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SUMMARY: The ordering kinetics of cylindrical and spherical microdomains in a polystyrene-block-poly-
isoprene-block-polystyrene (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 transition atL1818C, a lattice dis-
ordering transition atL2108C 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 2358C to 1708C. When quenched from 2358C to 2008C, a
broad higher order peak atL1.65qm, corresponding to spheres withliquid-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 within 1 h when
heating from 1708C to 2008C. The transition between HEX and BCC is thermoreversible. The time evolution
of dynamic storage modulusG9 is in good agreement with that of SAXS intensity.

Introduction
Numerous studies have been reported on the order-disor-
der transition (ODT) in block copolymers during the past
two decades1, 2). However, although the ordering process
of microdomains in a block copolymer from a disordered
state to ordered states has been studied very recently, the
mechanism is not fully understood3–12). Floudas et al.3)

found that the ordering process of a polystyrene-block-
polyisoprene (SI) copolymer can be described by an
Avrami-type nucleation and growth mechanism, and this
depended on the quenching depth (DT), namely, the dis-
tance betweenTODT and the phase-separating temperature.
WhenDT is very small, the Avrami exponent is about 4,
while it becomes 3 for largerDT. On the other hand,
Takenaka et al.8) showed that, for very largeDT, the order-
ing process is described by the spinodal decomposition
mechanism, not by the nucleation and growth mechan-
ism. Also, the ordering process depends upon the molecu-
lar architecture of block copolymers4).

Using small-angle X-ray scattering (SAXS) and rheol-
ogy, Adams et al.11) investigated the ordering kinetics of
highly asymmetric SI and SIS copolymers with spherical
microdomains of PS and reported that (i) the ordering
kinetics of these copolymers is much slower than that
observed for nearly symmetric SI copolymers with simi-

lar TODT; and (ii) when the quenching depth is the same,
the complete ordering of body-centered cubic (BCC)
microdomains for a triblock copolymer takes much more
time than for a diblock copolymer4, 11).

It has been recently found that some block copolymers
have multiple ordered states, and the transition from one
ordered state to another is referred to as an order to order
transition (OOT)13–24). Thus, it is very interesting to inves-
tigate the ordering process of a block copolymer with
OOT when temperature is changed from one ordered state
(e.g. cylindrical microdomains) to another (e.g. spherical
microdomains). Very recently, Sakurai et al.25) have stu-
died the ordering kinetics from thermally frozen cylindri-
cal microdomains to lamellar microdomains at equili-
brium using temperature jumping experiment by synchro-
tron small-angle X-ray scattering (SAXS). Also, some
research groups26, 27) predicted theoretically an intermedi-
ate state when one microdomain is transformed into
another. However, to our best knowledge, the ordering
transition (or kinetics) of a block copolymer between
spherical and cylindrical microdomains has not been stu-
died experimentally.

In this study, using synchrotron SAXS and rheology,
we investigated the ordering kinetics of cylindrical and
spherical microdomains in a polystyrene-block-polyiso-
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prene-block-polystyrene (SIS) copolymer upon quench-
ing thesample from a disorderedstateto theorderedstate
havingeither spherical or cylindrical microdomains.This
experimentwas repeated by changingtemperature from
an orderedstatewith spherical microdomains to another
with cylindrical microdomains,andvice versa.

Experimental part

Materials

A commercial grade (Vector 4111, Dow-Exxon Polymer
Co.) SIS triblock copolymerwas employedin this study. It
hasa weight-averagemolecularweight(M

—
w) of 1.4276 105,

a weight fractionof thePSblock of 0.183,anda polydisper-
sity index of 1.0924). Sampleswerepreparedby first dissol-
ving a predeterminedamount of the block copolymer in
toluene in the presenceof an antioxidant (Irganox 1010;
Ciba-GeigyGroup)andthenslowly evaporatingthesolvent.
After completelyremovingtracesof the solvent,the speci-
menwasfinally annealedat 1408C for 48 h.

Rheologicalproperties

Using an AdvancedRheometricExpansionSystem(ARES)
with parallelplatesof 25 mm diameter, dynamictemperature
sweepexperimentand temperaturejumping testswere per-
formed. Dynamic temperaturesweepexperimentwas done
under isochronal conditions with increasing temperature
from 160 to 2408C aswell asdecreasingtemperaturefrom
240to 1608C to investigateTOOT andTODT. Also this tempera-
ture sweepwasperformedto confirm thermoreversibilityof
the transition betweenone orderedstateand anotherwith
increasingtemperature from 1608C to 2008C andannealing
at 2008C for 1 h, then decreasingthe temperaturefrom
2008C to 1408C. The heating and cooling rates of these
experimentswere 0.58C/min. The strain amplitude(c0) and
the angularfrequency(x) were0.03and0.05 rad/s,respec-
tively. After a strainsweepat 1608C, we found that a linear
viscoelasticregimewasobtainedwhenc0 waslessthan0.05
at this temperature.In orderto measuretheorderingkinetics
of this SIS copolymer, the time evolutionsof dynamicsto-
rageandlossmoduli (G9 andG99) weremeasuredatx = 0.05
rad/safter temperaturewaschangedfrom a disorderedstate
to two orderedstates,and from one orderedstate to the
other. The settingtemperaturewasachievedlessthan2 min
in our rheometerwhenchangingfrom initial temperature.

SynchrotronsmallangleX-ray scattering

Time-resolvedSAXS experimentswereconductedusingthe
beamline (3C2) at the PohangLight Source,Korea.SAXS
profiles were measuredcontinuouslyduring the particular
kinetic experimentwith an exposuretime of 10 s. But, for
somespecimens, the exposuretime wasincreasedto 30 s in
order to detectmore clearly the existenceof higher order
peaks.The incidentbeamwasfocusedwith a toroidalmirror
andmonochromatizedusinga doublecrystalSi(111) mono-
chromatorat a wavelength(k) of 0.1598nm, and scattered

intensity(I (q)) wasdetectedby a diode-arraypositionsensi-
tive detector(ST-120; PrincetonInstrumentsInc.) allowing
variouswavevectors(q = 4 psin(h/2)/k whereh is the scat-
teredangle)28). The samplewaslocatedin the heatingblock
in a way that thefilm normalis parallelto the incidentbeam
direction, and the film thicknesswas 1.8 mm. Two heating
blocks were usedfor the temperaturejumping experiment.
The specimensoakedfor certaintimes dependingon initial
temperature in the first heating block was pneumatically
placedinto the secondheatingblock maintainedat the set-
ting temperature.After placing the sampleinto the second
heatingblock, the specimenreachedthe settingtemperature
within 10 min, dependingon thegapbetweeninitial andset-
ting temperatures.

Resultsand discussion

Order-to-disorder andorder-to-order transitions

Fig. 1 givesthetemperaturesweepof storagemodulusG9
at x = 0.05rad/sandc0 of 0.03during heating andcool-
ing with a rateof 0.58C/min. It canbe seenthat, during
heating, G9 first decreasesslowly with increasing tem-
perature and reaches a minimum at L1818C. Then, it
increases and has a maximum at L1908C. Finally it
decreasesagain, first at a slow rate to 2108C and then
with much faster rate above2108C, which is consistent
with results by Sakamotoet al.24) The temperature at
which a precipitous decreasein G9 is observed is often

Fig. 1. Temperaturesweepof G 9 at c0 = 0.03andx = 0.05rad/
s during heating from 160 to 2408C (9), and during cooling
from 240to 1608C (F). Theheating andcoolingratesare0.58C/
min
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referredto astheTODT
29–32). Using this definition, onecan

obtainaTODT of L2108C.
However, this definition must be reservedfor highly

asymmetricblock copolymers2,23) since in these block
copolymers sphereswith liquid-li keshort-rangeordercan
be found at temperatures higher than the TODT defined
above.Recently, SchwabandStühn33) showedthat, for an
asymmetricSI copolymer (volumefraction of PSis 0.11)
spheres, with liquid-li ke orderexisted betweenBCC and
homogeneously disordered state, which was deduced
from theexistenceof high orderpeaksnot corresponding
to BCC microdomains in SAXS profiles. Thus, the
above-mentioned rheological criterion29–32) as the defini-
tion of TODT should be carefully employed for highly
asymmetric block copolymers without SAXS profiles
allowing one to determinewhetherhigher order peak(s)
corresponding to sphereswith liquid-like short-range
orderexistor not. Otherwise,the temperature delineating
sphereswith liquid-like short-range order from BCC
microdomain, namely the lattice disordering transition
temperature (TLDT), canbe erroneously taken asthe TODT.
On the otherhand,another rheologicalcriterion, namely
that the TODT is taken as the temperature above which
plotsof log G9 versuslog G99 showtemperatureindepen-
denceat lower frequencies,becomespowerful for deter-
mining the TODT of highly asymmetric block copoly-
mers2,24). Whenthis criterion is employed,theTODT of the
block copolymeremployed in this studywasdetermined
to beL2308Ca.

Therefore, the temperatureof L2108C in Fig. 1 would
correspondto TLDT andnot to TODT. This will beelaborated
later when SAXS profiles arepresent.The increasein G9
nearat 1858C with increasing temperatureis due to the
formation of a new type of microdomain. According to
ref.24), this block copolymerhas a cylindrical microdo-
main at temperatures less than 1818C, but a spherical
microdomain at temperaturesabove1818C, verified by
transmissionelectronmicrography(TEM).

It can be also seen in Fig. 1 that, during cooling, the
increasein G9 with decreasing temperatureis rather gra-
dual,andthereis no sharp increasein G9. This result sug-
geststhat, for a highly asymmetricblock copolymer, the
orderingof themicrodomainduring cooling processfrom
a disorderedstateto an ordered stateis very slow com-
pared with the disordering of the microdomain during
heatingprocessfrom the ordered stateto the disordered
state.Therefore, thetemperaturesweepof G9 during heat-
ing is more powerful to detectthe transitiontemperature,
which was already demonstrated by many research
groups29–32). Basedon Fig. 1, onecandistinguish4 differ-

ent regimes for this block copolymer; (1) the ordered
statewith cylindrical microdomains below L1818C; (2)
the body-centeredcubic spherical(BCC) microdomains
with solid-like long-range order between L181 and
L2108C; (3) sphereswith liquid-like short-range order
betweenL210andL2308C; and(4) a disorderedstateat
higher temperatures, althoughtheseregimesarenot deli-
neatedvery accurately.

Orderingkineticsof sphericalmicrodomainsfrom
disorderedstate

Fig. 2 gives the time evolution of overall SAXS profiles
andSAXS profilesnearthe first orderpeakafterquench-
ing to 2008C (an orderedstatewith BCC microdomains
at equilibrium) from 2358C after soakingthe specimen
for 10 min at 2358C. Here, overall SAXS profiles in
Fig. 2(a)arearbitrarily shiftedto avoidoverlaps.Thetwo
SAXS profilesat 2008C and2358C obtainedduringheat-
ing were givenin dottedcurvesfor comparison.In Fig. 2,
thetime zerois takenasthetime whenthetemperatureat
thespecimenfirst reached2008C. Althoughpolyisoprene
candegradeat highertemperaturesfor longertimes34), we
checkedby GPCthatnodegradationof thisblock copoly-
mer occurredwithin this time period. This is becausethe
nitrogen environment and an antioxidant were used in
addition to shorttime exposureat 2358C (e.g.L10min).

It canbeseenin Fig. 2(a) that themaximum scattering
intensity (Im) grows with time, but there exists a broad
higher order peak. However, as we examineclosely the
SAXS profiles, the peakmaximumappearsat L1.65 qm,
which doesnot correspondto

���
2
p

qm nor
���
3
p

qm, where qm

is the maximum peakposition. TheseSAXS profiles are
different from the SAXS profile (curve II) at 2008C
obtained during heating where

���
2
p

qm and
���
3
p

qm are
clearly seen.Whena block copolymershows SAXS pro-
files with diffraction peaks appearing at the ratios of
1:

���
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p

:
���
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p

:
���
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p

... in reciprocal space,it hasBCC micro-
domains, while it has hexagonally packed cylindrical
(HEX) microdomains when diffraction peaksappear at
1:

���
3
p

:
���
4
p

:
���
7
p

... in reciprocalspace.
The higherorder peakoccurring at L1.65 qm wasalso

seen at time zero (curve (1) in Fig. 2(a)). But, since it
took L10 min to reach 2008C when quenched from
2358C, somemorphological changemight happenduring
this time. This broad higher order peak appearing in
Fig. 2(a)wasalsoreportedby Adamset al.11) for a highly
asymmetric SIS copolymer. However, they ascribedit to
the vitrification of large-amplitude composition fluctua-
tion existing in a disorderedstate,althoughtheprediction

a Very recently, Sakamotoet al. (Macromolecules30, 5321 (1997)) showed that the TODT of Vector 4111 was estimatedto be
L2708C by extraplation of experimentally determined TODT of Vector4111/dioctyl phthalate mixturesbasedon a dilution theory.
Thus,thereportedvalueof theTODT (L2308C) for Vector4111 in this studymight not bequiteaccurate.However, this changein
TODT doesnot affect anyconclusionin thispaperon theorderingkineticsbetweenHEX andBCC microdomains.
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basedon a model correspondingto sphereswith liquid-
like short-range order (or hard spheres) gives a higher
order peak occurring at L1.68 qm in the SAXS profile
(seeFig. 13 in ref.11)), while the randomphaseapproxi-
mation (RPA) model with the concentration fluctuation
effect doesnot predict the existenceof the higher order
peak. However, Sakamoto et al.24) showed that there
existeda higher order peaklocatedbetween

���
2
p

qm and���
3
p

qm in SAXS profiles at 2128C during heating of the
sameSIS block copolymer employed in this study, and
that this peakresulted from theexistenceof sphereswith
liquid-li ke short-range order. Therefore, from the exis-
tenceof thehigherorderpeakshown in Fig. 2(a), we can
concludethat BCC microdomains with solid-like long-
rangeorderwere not attainedup to L2 h at 2008C when
quenchedfrom 2358C.

It is notedthat our synchrotron SAXS experiment was
doneup to L2 h dueto the limit of beamtime allocation,
and long-time orderingkinetics of this block copolymer
was not studied in-situ using synchrotron SAXS experi-
ment. In order to carry out a long-time ordering experi-
ment, the specimenwas preparedby first quenching to

2008C from 2358C after soaking at 2358C for 10 min,
thenannealingat 2008C for four differenttimes,0.5, 2, 4,
and 6 h, respectively, in a heating block under nitrogen
environment,and finally quenching into ice water to fix
themorphology. TheSAXS experiment for thesesamples
was done at room temperaturewith a longer exposure
time of 30 s to investigate higher order peaks more
clearly. Althoughthe morphology of a block copolymer
observedduring an in-situ annealing testmight bediffer-
ent from thatobtainedfrom theabovemethodowing to a
possible morphological change during quenching, we
assumetheseare almost the same, since microdomains
are sufficiently fixed during quenching.The SAXS pro-
files for thesesamplesannealedat four differenttimesare
givenin Fig. 3. It canbeseenthat(i) a broadhigherorder
peak, not correspondingto

���
2
p

nor
���
3
p

qm, wasobserved
for the samplesannealed up to 2 h, (ii) a peakoccurring
near

���
2
p

qm was found for the sample annealed for 4 h,
and(iii) higherorderpeakscorresponding to

���
2
p

and
���
3
p

qm were clearly visible for the sampleannealed for 6 h.
Therefore, we conclude that, when the sample is
quenchedfrom 2358C to 2008C, sphereswith liquid-like

Fig. 2. (a) Overall SAXS profiles and (b) SAXS profiles nearthe first order peakas a function of time whenquenching to
2008C from 2358C aftersoaking for 10 min at 2358C: (1) 0 s; (2) 650s; (3) 1294s; (4) 2746s; (5) 4696s; (6) 5286s; (7) 6230
s; and(8) 6748s. Time zerois takenasthe time whenthespecimentemperaturefirst reaches2008C. Dottedcurves(I) and(II )
in part (a) areSAXS profiles obtained at 2358C and2008C, respectively, during heating.All curvesin part (a) arearbitrarily
shiftedto avoidoverlaps
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short-rangeorderpersistup to L2 h, while BCC microdo-
mainswith solid-like long-range ordermight be attained
at L6 h. At 4 h annealing, someorderingin BCC aswell
assphereswith liquid-like short-rangeordermaycoexist,
althoughtheformerseemsto dominate overthelatter.

Thetime evolutionsof Im, qm, andthehalf width at half
maximumintensity, rq, aregivenin Fig. 4. Opensymbols
were taken from results in Fig. 3. It is worth noting in
Fig. 4 that (i) Im increases steadily with time; (ii) qm

decreasessteadily with time up to 2 h andthenseemsto
level off; (iii) rq is almost constant until 4 h, but it
decreasessignificantly between4 h and6 h. Theseresults
alsosuggestthatBCC microdomainswith solid-like long-
rangeorderwere not fully attainedup to 4 h.

Fig. 5 givesthetime evolutionsof G9 andG99 at 2008C
after quenching from 2358C. It can be seenthat G9 and
G99 do not changewithin 1 h and increaserapidly with
time between1 h and3 h, andthenseem to reachasteady
valueat timesgreaterthan4 h. Initial increasein G9 and
G99 at time zerois attributed to the fact that G9 andG99 at
2008C are larger than thoseat 2358C. The valuesof G9
andG99 at time zeroareslightly largerthanthoseobtained
during cooling (see Fig. 1). However, the value of G9
after 6 h given in Fig. 5 is lessthanthat at 2008C during
heating,asgivenin Fig. 1. This suggests thatBCC micro-

domains with solid-like long-rangeorder (or an equili-
brium state)canbe attainedat very long time (sayL6 h
or evenlonger),which is anagreement with results given

Fig. 3. Overall SAXS profiles of the specimenspreparedby
first quenchingto 2008C from 2358C after soakingfor 10 min
at 2358C, thenannealing at 2008C for varioustimes(h) Fig. 4. Time evolutionsof (a) Im, (b) qm, and(c) rq whenjump-

ing to 2008C from 2358C aftersoakingfor 10min at 2358C

Fig. 5. Time evolutionsof G 9 (9) andG99 (F) at c0 = 0.03andx
= 0.05 rad/swhenquenching to 2008C from 2358C after soak-
ing for 10min at 2358C
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by Adams et al.11), who showed that for an asymmetric
SIS triblock copolymer, G9 reached a steadyvalue after
L20 h when the orderingtemperatureis just 358C lower
thanTODT. This slow ordering is attributedto thefact that,
when quenched from a disorderedstate,BCC microdo-
mains with solid-like long-rangeorder could be attained
only after crossing over the stateconsisting of spheres
with liquid-like short-rangeorder. Theorderingin spheres
with liquid-like short-range ordershouldnot be confused
with the thermal concentration fluctuation found some-
times in a disorderedstate.If this block copolymer had
beenin a disorderedstateat 2008C with the thermal con-
centration fluctuation, thevaluesof G9 andG99 would not
have increased with time.

Fig. 6 shows thatwith increasing thequenchdepth, the
starting time for theincreasein G9, namely theincubation
time, becomesshorter. For instance,whentemperatureis
decreasedto 1908C from 2358C, G9 keeps the initial
valueuntil 0.5h, andthevalueis largerthanthatobtained
during coolinggiven in Fig. 1. Then,G9 startsto increase
very rapidly up to 2 h, andfinally reachesa steadyvalue
which is essentially the sameas the G9 at 1908C during
heating asgiven in Fig. 1. However, the incubationtime

Fig. 6. Time evolution of G 9 at co = 0.03 andx = 0.05 rad/s
when quenching from 2358C to various temperatures: (H)
2058C, (F) 1908C, and (9) 1808C after soakingfor 10 min at
2358C

Fig. 7. (a) Overall SAXS profiles and(b) SAXS profiles nearthe first orderpeakasa function of time whenquenchingto 1708C
from 2358C after soakingfor 10 min at 2358C: (1) 0 s; (2) 228s; (3) 752s; (4) 1368s; (5) 1608s; and(6) 2818s.Time zerois taken
asthe time whenthe specimentemperaturefirst reaches1708C. Dottedcurves(I) and(II) in part (a) areSAXS profiles obtained at
2358C and1708C, respectively, duringheating. All curvesin part (a) arearbitrarily shiftedto avoidoverlaps
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is not proportionally decreasedto the quenchingdepthif
theOOT took placein this region. For instance,the incu-
bationtime whenquenchedto 1808C is abouttwice that
whenquenched to 1908C, althoughthe quenching depth
of theformeris 108C largerthanthatof thelatter.

Orderingkineticsof cylindrical microdomainsfrom
disorderedstate

Fig. 7 givesthe time evolutionsof overall SAXS profiles
andSAXS profilesnearthe first orderpeakafterquench-
ing to 1708C (an orderedstatewith cylindrical microdo-
mains) from 2358C after soakingfor 10 min at 2358C.
The two SAXS profiles at 1708C and 2358C obtained
duringheating aregiven in dottedcurvesfor comparison.
Here,time zerois takenasthetime whenthetemperature
at the specimenfirst reached1708C. It can be seenin
Fig. 7 that the maximum intensity grows very rapidly
between228s and752s anda peakcorrespondingto

���
3
p

qm first appears after752s,which indicatesthat theblock
copolymerattainedHEX microdomainsafter this time. It
took very short time to develop HEX microdomains
when quenchedfrom a disorderedstate,which is quite
different from the ordering of BCC microdomainsgiven

in Fig. 2. This is dueto thedifferencein quenchingdepth
aswell asthe differencein orderingformation of micro-
domain structures(HEX versusBCC).

The time evolutions of Im, qm, and rq are given in
Fig. 8. It can be noted in Fig. 8 that until 1000s, Im

increases exponentially with time, while qm and rq

decreasesteadily with time. Then,all of theseleveledoff
after 1000s, implying that HEX microdomainsarecom-
pletely attainedwithin 20 min.

Fig. 9 givesthe time evolutionsof G9 andG99 at 1708C
after quenching from 2358C. It canbeseenthatG9 chan-
ged very rapidly with time until 1000 s and leveledoff,
which is consistentwith SAXS resultsin Fig. 8. It should
be mentionedthat Winter et al.35) reported that the first
order peakof SAXS profiles is sensitive to the order of
the microdomain scale, while rheologicalproperties are
sensitive to the micron-scalegrain structure,namely, the
degree of continuity of the PS cylinders across the
domain boundary. This suggests that it be not necessary
to havethe sameresultsfor SAXS and rheology. How-
ever, Balsaraet al.36) andHashimoto et al.10) showed that
thegrainsizehasonly litt le effect on theelastic modulus.
Therefore,the goodagreement betweenthe experimental
results from SAXS and rheology (Fig. 8 and 9) implies
that the higher ordering of HEX microdomains for this
SISblock copolymerwasattainedeasily.

Orderingkineticsof sphericalmicrodomainsfrom
cylindrical microdomains

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

Fig. 8. Time evolutions of (a) Im, (b) qm, and (c) rq when
quenchingto 1708C from 2358C after soakingfor 10 min at
2358C

Fig. 9. Time evolutionsof G 9 (9) andG 99 (F) at c0 = 0.03andx
= 0.05 rad/swhenquenching to 1708C from 2358C after soak-
ing for 10min at 2358C
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temperature is increasedto 2008C from 1708C after spe-
cimen was soakedfor 50 min at 1708C. It took about
200s to reach 2008C in the jumping experiment of
SAXS. It can be found that until 132s, the higher order
peaksat

���
3
p

qm and
���
4
p

qm corresponding to the HEX
microdomains remained, and that the higherorderpeaks
at

���
2
p

qm and
���
3
p

qm correspondingto the BCC microdo-
mains occurred after 500s. This is quite different from
the ordering process of BCC microdomains when
quenchedfrom a disorderedstate,at which higher order
peaksat

���
2
p

qm and
���
3
p

qm cannot beseenevenafter7200
s. This leads us to consider that the ordering of BCC
microdomains took place more easily during heating
compared with cooling.

The time evolutions of Im, qm, and rq are given in
Fig. 11. It can be seenthat before reaching2008C, the
peakintensitydecreaseddramatically with time, while qm

increasesrapidly from 0.198 nm–1 to 0.212nm–1 at short
times. Once the temperature at the specimenreaches
2008C, qm doesnot further changewith time, while Im

increasesexponentially with time until 1000s and then
levelsoff, suggesting that the orderingof BCC microdo-
mainsmaybecompletedwithin 1000s. It is worth noting
in Fig. 11 that rq exhibited a maximum near at 200s,

implying that this state might be an intermediatestate
betweenHEX andBCC, but not a disorderedstate,since
Im has a relatively large value. However, we could not
conclude whether or not this intermediate state corre-
sponds to an equilibrium morphology, although recent
theories26,27) suggest this possibility . This wil l be studied
in detail in the near future. Nevertheless,according to
results givenin Fig. 11, we concludethat thetransition of
HEX microdomains into BCC microdomains occurred
without a complete dissolution of HEX microdomains
into a disorderedstate.

From the qm, the interdomain spacingbetweenHEX
microdomains (DHEX) was calculated to be 31.4 nm at
1708C andthe interdomain spacing betweenBCC micro-
domains(DBCC) to be28.6nm at 2008C. NotethatDHEX =������������4=3�p

d100 andDBCC =
������������3=2�p

d110, respectively, where
d100 and d110 are defined by 2p/qm. Thus, the difference
betweenDHEX and DBCC is less than 10%. When HEX
microdomains are transformedinto BCC microdomains,
with keeping thesameinterdomainspacing in addition to
the samevolume fraction of PSblock, the radius(RHEX)
of a HEX microdomain mustbe smaller thanthat (RBCC)
of a BCC microdomain. This is attributedto the fact that
the cylindrical axis of HEX microdomainsundulatesand

Fig. 10. (a) Overall SAXS profiles and(b) SAXS profiles nearthe first orderpeakasa function of time whenheatingto 2008C
from 1708C aftersoakingfor 50 min at 1708C: (1) 60 s (1948C); (2) 132s (1968C); (3) 192s (1998C); (4) 250s (2008C); (5) 312s;
(6) 496s; (7) 662s; (8) 850s; (9) 1588s; and(10) 2852s.Thetime zerois takenasthetime whenthespecimenat oneheating block
wasfirst placedinto theotherheatingblock maintainedat 2008C. All curvesin part (a) arearbitrarily shiftedto avoidoverlaps
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is brokeninto BCC spheres23). This undulationis alsothe-
oretically predictedby Qi andWang26) andby Laradji et
al.27) On the basisof the scattering theory, RHEX/RBCC is
givenby:

RHEX

RBCC
� d100

d110

64b

27
���
3
p

p

� �1=6

�1�

For this block copolymerwith b for PSblock of 0.15, this
ratio is obtainedto be0.72.

Thetime evolutionof G9 is shownin Fig. 12whentem-
peratureis rapidly increased to 2008C from 1708C after
specimenwas soakedfor 2 h at 1708C. The specimen
temperature reached 2008C within 2 min in our rheo-
meter after jumping, and the fluctuation in temperature
waswithin 58C beforeit is stabilized. It is ratherinterest-
ing to seein Fig. 12 that initially G9 dropssignificantly,
then increases rapidly andfinally reachesa steadyvalue
after 5000s. It is noted that the drop in G9 found in
Fig. 12 is moreevident if comparedwith thatobservedat
LTOOT during heatinggiven in Fig. 1. We also observed
this kind of a drop in G9 beforeincreasing and leveling
off whentemperature is increasedto 1908C from 1708C
for this block copolymer. However, whenpolystyreneor

polyisoprenehomopolymeris rapidly heatedfrom 1708C
to 2008C (or 1908C), we could not observe this drop in
G9. Therefore,thedrop in G9 shown in Fig. 12 is not due
to a temperature fluctuation beforestabilizing the setting
temperaturein this rheometer, ratherit canbe explained
asfollows.

When the specimenis rapidly heatedfrom 1708C to
2008C, we speculate that at short times microdomains
may take a superheated state of undulated cylinders
formed near TOOT (L1818C). The value of G9 for this
block copolymer with a superheated stateof undulated
cylindersat 2008C is expectedto be lower than that at
TOOT, since this temperatureis L208C higher than the
TOOT. With increasing time the undulated cylindrical
microdomains with superheatedstatearegraduallytrans-
formed into BCC microdomains with solid-like long-
rangeorders,thusG9 increasesaccordingly. However, the
steady valueof G9 at 2008C is lessthanthatat 1708C.

It should be mentioned that during the transition from
HEX microdomainsinto BCC microdomains,a plateau
(or an incubation) in G9 does not appear before G9
increases and levels off with annealing time. This beha-
vior is differentfrom thecasewhenquenchedfrom a dis-
orderedstateto 2008C at which a plateau (or an incuba-
tion) in G9 wasvisible up to 1 h beforeG9 increasesand
levels off with annealingtime (seeFig. 5). Also, thereis
no higherorderpeakat L1.65 qm in the SAXS profile as
shown in Fig. 10. It is notedthat this higher order peak
was found when quenchedfrom a disordered state to
2008C (seeFig. 2). Theseresultsleadusto concludethat,
when the specimenwas rapidly heated from 1708C to
2008C, thereis no needto crossoversphereswith liquid-

Fig. 11. Time evolutionsof (a) Im, (b) qm, and(c) rq whenheat-
ing to 2008C from 1708C aftersoaking for 50min at 1708C

Fig. 12. Time evolution of G 9 (9) at c0 = 0.03 andx = 0.05
rad/s when the specimenwas rapidly heatedto 2008C from
1708C after soakingat 1708C for 2 h, and when quenchedto
1708C from 2008C



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

like short-range order before transforming into BCC
microdomains with solid-like long-range order, which
suggests that a complete dissolution of HEX microdo-
mainsinto a disorderedstateis not necessary during the
transition from HEX to BCC microdomains. Therefore,
the minimum in G9 observedat LTOOT shown in Fig. 1 is
not dueto a completedissolution of HEX microdomains
into a disorderedstate,but dueto the undulated cylindri-
cal microdomainsformed at LTOOT from HEX microdo-
mains.

Using theories37,38) available at the presenttime, we
now test whetheror not a complete dissolutionof HEX
microdomains into a disorderedstate can take place
beforebeing transformed into BCC microdomains.This
is simply checked because the free energy barrier
betweenthe HEX microdomainand the disorderedstate
can be theoretically compared with that betweenHEX
andBCC microdomains.According to Leibler’s theory37)

extendedby Mayes and Olvera de la Cruz38), the free
energy differencefor a triblock copolymerbetweenHEX
microdomains and the disordered state((DF)3), and that
betweenBCC microdomains and the disordered state
((DF)6), aregivenby:

�DF�n
q0 kB T

� ÿ 27a4
n�1� cn�3�3cn ÿ 1�
�64�2�bn�3

�n� 3 andn� 6�

�2a�
where

cn � 1� 64bn�vÿ vs�N
9a2

n

� �1=2

�n� 3 andn� 6� �2b�

whereq0 is the density of monomerunit, kB is the Boltz-
mannconstant,T is theabsolutetemperature,v andvs are
Flory’s interaction parameters at the pre-settemperature
andat thespinodaltemperature,respectively, andN is the
total number of statistical segments(or degreesof poly-
merization). The coefficients of an andbn given in refs.36)

and37) dependon thevolume fraction but not on tempera-
ture. It should be mentionedthat different expressionsof
v andN give differentvalues of (DF)3 and(DF)6. Among
manyexpressions of vPS/PIavailableat thepresent time, in
this study wechoosethefollowing expression39):

v � ÿ0:0419� 38:54=T �3�

Also, N andthevolumefraction of PS( f ) areobtained
by:

N � �5s; PS Mw; PS� 5s; PI Mw PI�=Vref �4a�

f � 5s; PS Mw; PS=�5s; PS Mw PS� 5s; PI Mw; PI� �4b�

where5s,i is thespecificvolumeof block i (i = PSandPI)
given in ref.2), Mw, i is the weight-average molecular

weight of block i, and Vref is taken as the monomeric
volumeof PSandbecomes1/q0 in Eq. (2).

We found from the calculation basedon Eqs. (2)–(4)
that thepredictedTOOT is 180.78C, which is very closeto
experimentaldata,while the predictedTODT is 195.38C,
which is lower than the experimental data. When tem-
peratureis increasedfrom 1808C to 1858C, the value of
(DF)3N/(kBT) wasincreasedfrom –0.01626to –0.008030,
while the value of (DF)6N/(kBT) was increasedfrom
–0.01619to –0.009193.This suggeststhatBCC microdo-
mains are more stablethan HEX microdomainsat tem-
peraturesgreaterthanTOOT, while HEX microdomains are
more stable at temperatures less than TOOT. Also, it is
found that at temperaturesslightly greater than TOOT the
freeenergy barrier for a transitionof aHEX microdomain
into adisorderedstate(i. e.,–(DF)3/(q0kBT) is muchlarger
than that of the HEX microdomain into the BCC micro-
domain (i. e., (F3 – F6)/(q0kBT)). For instance,at 1858C,
theformerwas0.008030,which is about7 timesthelatter
(0.001163). Based on the aboveanalysis, the transition
from HEX to BCC microdomains can be schematically
shown in Fig. 13. Among thesetwo possiblepaths,path
(I) is more likely to be the true path, although the exact
mechanismwil l only be investigatedin detail in the near
future.

Orderingkineticsof cylindrical microdomainsfrom
sphericalmicrodomains

Fig. 14 gives the time evolutions of overall SAXS pro-
files and SAXS profiles near the first order peak when
temperatureis decreasedto 1708C from 2008C afterspe-

Fig. 13. Schematic of morphological transformation from
HEX to BCC microdomains
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cimen was soaked for 110 min at 2008C. It took about
400s to reach1708C when quenching from 2008C in our
SAXS experiment. It canbe seen that,until the tempera-
ture at the specimenreaches1708C, BCC microdomains
are persisting.However, as soonas temperature reaches
1708C, BCC microdomainsaretransformedvery quickly
into HEX microdomains.

The time evolutions of Im, qm, and rq are given in
Fig. 15. It canbe seenthat beforereaching 1708C, peak
intensity decreases slowly with time, and qm also
decreasesfrom 0.21 nm–1 to 0.196nm–1 with time. Once
the temperatureof the specimenis maintainedat 1708C,
qm doesnot further change with time, while Im increases
exponentially with time until 1000s andthen levels off.
But, rq exhibited a maximum nearat 500s, meaningthat
this statemight be an intermediatestatebetweenBCC
andHEX microdomains.

Thetime evolution of G9 is alsoshownin Fig. 12 when
temperature is decreasedto 1708C from 2008C. It canbe
seenthat the incrementin G9 occurred at very shorttimes
without showinganydrop in G9 andthat thesteadyvalue
is exactly the sameasthat treatedat 1708C for 2 h. Very
recently, Laradji et al.27) theoretically predicted that the

transition from HEX into BCC proceeds directly, while
the transition from BCC into HEX proceeds throughan
intermediatestate.Thus,theyconcludedthesetwo transi-
tions are not thermoreversible. However, as shown in
Fig. 16,we consider that the transitionbetweenHEX and
BCC for this block copolymeris thermoreversible except
that the TOOT (or theminimum in G9) obtainedduring the
cooling cycle is 158C lessthan that obtainedduring the
heating cycle. This is also consistent with results in
Fig. 12.

Conclusions
In this study, we have investigatedthe orderingkinetics
of cylindrical and sphericalmicrodomains in a polystyr-
ene-block-polyisoprene-block-polystyrene (SIS) copoly-
mer after quenching from the disorderedstate to an
orderedstatehaving either sphericalor cylindrical micro-
domain, and from oneof the ordered statesto the other,
using synchrotron SAXS and rheology. The SIS hasan
order to order transition at L1818C, a lattice disordering
aboveL2108C, andreachesthedisorderedstateat higher
temperatures.

Fig. 14. (a) OverallSAXS profilesand(b) SAXS profilesnearthe first orderpeakasa function of time whenquenching to 1708C
from 2008C aftersoaking at 2008C for 110 min: (1) 60 s (1908C); (2) 408s (170.38C); (3) 528s (169.78C); (4) 640s (1708C); 822
s; (6) 1080 s; and(7) 2386 s. The time zerois takenasthe time whenthe specimen at oneheating block wasplacedinto the other
heatingblock maintainedat 1708C. All curvesin part(a) arearbitrarily shiftedto avoidoverlaps
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Higher order peaksin the SAXS profile corresponding
to the hexagonally packed cylindrical (HEX) microdo-
mainsappearedafter lessthan 1 h when quenchedfrom
2358C to 1708C. But, when quenched from 2358C to
2008C, it wasfound that (i) a broadhigherorderpeakat
L1.65 qm, correspondingto sphereswith liquid-like short-
rangeorder, waspersistentup to 4 h beforehigher order
peakscorresponding to the body-centeredcubic (BCC)
microdomains appeared; and (ii) G9 and G99 did not
change within 1 h but increased rapidly with time
between1 h and 3 h, and then reached steadyvalues at
times greaterthan 4 h. The time evolution of G9 is in
goodagreementwith thatof SAXS profiles.Theseresults
lead us to conclude that BCC microdomains with solid-
like long-rangeorderwerenot fully attainedup to 4 h.

However, when heatedto 2008C from 1708C, higher
order peaks in the SAXS profile, corresponding to BCC
microdomains,appeared within 1 h, without exhibiting a
broadhigher order peakat L1.65 qm. It was also found
that the plateauin G9 did not appearbeforeG9 increased
andleveled off with annealingtime.Theseresults suggest
that, during the transition from HEX to BCC microdo-
mains,thereis no needto crossover sphereswith liquid-

like short-range order before transforming into BCC
microdomains with solid-like long-range order. There-
fore, the minimum in G9 observed at LTOOT in the tem-
peraturesweepduring heatingis not due to a complete
dissolution of HEX microdomainsinto a disorderedstate,
but due to the undulated cylindrical microdomains
formed at LTOOT from HEX microdomains. This is also
theoretically confirmed basedon the result that the free
energy barrier betweenthe HEX microdomain and the
disordered state is larger than that betweenHEX and
BCC microdomains nearTOOT. It is highly expected that
undulatedcylinders (or an intermediatestate)be experi-
mentally detectedby transmissionelectronmicrography
(TEM). This will bethesubjectof futureinvestigations.

Thetransition betweenHEX andBCC wasfoundto be
thermoreversible except that the TOOT (or the minimum
point in G9) obtainedduring cooling is 158C less than
thatobtainedduring heating.
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Fig. 15. Time evolutions of (a) Im, (b) qm, and (c) rq when
quenchingto 1708C from 2008C aftersoakingat 2008C for 110
min

Fig. 16. Temperaturesweepof (a) G 9 (9) and(b) G 99 (F) when
first heatingfrom 160 to 2008C (opensymbols) andannealingat
2008C for 1 h, then cooling from 200 to 1408C (closedsym-
bols)
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