at =Toor from HEX microdomairs. This is also
theaetically corfirmed basedon the resultthat the free
enegy barier betweenthe HEX microdomainand the
disardered state is larger than that betweenHEX and
BCC microdonains near Toor It is highly expeded that
undulatedcylinders (or an intermediatestate)be expei-
mertally detectedby transmssion electronmicrogrgphy
(TEM). Thiswill bethe subjctof futureinvestigaions.

Thetransition betweenHEX andBCC wasfoundto be
thernorevesible excep that the Toor (or the minimum
point in G") obtainedduring cooling is 15°C lessthan
thatobtainedduring heating.
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