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Phase structures and morphologies determined by competitions among
self-organization, crystallization, and vitrification in a disordered
poly(ethylene oxidg-b-polystyrene diblock copolymer

Lei Zhu, Yan Chen, Angiu Zhang, Bret H. Calhoun, Moonseok Chun,
Roderic P. Quirk, and Stephen Z. D. Chéng
Maurice Morton Institute and Department of Polymer Science, The University of Akron, Akron, Ohio 44325-3909

Benjamin S. Hsiao and Fengji Yeh
Department of Chemistry, The State University of New York at Stony Brook, Stony Brook, New York 11794-3400

Takeji Hashimoto
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Kyoto 606, Japan
(Received 11 February 1999

A poly(ethylene oxidgb-polystyrene(PEOb-PS diblock copolymer having a number-average molecular
weight (I\Wn) of 11000 g/mol in the PEO blocks and ain of 5200 g/mol in the PS blocks has been
synthesizedwith a volume fraction of the PEO blocks of 0.66 in the molten staiefferential scanning
calorimetry results show that this copolymer possesses a single endotherm, which is attributed to the melting
of the PEO-block crystals. Based on real-time resolved synchrotron small-angle x-ray scai&&xg)
observations, the diblock copolymer is in a disordered state above the glass transition temperature of the
PS-rich phase'l(g , which has been determined to be 44.0°C during cooling using dilatometer mode in
thermomechanical measurements. The order-disorder transition tempefagfe for this diblock copolymer
is thus experimentally inaccessible. Depending upon different isothermal crystallization temperatures quenched
from the disordered statel{s), four cases can be investigated in order to understand the phase relationships
among self-organization, crystallization of the PEO blocks, and vitrification of the PS-rich phase: the region
where theT ; is above theTgPS, the regions where thg, is near but slightly higher or lower than tFﬁgs; and
the region where thd is below theTgPS. Utilizing simultaneous SAXS and wide angle x-ray-diffraction
experiments, it can be seen that lamellar crystals of the PEO blocks in the first case grow with little morpho-
logical constraint due to initial disordered phase morphology. AsTthapproaches but is still slightly higher
than theTgS, as in the second case, the PEO-block crystals with a greater long pgkjididan that of the
disordered state start to grow. The initial disordered phase morphology is gradually destroyed, at least to a
major extent. When th&, is near but slightly lower than th'EgS, the crystallization takes place largely within
the existing phase morphology. Only a gradual shift of the&owards smalleiq values can be found with
increasing time, which implies that the initial phase morphology is disturbed by the crystallization of the PEO
blocks. In the last case, the PEO blocks crystallize under a total constraint provided by the disordered phase
morphology due to rapid vitrification of the PS-rich phase. Substantial decrease of crystallinity can be observed
in this case. This study also provides experimental evidence that the PS-rich phase size, which is down to 7-8
nm, can still retain bulky glassy properti¢§0163-182¢09)01138-§

[. INTRODUCTION the system enters the disordered state, two temperature re-
gions may be recognized One at high temperatures can be
During the past 20 years, extensive research related tdescribed by the mean-field theofyIFT),> which assumes

amorphous diblock copolymers has been carried out. In moghat the disordered phase is a homogeneous phase. The low-
cases, microphase separation is driven by the immiscibilitgemperature region, which is close to the ODT temperature
between the block copolymer components, which are cotTopt), can be best illustrated by the composition fluctua-
valently linked. Theoretically, two limiting segregation re- tion theory(CFT).® In this region the disordered phase may
gimes have been recognized, i.e., the strong segregation limi¢tain some structural features caused by local concentration
(SSL and the weak segregation limvSL).! In the SSL  fluctuations. Recently, fluctuation-induced disordered struc-
regime, a variety of ordered morphologies, such as lamellagure has been studied experimentally by different grdfps.
gyroids, cylinders(hexagongl and spheregbody-centered They have proposed that the dynamic structure induced by
cubio), have been found as a consequence of minimizing freéhe composition fluctuations in the disordered state close to
energy of the system by balancing interfacial energy, chaithe ODT very much resembles the late stage spinodal de-
stretching, and maintaining constant dendityn the WSL  composition in homopolymer blends, i.e., a bicontinuous
regime, the order-order phase transition, the order-disordestructure composed of blodk~ich and blockB-rich do-
transition(ODT), and the structures of disordered states aramains with a diffuse sinusoidal-wave-type profile interface.
among the most attractive subjects. It was proposed that after For amorphous diblock copolymers, ordered phase mor-
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phologies can be observed when the glass transition temperéRTHFb-PMMA),?! and polyethyleneb-vinyl cyclohexang

tures (Tys) of the two phase-separated components are lowePE-b-PVCH).?? The initially ordered phase morphology is
than theTopr. If Ty is higher than thélopr, on the other  thus retained. Recently, a study of PGIRS diblock copoly-
hand, only the disordered phase morphology is found. Howmer was attempted in order to correlate the polystyrene
ever, crystalline-amorphous diblock copolymers possesBlocks’™ v_itrifzigation effect with the PCL blocks’
more complicated phase behavior due to the crystallizatiofystallization™ A PEb-PS system with crystallizable PE

of the crystallizable component. One case occurs when th@lock was also reportetf. Another approach was done by
diblock copolymer components are miscible and form singlé?mss“nk'n% the PB component of a P®@tPB diblock
phase in the melt, such as pphyleneb-(ethylenealt- copolymgr? The PB component becomes solidlike after
propyleng] (PED-PEP,>° and polyethylene oxides- crosslinking, and thus, crystallization of the PCL _block can
methyl methacrylate(PEOb-PMMA).t When theT, of the only more or less take place under the constrained phase
miscible copolymer is lower than the isothermal crystalliza-Morphology. As a result, the memory of the phase morphol-
tion temperature of the crystallizable component quenche@9Y is at least to some degree preserved. _

from the melt T,), the final microphase separation is actu- !N this study, a diblock copolymer of PE®PS having

ally driven by the crystallization of this component, and aM,s of 11000 g/mol(11k) for the PEO blocks and 5200
lamellar morphology, in which the lamellar crystals are sand-g/mol (5.) for PS blocks, has been investigated. It is inter-
wiched by the amorphous-block layers, is always observeésting to observe that this copolymer shows specific phase
after crystallization. In an immiscible crystalline-amorphousstructural and morphological relationships based on the com-
diblock copolymer system, it can be expected that selfpetitions among self-organization, vitrification, and crystalli-
organization of the diblock copolymer, vitrification of the zation in forming the final phase morphologies at various
amorphous block, and crystallization of the crystallizabletemperatures.

block may compete with one another in forming the final
morphologies at different temperatures. Three temperature
parameters need to be considered to describe the competi-
tions: theTopr, the Ty of the amorphous phase, and fhg Material and sample preparation
[always lower than the melting temperatufig,j of the crys-

talline blockg. Generally speaking, the ODT is under ther- ' ne diblock copolymer, PE®-PS withM,s of 11k for
modynamic equilibrium while crystallization requires under- the PEO blocks and Sdor the PS blocks, was synthesized

via anionic polymerization. The detailed procedure can be
Considering phase relationships in a caseTghy>T, fognd_in Ref. 26. In _brief, the polymerization started with an
>T, (amorphous examples can be found in the cases ofanionic polymerization of styrene in benzene_under a high
poly(ethyleneb-ethylethyleng  (PED-PEB, 123 poly(e- yaquumﬂat room te_mperature, u_sm_xgebutyl I|th|ur_n as
caprolactonds-butadieng  (PCLb-PB)1*  poly(ethylene initiator. The resultlng pglgs_tyryl)lltmum was functional-
oxideb-butylene oxide (PEOb-PBO),'® poly(ethylene ized with ethy]ene oxidé® Dlmethyllsulfomde (3_3 vol %)
oxideb-ethylethyleng (PEOb-PEB, and polijethylene and. a potassium salte.g., potassmnt-amylo')(lde, 0.14}
oxide-b-(ethylenealt-propylend] (PEOb-PER,*® and oth- equn() v;/éare then added to the polymeric lithium alkoxide
ers. Disregarding the initially ordered phase morphologies0!ution-> The ethylene oxide polymerization was carried
formed below Topy, crystallization of the crystallizable out at 45°C for 6 days. After termination with 0.1 'V'.”.‘e”.‘a'
blocks usually occurs with little morphological constraint of "0lic HCI, the crude polymer was purified by precipitation
the ordered phase, and finally, this process breaks apart tho hexanes for several times. The crude polymer contained

initial phase morphology to form crystalline lamellas. There-& Small amount of PEO homopolymer, because of the ho-
fore, the memory of the initial phase morphology is com-Mopolymerization of ethylene oxide initiated by the potas-

pletely lost. Recently, it was also reported for some polyeth—Sium salt. The PEO hgmopolyme_r was removed_by column
ylene containing diblock copolymers that when the Chromatography on microcrystalline cellulose using metha—
crystallization rate of the crystallizable component with highnOI as eluent solvent. The PS precursor was chara_cterlzed by

molecular weight is fagionly local segmental rearrangement size exclusion chromatograpf$EQ, and had anM,, of
is expected during the crystallizatipthe phase morphology 5.2 and molecular weight distribution of 1.05. Thé¢,, of
may be preserved at least to a certain extént PEO blocks was determined B NMR to be 1k, and the
It has also been found that when the overall moleculamolecular weight distribution of the final diblock copolymer
weight of the diblock copolymers decreases, gt can be  was determined by SEC to be 1.07. The volume fraction of
reduced. This leads to another cas@ @b Topr>T,4 (@mor-  PEC blocks was thus 0.66 in the melt. The density of amor-
phous in many systems, such as REREE:* PCLb-PB'*  phous PS is 1.052 g/cinand the densities of amorphous and
and PEOb-PBO?° The lamellar crystal morphology is also crystalline PEO are 1.124 and 1.239 gfcmespectively?®
found disregarding the initial phase morphology of the dis- In order to ensure the consistency of the same phase be-
ordered state. havior, uniform sample preparation procedure and thermal
On the other hand, when a case dfgpr>Ty history were necessary. The sample was cast facc w/v %
(amorphous>T,, is considered, the crystallization of the toluene solution, and the solvent was allowed to evaporate
crystallizable blocks occurs within the ordered phase morever three days at room temperature. The residual solvent
phology. The crystallization is completely constrained due tovas further removed under vacuum at 50 °C, and then an-
the rapid vitrification of the amorphous blocks, as found innealed at 70 °C for 24 h. The sample was then studied using
the cases of polyetrahydrofurab-methyl methacrylate different experiments of this study. It was found that phase

II. EXPERIMENTAL SECTION

cooling, and vitrification is cooling-rate dependent.
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equilibrium could be reached after sample was treated via 7, (°C)
this annealing process. This thermal history was thus utilized 30.0
for all of the diblock copolymer samples before the experi- ’ 311
ments were conducted. g 321
Equipment and experiments ﬁg
Time-resolved synchrotron small-angle x-ray-scattering ) ;Zg
(SAXS) and wide-angle x-ray-diffractiofWAXD) experi- 37.0
ments were simultaneously conducted at the synchrotron T 380
x-ray beamline X27C of the National Synchrotron Light 39.0
Sources in Brookhaven National Laboratories. The wave- é 100 . — 1 j?g
length of the x-ray beam was 0.1307 nm. Isothermal crystal- & | _ Lo m 420
lization measurements were carried out on a customized two- S |$ ™ FE ; 43.0
chamber hot stage. Th&, was controlled to be within Ll s E b0\ ;‘:g
+0.1°C. The sample was preheated to 70°C in a melting £ 4] LW 93 _%\/ 63
chamber, and held there for 3 min. It was then jumpe@ ® 220_ I —) 470
for isothermal crystallization. A heating rate of 1 °C/min was O | ssenetenne ! —_— 48.1
used to study the crystal-melting behavior of the sample after LI e e e
isothermal crystallization. One-dimensional position sensi- I.(O y
tive detector§PSD’9 were used to record the scattering and 2|0 ' 4' 0 ' 6|0 !

diffraction patterns. The zero pixel was calibrated using a
QUck tendon, and scattering vectpfq=4_7r _sin OIN, wherex Temperature (°C)

is the wavelength of synchrotron radiation, and i& the

scattering anglewas determined with silver behenate. The  FIG. 1. DSC heating diagrams of the PIBARS (11-5.%) after
Lorentz correction was performed by multiplying the relative crystallization at different temperatures. The heating rate was 5 °C/
intensity (1, counts per secondy g?. The WAXD PSD was  min. The inset shows melting temperature and crystallinity changes
calibrated using Lupolen of a known crystal size. For longwith isothermalT, observed by DSC.

time isothermal crystallization experiments, conventional )

SAXS and WAXD were utilized, which were equipped with defined as an apparefy, und_er a particular external stress.
a 18 kW rotating anode and one-dimensional PSD’s. Thd he cooling rate was 2 °C/min. An extrapolation to the zero
collimation was conducted using a combined slit and pinholéxternal stress was necessary for obtaining a prégjse
system designed in our laboratory. The calibration of the

SAXS was the same as that in the synchrotron experiments. lIl. RESULTS AND DISCUSSION

The final results were desmeared.

Differential scanning calorimetr§DSC, TA-2000 system
experiments were carried out to study the isothermal crystal- DSC heating diagrams in Fig. 1 show a single melting
lization and melting behavior of the PE®®PS (11-5.%).  endotherm for the diblock copolymer PEEPS (11-5.%)

The DSC was calibrated witp-nitrotoluene, naphthalene, after complete crystallization at eadly. This endothermic
and indium standards. The sample weight was maintained &0cess is clearly attributed to the crystal melting of the PEO
approximately 0.5 mg and the pan weights were kept conblocks. TheT, appears at a constant temperature of 57.5°C
stant to within =0.002 mg. Isothermal crystallization was When the T, is below 38.0°C. BetweerT;=38.0 and
conducted by quenching the sample from the disordered sta#$.0 °C, theT,, gradually increases with increasiiig . Af-

at 70°C to a preseT,. The fully crystallized sample was ter T,=46.0°C, the increase of the, speeds up, and fi-
then heated to above thE, at a heating rate of 5°C/min. nally, it reaches 60°C af,=48.1°C. It is also found that
The weight percentage crystallinity was calculated using ahe DSC results are only dependent upon Theand the
equilibrium heat of fusion for a perfect PEO cryst8l66  isothermal time {;), and independent of the resident time of
kJ/mo).%° The endothermic peak temperature observed durthe samples held at 70.0 °C when the time exceeds 3 min.
ing heating was taken as tfg,. The inset of Fig. 1 provides th€,, and crystallinity de-

Dilatometry experiments were carried out in a thermome-pendence on isothermdls. ThreeT, regions can be iden-
chanical (TM) analyzer(TA-TMA 2940). A bulk sample tified based on th&,, changes as described in the previous
with a weight of about 20 mg was prepared in an aluminunparagraphdashed vertical lines in the ingelt is interesting
cup having a diameter of 3 mm and thickness of 2 mm. Théhat three regions in the crystallinity changes of the PEO
sample was freed of bubbles by annealing at 70 °C unddblocks can also be observed: a slight increase from 62% at
vacuum for 24 h. A smooth and flat surface was necessary ifiq=30.0°C to 65% afl;=38.0°C in region I; a gradual
order to obtain precise measurements of the linear thermahcrease to 82% a3, reaches 46.0 °Gregion Il); and a
expansion using TM dilatometer mode. Different externalplateau of the crystallinity82%) in region Il with further
stresses ranging from 0.127 to 0.318 MPa were applied tncreasingT .
measure the sudden change of coefficients of thermal expan- The inset of Fig. 2 shows a set of SAXS results recorded
sion (CTE) during cooling. Note that the heating experimentsduring heating at 1 °C/min in the melt. It is evident that a
can also be performed in a similar way, but the results arscattering peak can be seengat 0.367 nm! at 50.0 °C(a
obscured by the crystallization of the PEO blocks. The tem-‘long period” L=2#/g=17.1 nm. With increasing tem-
perature where the sudden changes of the CTE occurred waerature, this peak gradually shifts to higlgeralues, and its

General phase behavior of the diblock copolymer
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T (K FIG. 3. Extrapolations of th&g with different external stresses

applied. The inset is a cooling curve of dialatometry data for the
FIG. 2. Relationships between the reciprocal x-ray-scattering®EOb-PS(11-5.%) under an external stress of 0.159 MPa.
intensity and square of half width at half height,j with respect to

reciprocal temperature. The inset is the SAXS results of the PEO- . A .
b-PS(11-5.%) at different temperatures in the molten state. Ing, representing a-g' An abrupt decrease in dimension at

37°C indicates the onset of crystallization of the PEO
intensity decreases and the width at half maximum increaseblocks. Under a stress of 0.318 MPa, tfig occurs at
No second-order scattering peak can be found in this figureét1.8 °C. It is thus slightly decreased with increasing the ex-
Based on this scattering profile, it can be qualitatively conternal force applied. Extrapolations to zero external stress
cluded that this sample is in a disordered state in the temield an accurateTy of 44.0°C during cooling(Fig. 3),
perature range studied. This scattering peak is so-called thehich represent tha@, of PS-rich phase'l(gﬁ. Note that a
correlation hole scattering originated from the local densitypure PS with the same molecular weidhbt) possesses a
fluctuation of the two components in the diblock copolymer. Ty of 82°C, while the amorphous PEO show Tg of

When the relationship between the reciprocal maximum—67 °C¥ Based on the relationship of diluent effect on a
intensity (,,%) and reciprocal temperaturd (%) is plotted, ~polymer'sTy,*! it can be roughly estimated that in the PS-
an initially linear decrease at higher temperatures can be seéigh phase, the PEO component is about 15 wt %.

followed by a nonlinear decay at lower temperatutéss When we consider the three regions observed jnand
shown in Fig. 2. No sudden discontinuous change of therystallinity changes witfT,;, it becomes evident that region
reciprocal intensity at a low temperature can be found at | roughly corresponds to the system below g, region Il

=50.0°C. In this figure, the square of the half width at halfis within the T§®, and region Ill is above th&;°. Therefore,
maximum (o) data is also included, and a similar relation- these changes iff,, and crystallinity in the three regions
ship with respect toT ! can be observedFig. 2. Both  may reflect the PEO-block crystallization under different en-
observations indicate that the ODT of the sample is novironments(confinedversusnonconfinedl

found above 50.0 °C. As shown in Fig. 2, the linear relation-
ship between thel,;1 and T~! at higher temperatures
(>125°0 indicates that the disordered state can be de- When the diblock copolymer is crystallized above €
scribed by the MFP, while the nonlinear relationship at at 48.0 °C, the evolution of the crystal structure, phase and
lower temperatures represents the disordered state which cafystal morphologies, and crystallinity can be followed by
be described by the CFlt is important to note that in the SAXS and WAXD experiments as shown in Figga/and
fluctuation-induced disordered phase, both the PEO-rich ané(b). It is evident that from SAXS datgFig. 4a)] the phase
PS-rich microdomains possess the sinusoidal-wave-type prénorphology formed in the disordered state can be observed
file interface’® in the initial stage of the experiment at the=17.1 nm,

The phase behavior of the PS-rich blocks needs attentionvhere the crystallization has not taken place. This is because
For block copolymers, such as PEERS with the PS block crystallization needs a rather long induction time at this rela-
being the minor component and in the disordered state, thévely low undercooling[Fig. 4(b)]. However, as soon as
T, of the PS-rich blocks is often difficult to observe in DSC. crystallization starts, a nel appears at|=0.245 nm? (L
Methods such as dynamic mechanical, thermomechanicat 25.6 nm, taken from the maximum intengitwhile the
dielectric, and solid-state nuclear magnetic resonance coulscattering intensity oL =17.1 nm representing the initial
be used to detect thE,. The inset of Fig. 3 shows dilatom- disordered phase morphology gradually decreases. This indi-
etry results for the PE®-PS(11-5.%) during cooling under cates that the phase morphology cannot be sustained during
an external stress of 0.159 MPa. It is evident that a suddethe crystallization of the PEO blocks. With increastyg the
change of the CTE around 42.8 °C can be found upon coolintensity of the disordered scattering further decreases and

The case ofT , above T¢®
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eventually vanishes after the complete crystallization of theehanged during heating at 1.0 °C/min. At 57.5°C, the PEO

PEO blocks. It is also important to find that in Figalthe  crystals start to melt, evidenced by a decrease of the crystal-

second-order scattering peak exists in the late stages of thiaity as shown in the WAXD resultfFig. 5b)]. This is also

crystallization, revealing a lamellar crystal morphology with seen in the DSC heating diagram in Fig. 1. The scattering

alternating PEO lamellar crystals and PS-rich layers. Thigpeak of the disordered state returns following the crystal

observation is consistent with many experimental findinganelting.

reported previously that the initial phase morphology is al-

ways replaced by the lamellar crystal morphology wiign

is above theT, associated with the amorphous blocks. In

Fig. 4(b), the PEOb-PS diblock copolymer gives the same  When the crystallization of the sample is carried out at

WAXD patterns as PEO homopolymers, indicating that the45.0 °C, theT,, is slightly higher(1.0 °Q than TSS but still

PEO blocks crystallize in the same crystallographic structuregvithin the glass transition region. Figure@pand b) show

as the pure PEO. both SAXS and WAXD results recorded in this experiment.
Figures %a)and Jb) show SAXS and WAXD results of From the SAXS results, it is interesting that in the initial

the diblock copolymer during heating after it is fully crystal- period of time of this experiment the scattering peakgat

lized at 48.0 °C. With increasing temperature, ¢healue for  =0.376 nm* (L=17.1 nn) is attributed to the disordered

the first-order scattering peak remains nearly constant in thghase morphology up to 17.5 min. With increasig the

SAXS pattern. This implies that above tﬁés the lamellar  crystallization starts at 22.5 min, evidenced by the appear-

crystal morphology is stable up to if§, at a heating rate of ance of Bragg reflections in the WAXD experimdliig.

1.0 °C/min. Therefore, the metastability of the crystal is not6(b)] and the increase of SAXS scattering peak intensity

The case ofT, slightly higher than the T¢®

1 l
1
(a) (b) ]
2 -
‘g - T(C
7; T (°C) = ‘gl 48.4)
@ — 84 e I\t | 49.5
E . Z ] s
=} ——— N’ K
g sl ‘ 526
z 2 :g | 557 FIG. 5. Sets of SAXSa) and
3 M_;; 5 ‘M‘A Pt WAXD (b) heating results of the
o IR —— | k= lgf 36.8 PEObH-PS(11-5.X) after crystal-
S 375 o A 57.5 ) . .
= e m58.0 Z H 58.0 lization at 48 °C at a heating rate
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[Fig. 6(@]. AnotherL, however, appears at a lowgrvalue  greaterl as shown in Fig. @). During crystallization of the
(0.270 nm'%, L=23.3 nnj, and its intensity increases signifi- PEO blocks, the phase morphology is gradually and, at least
cantly witht,. No second-order scattering can be observedartially, broken down. However, even for the nevat 23.3
att,<192.5 min. A weak second-order scattering peak of thé)m, its second-order scattering peak is difficult to be ob-
L can be seen after they. It is also noted that the half width Served[Fig. 6@)], reflecting a residual effect of the initial
at half maximum for the crystal scattering is broader tharPhase morphology on this newly formed crystal morphology.
that for the sample isothermally crystallized at 48.0°C. On Figures Ta) and qb) are the heating experiments re-
the other hand, the scattering pealqat0.376 nm* gradu- corded in both SAXS and WAXD after the sample was fully
a”y decreases in its intensity but it is not Comp|ete|y Van_CrySta”iZEd at 45.0 °C. The increases after the temperature
ished even at 262.5 miiFig. 6a)]. increases to 52.6 °C, indicating that the PEO-block crystals
These experimental results indicate that final crystalliza@re able to effectively thicken during heating to about 10 °C
tion in this case exhibits a newly formed crystalline morphol-higher thanTg® to perfect the crystals. On the other hand,
ogy, which attempts to replace the existing phase morpholcrystal melting can be seen at around 55.0(F®y. 7(b)].
ogy. Since thel, is within the T;®region, the PS-rich phase This increase of the. at temperature higher than 55.0°C
in the phase morphology tends to solidify. When the crystalmay also result from a partial melting of the lamellar crys-
lization starts, this constraint may not be Strong enough téa.ls. The Crystallinity then draStically decreases with increas-
confine the PEO blocks during the crystallization. This ising temperature, indicating that a massive melting process
because the temperature of 45.0 °C is slightly higher than thtakes place.
TSS and complete solidification cannot be achieved. The
crystallization may possess a stronger interaction to over-
come the constrained geometry caused by the PS-rich phase When theT, is at 41.0 °C, which is slightly lowe(8.0 °C)
and rearrange the PEO block to form the crystals with &han theTgS, the PEO blocks’ crystallization behavior ex-

\ (b)

The case ofT, slightly lower than the T§®
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hibits substantial changes. Figure®)8and 8b) show both  ingly hardened towards the glassy solid, which in turn, gen-
SAXS and WAXD results of this experiment. From the erates more restrictions for the PEO blocks. For example, the
SAXS data, it is interesting that in the initial periodtgfthe  final L stops at 17.3 nm af,=30°C, 17.5 nm atT,
scattering peak aj=0.376 nm* (L=17.1 nm is attributed  =35°C, and 20.1 nm &,=43°C. Generally speaking, the

to the disordered phase morphology up to 2.8 min. WithT _of a polymer decreases when an external stress is applied
increasingtq, the crystallization starts, evidenced by the ap-to the polymer? The crystallization of PEO blocks requires
pearance of Bragg reflections in the WAXD experimfi.  rearrangement of chain conformations and, therefore, space
8(b)] and the increase of peak intensity in the SAKS9.  ang chain mobility. This process may generate certain

8(a)]._TheL in this initial stage of crystallizationz however, ciresses on the PS-rich phase least at the interfageand
remains constant, which follows the of the disordered therefore, theTgS may be slightly reduced during crystalli-

ggﬁ;ﬁ cr:c? ré:) : agltzg%-g%seglzyztrglgizﬂsnsr:?f[;hfor lg:;;;ﬁ?; thezation. This is speculated to be the reason for the observed
and its intensity increases significantly with For example, shift of the scattering peak, even 14°C lower than e
att,=12.5 min, thelL reaches 18.0 nm. Finally, &=29.5 during the crystallization. . .
min, the L is 19.0 nm. This observation indicates that al- Figures 9a and 9b) are the heating experiments re-
though the PEO blocks attempt to reach their most probableorded in both SAXS and WAXD after the sample was crys-
crystalline morphology, they are restricted by the PS-richfallized at 41.0 °C. Thé starts to increase when temperature
phase, which is very close to being a glassy solid. increases to 47.0 °C. This indicates that the PEO-block crys-
These phenomena can also be found when the crystallizaals can be anneale(thickened after this temperature and
tion temperature is between 30 and 43 °C. However, shifts othe driving force of annealing and reorganization becomes
the scattering peak become increasingly small wherfghie ~ dominant to change the metastability of the crystaf¥.on
reduced, indicating that the PS-rich phase becomes increaste other hand, the crystal melting starts at around 52.0 °C

(b)
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[Fig. 9b)]. This increase of the at temperatures higher than substantial increases of the SAXS scattefiRig. 10a)] and
52.0 °C may occur as a consequence of the partial melting ddragg reflection intensitieFig. 10b)]. A careful examina-
the lamellar crystal as well. The crystallinity drastically de-tion reveals that although the SAXS intensity significantly
creases with further increasing temperatiomystal melting. increases during the crystallization, theof the scattering
peak remains constant during the entire crystallization pro-
cess. Note that no second-order scattering peak can be found
even after complete crystallization. These results indicate
As soon as the sample is quenched to well belowTifié  that the crystallization of the PEO blocks can only proceed in
the vitrification process occurs rapidly. In fact, a quick this constrained phase morphology when the glassy phase is
quenching may lead to a shift of tHE[® towards higher a continuous phase.
temperatures. Figure (&) shows a set of SAXS results dur-  When heating the sample starting at 27.0 °C, the SAXS
ing isothermal crystallization at 27.0°C, which is 17.0 °Cresults show that in Fig. 14) the L does not change until
below theTgS. Figure 1@b) is a set of corresponding real- 38.0°C is reached. The then thickens progressively up to
time resolved WAXD data simultaneously recorded. For thel9.0 nm at 52.3 °C beyond which the crystal melting starts
first 0.17 min, SAXS results show a scattering peak.at [Fig. 11(b)]. Note that this temperature of 38.0 °C where the
=17.1 nm. This peak possesses the identical intensity aniickening starts is 6.0 °C lower than tfﬁésdue to the driv-
the width at half maximum as those observed at high teming force of crystal annealing which reduces Thg As long
peratures in the disordered stdfeg. 3), indicating that be- as the PE-PS is crystallized below 30.0 °C, the onset of
fore crystallization of the PEO blocks, the system is still inlamellar thickening is found to always be at 38.0 °C. These
the disordered state. No Bragg reflections in the WAXD ex-experimental results provide additional, though indirect, evi-
periments can be found during this short period of time. Af-dence that the PEO-block crystals can be annealed to break
ter t,=0.5 min, crystallization starts to occur, evidenced bythe geometrically constrained phase morphology only when

The case ofT, below T¢®
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the T, is in the vicinity or higher than th&;®, depending on  ©on the change of one temperature parameigr the T is
the metastability of the PEO-block crystals. above theTg®, the T, is near but slightly higher or
Finally, it is important to look into another perspective, lower than theTgS, and theT, is below theTgS. Based on
which is also a direct consequence of this study: the loweour real-time synchrotron SAXS and WAXD experimental
limit of the glassy phase size. For many years, an interestingesults, it is found that in the first case the PEO-block crys-
question has continuously come up, namely, how small can tallization can take place with litle phase morphological
phase be and still be called a phase? In other words, where é@nstraint since the PS-rich phase is in the liquid d@iteve
the lower limit of the phase size at which the macroscopiaheTgPS). In the second case, the constraints of the disordered
phase properties are still retained? Based on a simple calcetate are relatively weak and the PEO blocks crystallize to
lation that converts the volume fraction of the copolymerform a greatel than that of the disordered state. After the
components to the linear dimension (volunkength’) under crystallization process, however, the disordered phase mor-
an assumption of a disordered two-phase mdtlet PEO  phology does not completely vanish, and the residual effect
phase and the PS-rich phasas a first approximation, the on the newly formed crystalline morphology still remains. In
size of the PS-rich phase should be close to 7-8 nm. Wehe third case, although the PS-rich phase has become close
expect that a glassy state in polymers can exist at least dowo the hard solid, the PEO-block crystallization can still ma-
to this size range. The estimation of the size of PEO componipulate the phase morphology by gradually shifting lthef
nent is thus roughly 9—-10 nm. Note that in a linear PEO withthe phase morphology towards lowgralues. This manipu-
the same molecular weight, its after being crystallized at lation substantially decreases with decreasiggnd finally,
27°C is estimated to be 15.0 nhwhich is much greater this shift completely disappears when thg, is below
than the PEO-block crystal size in the diblock copolymer.30.0°C, suggesting that the PEO-block crystallization be-
This clearly demonstrates the constrained PEO-block crystatome to be completely constrained by the vitrification of the
lization caused by the PS-rich glassy phase. Furthermore, RS-rich phase. This leads to the fourth case. It seems that in
20% difference in the crystallinity of the PEO-block crystal- this diblock copolymer the size of the bulk glassy state can
lized below and above thEgPS may provide another evidence be estimated at least down to a vicinity of 7—8 nm.
for the constrained environment effect on crystallization.
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