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Abstract

Phase morphology, crystal orientation, and overall crystallization kinetics as determined by self-organization of the diblock copolymer,

vitri®cation of the amorphous block, and crystallization of the crystallizable blocks have been investigated for a lamellar-forming

poly(ethylene oxide)-b-polystyrene (PEO-b-PS) diblock copolymer. The diblock copolymer has number-average molecular weights of

8700 g/mol for the PEO blocks and 9200 g/mol for the PS blocks. Based on wide angle X-ray diffraction (WAXD) observations, the

PEO crystals possess the same crystal structure as pure PEO. When the crystallization temperature (Tc) is below 408C, the PEO crystals

melt below 558C, which is much lower than the melting point of their homopolymer analogs. The glass transition temperature of the PS

blocks is 628C, determined by the 50% heat capacity change during vitri®cation observed in differential scanning calorimetry (DSC). The

order±disorder transition temperature is determined to be 1608C using a one-dimensional (1D) small angle X-ray scattering (SAXS)

experiment. The mean-®eld segmental interaction parameter is determined to be xEO=St � 27:05 £ 1023 1 21:3=T ; based on the SAXS

scattering intensity analysis for T . TMF (crossover temperature from the concentration-¯uctuation region to the mean-®eld region). Using

real-time resolved simultaneous SAXS and WAXD techniques, the PEO block is observed to crystallize within the con®ned lamellae

provided by the glassy PS layers. The crystal (the ĉ 2 axis) orientation within the con®ned lamellae is determined by combined two-

dimensional (2D) SAXS and WAXD experiments. The PEO crystals are observed to tilt away from the lamellar surface normal �n̂� at Tc ,
358C; while they are oriented parallel to n̂ when crystallized above 358C. The thickness changes in the lamellar phase morphology after

isothermal crystallization can also be observed when compared with that in the molten state using 1D SAXS. After the crystallization of PEO

blocks, the phase lamellar thickness slightly decreases with decreasing Tc when Tc , 358C: When Tc . 358C; the lamellar thickness slightly

increases with increasing Tc. At Tc � 358C; the thickness remains identical to that in the molten state. The increase of phase lamellar

thickness may be a result of both dimensional change of the crystal growth via thickening of PEO lamellar crystals, and weakening of the

con®nement of the PS glass layers. The isothermal crystallization kinetics and melting results observed in DSC also support these conclu-

sions. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Block copolymers are of great scienti®c interest due to

their self-assembled supra-molecular structures formed

under various conditions [1,2]. In diblock copolymers, the

well-known phase morphologies include lamellae, double

gyroids, cylinders, and spheres. In the weak segregation

limit, order-to-order and order-to-disorder transitions are

of most interest. Many ordered phases have also been

observed in ABC type block copolymers [3]. Besides amor-

phous±amorphous diblock copolymers, liquid crystalline±

amorphous diblock copolymers and semicrystalline±

amorphous diblock copolymers have obtained substantial

attention, because molecular and supra-molecular self-

assemblies can form at different length scales [4]. For
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example, micro-phase separation of the diblock copolymers

usually occurs on a scale of a few tens of nm, layers of low

ordered liquid±crystalline phases formed by the liquid crys-

talline blocks are usually on a scale of a few nm, and crystal-

lization of the crystalline blocks is on an atomic packing

scheme of a few tenths of nm.

In crystalline±amorphous diblock copolymer systems,

there are three factors that determine the ®nal phase and

crystalline morphology of these diblock copolymers, i.e.

the microphase separation of a diblock copolymer (the

order±disorder transition temperature, TODT), the crystalli-

zation of the crystallizable blocks (the crystallization

temperature, Tc), and the vitri®cation of the amorphous

blocks (the glass transition temperature, Ta
g). Therefore,

competitions among these three processes can be under-

stood by the relative positions of these three temperatures

[5]. In disordered and weakly segregated low molecular

weight crystalline±amorphous diblock copolymers, when

the Ta
g p TODT and Tc, and the viscosity of the system is

relatively low, uncon®ned crystallization takes place,

because this process possesses much stronger molecular

interaction compared to microphase separation. The crystal-

lization thus overwrites the existing phase morphology to

form a crystalline lamellar morphology, and memory of the

initial phase morphology is lost. When the TODT , Tc;

uncon®ned crystallization occurs from a disordered phase

as in the case of Tc . TODT q Ta
g [5±8], while when the

TODT . Tc q Ta
g ; uncon®ned crystallization takes place

from an ordered phase [7±16].

If the Ta
g . Tc; crystallization becomes con®ned and the

existing phase morphology exerts strong restrictions on

crystallization of the crystallizable blocks. As a con-

sequence, the existing phase morphology is preserved

after crystallization. Con®ned crystallization has been

observed in both disordered and ordered phases, depending

upon the TODT. When Ta
g . Tc and TODT, the crystallization

is con®ned in a concentration-¯uctuation-induced dis-

ordered phase [5]. If TODT . Ta
g . Tc; the crystallization

is con®ned within the existing ordered phase due to the

rapid vitri®cation of the amorphous phases [17±26].

Although in some cases Tc is higher than Ta
g ; partially

con®ned crystallization may also occur in strongly segre-

gated crystalline±amorphous diblock copolymers [27±29],

in which the TODT is much higher than the Tc and Ta
g : This

may be due to a strong microphase separation between the

two immiscible blocks, and only local segmental rearrange-

ments occur when relatively rapid crystallization takes

place.

Understanding crystal orientation under con®ned crystal-

lization conditions is also of interest. Generally speaking,

there are two extremes of chain orientations in polymer

crystals associated with microphase-separated nano-lamel-

lae, i.e. the chain direction (usually the ĉ 2 axis of the crys-

tal) is oriented either parallel [6,30±33] or perpendicular

[18±21,34] to the lamellar surface normal �n̂�: In a few

cases, tilted chain orientation in the crystals with respect

to n̂ was also inferred from experimental results

[11,35,36]. The origin of different chain orientations was

speculated to relate to different molecular weights of the

crystallizable blocks [11]. The perpendicular crystal orien-

tation with respect to n̂ was also speculated to be facilitated

by the intermaterial dividing surface of the block

copolymers [19].

In this work, con®ned crystallization behaviors in the case

of TODT . Ta
g . Tc is studied in an ordered lamellar PEO-b-

PS diblock copolymer with relatively low molecular weights

(8.7±9.2 k). Using time-resolved simultaneous small angle

X-ray scattering (SAXS) and wide angle X-ray diffraction

(WAXD) on the study of the crystallization process and subse-

quent crystal melting, crystals of the PEO blocks are observed

to be constrained in the con®ned lamellar environment. It is

also found by two-dimensional (2D) SAXS and WAXD that

the PEO crystal (the ĉ-axis) orientation between two PS layers

changes from inclined to parallel to n̂ as the Tc increases from

15 to 408C. As soon as the con®nement is slightly weakened

(i.e. the PS phase is slightly devitri®ed), the release of this

constraint for the PEO crystals can be identi®ed.

2. Experimental section

2.1. Materials and sample preparation

The PEO-b-PS diblock copolymer was synthesized via

sequential anionic polymerization. The detailed procedure

can be found elsewhere [37]. Polymerization of styrene (4 g,

38.5 mmol) in benzene was effective at room temperature

using sec-BuLi (0.28 ml, 0.42 mmol) as the initiator in

vacuum sealed glass reactors using breakseals and standard

high-vacuum techniques [38]. After 24 h, an aliquot of

poly(styryl)lithium was removed from the reactor and

terminated with degassed methanol for sampling. The living

poly(styryl)lithium (2 g, 0.217 mmol) remaining in the reac-

tor was end-capped with ethylene oxide (9-fold excess,

0.11 ml, 2.17 mmol) by smashing the corresponding break-

seal. The reaction was stirred at room temperature for 24 h

and then 1.2 eq. of tert-butyl polyiminophosphazene

(0.26 ml, 0.26 mmol) was added, followed by further addi-

tion of ethylene oxide (2.14 g, 48.6 mmol) to continue the

block copolymerization at 458C. The reaction was

completed after 3 days and terminated with acidic methanol.

The product was precipitated into hexane with quantitative

yield. The crude polymer contained a small amount of PEO

homopolymer, which was removed by column chromato-

graphy on microcrystalline cellulose using methanol as

eluent solvent. The PS precursor was characterized by size

exclusion chromatography (SEC) using polystyrene stan-

dard calibration, and had an �Mn of 9.2 k and a polydispersity

of 1.02. The �Mn of the PEO block was determined by proton

nuclear magnetic resonance (1H NMR) to be 8.7 k, and the

polydispersity of 1.04 in the ®nal diblock copolymer was

determined by SEC using universal calibration. The mass
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and electron densities of amorphous PS and PEO at different

temperatures are listed in Table 1, based on the calculations

by McGowan [39]. The volume fraction of PEO blocks

( fPEO) is thus 0.473 in the melt at 608C.

In order to ensure the consistency of the phase behavior,

uniform sample preparation procedure and thermal history

were necessary. The sample was cast from a 5% (w/v)

toluene solution, and the solvent was allowed to evaporate

slowly under a dry nitrogen atmosphere at 508C to prevent

the crystallization of the PEO block. Residual solvent was

removed under vacuum at 508C for 1 day, and the sample

was then annealed at 958C for 12 h. The samples were

studied using different experimental techniques including

time-resolved simultaneous synchrotron SAXS and

WAXD, and differential scanning calorimetry (DSC). In

order to study the crystal orientation in this copolymer,

the microphase separated samples were subjected to a

large-amplitude oscillating shear at 1108C to achieve a

uniform, parallel alignment of the lamellar phase morphol-

ogy. The shear frequency was 0.5 Hz, and the shear ampli-

tude was 150%. The shear-aligned samples were further

annealed at 958C for another 12 h in vacuum to eliminate

any residual stresses.

2.2. Equipment and experiments

Time-resolved, simultaneous SAXS and WAXD experi-

ments were conducted at the synchrotron X-ray beamline

X27C of the National Synchrotron Light Source in Brook-

haven National Laboratory. The wavelength of the X-ray

beam was 0.1307 nm. One-dimensional (1D) position sensi-

tive detectors (PSDs) were used to record the X-ray scatter-

ing. The zero pixel of the SAXS PSD was calibrated with a

rat tail, and the scattering vector q (q � 4p sin u=l; where

l � 0:1307 nm and 2u is the scattering angle) was cali-

brated with silver behenate. The WAXD PSD was calibrated

using a-Al2O3. In addition, conventional SAXS was

performed in some cases on an 18 kW rotating anode and

1D PSD using a combined slit and pinhole collimation

system. For the oriented samples, 2D SAXS experiments

were also carried out at the X27C synchrotron beamline

using image plates as detectors. The corresponding

WAXD experiments were conducted on the rotating anode

generator equipped with a 2D image plate. The same

samples were used in both the SAXS and WAXD experi-

ments. The calibrations of conventional SAXS and WAXD

in our laboratory were the same as in the synchrotron X-ray

experiments.

Isothermal crystallization measurements were carried out

on a customized two-chamber hot stage. The isothermal

crystallization temperature (Tc) was controlled to within

^0.18C. The samples were preheated to 708C in the melting

chamber for 3 min, and then quenched (switched) to the

second chamber with preset temperatures for isothermal

crystallization. A heating rate of 18C/min was used to

study the melting behavior of the samples after complete

crystallization. In order to detect the TODT of the sample,

SAXS experiments were also conducted up to 2308C at a

heating rate of 28C/min under a dry nitrogen atmosphere.

The PEO-b-PS diblock copolymer is stable up to 2508C
under an inert gas atmosphere for 3 h, as evidenced by

combined thermogravimetric analysis and SEC results.

DSC experiments were carried out on a TA-2000 DSC to

study the isothermal crystallization and melting behavior of

the PEO-b-PS. The DSC was calibrated with p-nitrotoluene,

naphthalene, and indium standards. Isothermal crystalliza-

tion was conducted by quenching the samples from the melt

at 708C to a preset Tc. The fully crystallized samples were

then heated at a rate of 58C/min. The endothermic peak

temperature was taken as the melting temperature (Tm).

The weight percentage crystallinity was calculated using

an equilibrium heat of fusion for low molecular weight

PEO crystals (7.89 kJ/mol) [40].

Transmission electron microscopy (TEM, JEOL 1200 EX

II) experiments were carried out at an accelerating voltage

of 120 kV. Thin slices for TEM were obtained using a

Reichert Ultracut S (Leica) microtome to section the

shear-aligned samples perpendicular to the shear direction

at 2408C. The sample was stained using RuO4 vapor at

room temperature for 20 min [41].
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Table 1

Densities and electron densities of amorphous PS and amorphous PEO, and volume fraction of PEO blocks at different temperatures (The calculations are

based on the equation provided in Ref. [39])

Temperature (8C) rPEO (g/cm3) rPS (g/cm3) r e
PEO (e/nm3) r e

PEO (e/nm3) fPEO (%)

20 1.1210 1.0534 368 341 47.1

40 1.1067 1.0443 363 339 47.2

60 1.0919 1.0351 359 336 47.3

80 1.0767 1.0256 354 332 47.4

100 1.0610 1.0159 348 329 47.5

120 1.0446 1.0060 343 326 47.7

140 1.0277 0.9958 337 323 47.8

160 1.0101 0.9854 332 319 48.0

180 0.9917 0.9748 326 316 48.2

200 0.9725 0.9639 319 312 48.4

220 0.9524 0.9526 313 309 48.6



3. Results and discussion

3.1. General characterization of the diblock copolymer

Fig. 1 shows a set of DSC cooling and subsequent heating

diagrams for the PEO-b-PS (8.7±9.2 k) at 58C/min. On

cooling, a major exothermic Tc peak occurs at about 268C,

and upon heating, an endothermic Tm peak appears at about

508C. An inset of Fig. 1, which is seventeen-time magni®ed

in the heat-¯ow scale, shows that a TPS
g is located at 628C

upon cooling, determined by the 50% heat capacity (cp)

change during vitri®cation. During heating, the difference

in the onset temperature (458C), where the cp deviates from

the solid state cp, and the ending temperature (778C), where

the cp merges, is 328C. The breadth of the Tg is signi®cantly

wider than the base polystyrene (about 188C). Furthermore,

the Tg of the base PS homopolymer is 858C, which is 238C
higher than the TPS

g : Both the lower TPS
g and the wider Tg

range may be the result of size and interface effects of the PS

glass layers being located between molten PEO layers.

Fig. 2 shows a TEM micrograph of a thin section of this

PEO-b-PS stained by RuO4 at room temperature for 20 min.

The geometry of the shear-aligned sample is de®ned by x̂; ŷ;

and ẑ coordinates. The shear direction is along x̂; and the

shear plane is the x̂±ŷ plane. Thus, ẑ ; n̂: In Fig. 2, layer

morphology can be clearly observed perpendicular to the

shear direction. Since PEO is more reductive than PS, it is

more ready to be stained by RuO4. The darker lines in the

micrograph are the PEO layers, and the lighter lines are the

PS layers. The boundary between two phases appears to be

rough, because RuO4 stains both PEO and PS phases. The

short time staining procedure used may cause non-unifor-

mity during staining. Therefore, create the roughness of the

phase boundaries. The results of SAXS at 558C in Fig. 3 also

reveal the well-ordered lamellar phase morphology in the

melt. The SAXS Bragg scattering peaks possess ratios of

q=qp � 1 : 2 : 3 : 4 (qp is the scattering vector of the ®rst-

order peak). The ®rst-order scattering peak corresponds to a

Bragg spacing of 18.7 nm (2p/qp). Therefore, from TEM

and SAXS observations, the thicknesses of the PEO and

PS layers can be calculated to be between 8.8 and 9.9 nm,

respectively, based on the volume fraction of PEO blocks.

The intensity of the second-order scattering peak is weaker

than that of the third-order peak (Fig. 3). This may be

explained by the extinction rule of structural symmetry. In

the melt, the sample is in a two-phase system. The volume

fraction of PEO blocks is close to 0.5, and thus, both of the

PEO and PS layers are of similar thickness. This leads to a

weak second-order scattering.

The order±disorder transition temperature (TODT) of this

sample can be studied using temperature dependent SAXS.

An inset of Fig. 4 shows a set of 1D SAXS patterns starting

at 1078C, well above the Tm of the PEO crystals. Only the

®rst order scattering peak is observed, because the electron

density difference between amorphous PEO and PS further

decreases at high temperatures (see Table 1). With increas-

ing temperature, the ®rst-order scattering peak shows a

slight shift of the peak position towards higher q values.
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Fig. 1. DSC cooling and successive heating diagrams of the PEO-b-PS

(8.7±9.2 k) at a rate of 58C/min. The insert represents the glass transition

region of the copolymer with an enlarged heat ¯ow scale ( £ 17).

Fig. 2. TEM observation of the lamellar phase morphology of the PEO-b-PS after staining using RuO4. The shear direction is along x̂; and the shear plane is the

x̂±ŷ plane. The lamellar geometry is de®ned as n̂ k ẑ:



The scattering intensity of the peak gradually decreases

accompanied by a widening of the half-width at half-maxi-

mum (HWHM). At 1608C, there is a sudden decrease in the

scattering intensity accompanied by a signi®cant broaden-

ing in the HWHM, indicating the transition from the ordered

lamellae to a disordered state. With further increase in the

temperature, the broad scattering peak (correlation hole

scattering) continuously shifts to higher q values, and its

intensity decreases while the HWHM continues to increase.

In order to clearly determine this transition, a relationship

between the reciprocal maximum intensity �I21
m � and recip-

rocal temperature (T21) is plotted in Fig. 4. A discontinuous

change of the reciprocal intensity at 1608C can be observed.

The square of the HWHM (s q) with respect to T21 is also

included in this ®gure, and a similar relationship can be

found as in the case of I 21
m vs. T21. Both results indicate

that the TODT is at 1608C. As shown in Fig. 4, above 1608C, a

non-linear relationship between I21
m and T 21 reveals that the

disordered state can be described by the concentration ¯uctua-

tion theory [42], where both the PEO-rich and PS-rich micro-

domains possess the sinusoidal-wave-type pro®le interfaces

[43,44]. Above ,2008C, the linear relationship between the

I21
m and T21 indicates that the disordered system can be

described by the mean-®eld theory [45]. This crossover

temperature is denoted as TMF.

The Flory±Huggins segmental interaction parameter for

the PEO-b-PS diblock copolymer (xEO/St) can be estimated

by analyzing the scattering pro®les from the disordered

melts on the basis of Leibler's Landau type mean-®eld

theory [45] modi®ed for the effects of molecular weight

polydispersity and asymmetry in the segmental volume.

The detailed theoretical calculations can refer to the work

in Ref. [46]. For the estimation of xEO/St the characteristic

parameters for this diblock copolymer are listed in Table 2.

The molecular volume for styrene (vSt) and ethylene oxide

(vEO) are estimated as

vSt � MSt=rSt �1�
and

vEO � MEO=rEO �2�
where MSt and MEO are the molecular weights of styrene and

ethylene oxide monomers. rSt and rEO are the densities of

amorphous PS and PEO, and are listed in Table 1. The

segmental lengths for PEO (bEO) and PS (bSt) are set as

¯oating parameters to ®t the experimental and theoretical

peak scattering vector qm. The initial values are taken as

bEO � 0:50 nm and bSt � 0:68 nm; respectively, calculated

from the unperturbed molecular dimensions of linear PEO

and PS chains [47]. The xEO/St results obtained from the best

®t between the experimental and theoretical relative
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Fig. 4. Plots of the reciprocal X-ray scattering intensity (I21) and square of

half width at half-height (s q) with respect to reciprocal temperature (T 21)

for the SAXS data of PEO-b-PS (8.7±9.2 k) obtained at different tempera-

tures. The insert shows a set of SAXS data in a plot between relative

intensity and scattering vector (q).

Table 2

Characteristic parameters for the evaluation of the Flory±Huggins inter-

action parameter for this PEO-b-PS diblock copolymer (xEO/St)

wEO
a NEO,n

b NSt,n
b l c rc,n

d

0.486 198 88 1.08 264

a Weight fraction of the PEO blocks.
b NEO,n and NSt,n are number-average degrees of polymerization of PEO

and PS blocks.
c l is a term for the molecular weight distribution correction. We assume

lPEO � lPS � lPEO2b2PS � ��Mw=Mn 2 1�=�w2
EO 1 w2

St��1 1:
d rc,n is the effective degree of polymerization, which has been corrected

for the asymmetry in the segment sizes for PEO and PS, and rc;n �
�vEO=v0�NEO;n 1 �vSt=v0�NSt;n: v0 is the reference volume, and v0 �
�vEOvSt�1=2:

Fig. 3. A SAXS curve for the PEO-b-PS diblock copolymer obtained at

558C. Note the second and third order scattering maxims.



scattering intensity distributions are shown in Fig. 5 as a

function of T21. In this plot, there also exists a TMF around

2008C. At T . TMF; xEO/St increases linearly with T21, but it

tends to level off at T , TMF: The plateau behavior can be

explained by the thermal ¯uctuation effect in a real system,

which tends to make the amplitude of the concentration

¯uctuations smaller than that predicted by the mean-®eld

theory. Based on this theory, the linear part of xEO/St vs.

T21 at T . TMF can be expressed as

xEO=St � 27:05 £ 1023 1 21:3=T �T in K� �3�

The (xEO/Strc,n)ODT calculated from Eq. (3) is 11.1 �TODT �
433 K�; which is slightly higher than the critical value of

�xEO=Strc;n�c � 10:5 predicted by mean-®eld theory for

symmetric diblock copolymer. Here, rc,n is the effective

degree of polymerization for the diblock copolymer,

which has been corrected for the asymmetry in the segment

sizes of PEO and PS (see Table 2). The higher (xEO/Strc,n)ODT

value compared to 10.5 indicates the ª®nite size effectº in

the concentration ¯uctuation region [42]. This result is

reasonable because the volume fraction of this diblock

copolymer is close to 0.5, and it is near the critical point

in the diblock copolymer phase diagram. The xEO/St value

obtained for this diblock copolymer in the temperature

range studied (160±2308C) changes from 0.035 to 0.039,

which is smaller than those reported in the literature for

the bulk xEO/St [48±50].

3.2. Con®ned PEO crystallization within lamellar

morphology

Fig. 6a and b show sets of time-resolved, simultaneous

synchrotron 1D SAXS and WAXD results for an unoriented

PEO-b-PS sample crystallized at 358C. The small angle

scattering intensity in the melt is observed to be lower

than that after crystallization of the PEO blocks, because

the electron densities decrease in the order of crystalline

PEO, amorphous PEO, and amorphous PS (407, 368, and

341 e/nm3). Here, the density of crystalline PEO is 1.239 g/

cm3 [51]. In the initial stage (within 1.5 min) the SAXS

patterns always have a sharp scattering peak from the

ordered microphase separated lamellae in the melt, and

the WAXD patterns show an amorphous halo arising from

non-crystalline PEO and PS blocks. With increasing iso-

thermal time (tc), the intensity of the ®rst-order scattering

peak in the SAXS increases, and higher order scattering

peaks gradually appear. Strong Bragg WAXD peaks,

which result from the crystallization of the PEO blocks,

also gradually develop upon increasing tc. From the
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Fig. 5. xEO/St dependence on T21. From the linear region, the relationship of

xEO=St � A 1 B=T can be obtained.

Fig. 6. Sets of 1D SAXS (a) and WAXD (b) patterns for the PEO-b-PS isothermally crystallized at 358C at different times.



evidence in Fig. 6b, the PEO block crystals possess the same

crystal structure as their homopolymer analogs. Since the

®rst-order scattering peak remains at the same q value, and

the ordered phase lamellar structure �q=qp � 1 : 2 : 3 : 4� is

not changed throughout the crystallization, it can be inferred

that the PEO blocks crystallize in a con®ned space between

the PS glassy layers. This is evident since the TODT of this

diblock copolymer is at 1608C, and the Tc is 278C lower than

the TPS
g and 108C lower than the onset temperature of the

TPS
g : Therefore, the con®nement, which is formed by rapid

vitri®cation of the PS phase and strong phase segregation of

the PEO and PS blocks, effectively constrains the PEO

block crystallization. Compared with the crystal lamellar

thickness of the PEO homopolymer with the same molecu-

lar weight at Tc � 358C (around 15 nm [52]), the crystal

lamellar thickness of the con®ned PEO crystals (,8.8 nm,

because the ĉ-axis is parallel to n̂ at this temperature, see

text below) is much thinner. The PEO crystals are thus

metastable and constrained within the con®ned space

[53,54].

After crystallization, the ®rst-order scattering peak

becomes broader than that in the melt. This is probably

due to the existence of a three-phase system formed after

crystallization (i.e. PEO crystals, amorphous PEO layers,

and amorphous PS layers). The long-range order of the

electron density in the two-phase layer structure may be

disturbed by this three-phase structure, which would

broaden the scattering peaks.

Fig. 7a and b are sets of SAXS and WAXD results for the

melting behavior of the PEO-b-PS at a heating rate of 18C/

min after the sample was fully crystallized at Tc � 358C:
During heating, the SAXS scattering peaks become narrow,

while the WAXD Bragg re¯ections gradually disappear. It is

important to note that the positions of the multiple ordered

SAXS scattering peaks tend to slightly shift to lower q

values as the temperature reaches 458C, which is the onset

temperature of the TPS
g : The solid state characteristics of the

PS glassy layers begin weakening at this temperature. The

originally constrained PEO crystals tend to thicken along

the ĉ-axis, and as a consequence, expand the overall phase

lamellar thickness [53,54].

3.3. Crystal orientation in a con®ned environment close to

room temperature

For this diblock copolymer, the crystal (the ĉ-axis) orien-

tation in the con®ned space formed between two PS glassy

layers has been observed using combined 2D SAXS and

WAXD experiments. The crystal orientation has been

observed to change from randomly oriented to perpendicu-

lar to n̂; then inclined, and ®nally parallel to the n̂; depend-

ing upon Tc [55]. Four temperature regions have been

observed. At Tc , 2508C; the PEO crystals are randomly

oriented. At 2508C # Tc , 258C; the ĉ-axis of the PEO

crystals orients perpendicular to n̂: When 258C # Tc ,
358C; the ĉ-axis of the PEO crystals is inclined with respect

to n̂; with the tilt angle increasing with increasing Tc.

Finally, for Tc $ 358C; the ĉ-axis of the PEO crystals is

parallel to n̂: In this report, since we are focusing on the

crystallization behavior of the PEO-b-PS diblock copolymer

around room temperature, we only show the 2D SAXS and

WAXD results obtained at Tc $ 158C for shear-aligned

samples. Note that these patterns observed along both x̂

and ŷ directions are identical at all Tcs. In the following

discussion, only the diffraction patterns along the ŷ direction

are displayed to avoid redundancy.
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Fig. 7. Sets of 1D SAXS (a) and WAXD (b) patterns for the PEO-b-PS recorded during heating to monitor the crystal melting after the sample was completely

crystallized at 358C.



The lamellar phase morphology for the shear-aligned

PEO-b-PS sample is studied by 2D SAXS. Fig. 8a shows

the SAXS pattern along ŷ: Up to three scattering orders can

be clearly observed. No discernable diffraction in the SAXS

pattern through ẑ is found in Fig. 8b. Therefore, the phase-

separated lamellae are almost perfectly aligned parallel to

the shear plane (the x̂±ŷ plane) based on both the TEM and

SAXS results. The 2D WAXD patterns along ŷ for the

shear-aligned sample isothermally crystallized at 158C and

408C are shown in Fig. 9a and b, respectively. The lower

angle re¯ections are (120) re¯ections, and the higher angle

re¯ections are the overlapped �132�; (032), �212�; (112),

(124), (204) and (004) re¯ections. The corresponding

azimuthal-scan results for the (120) re¯ections are given

in Fig. 9c and d. One can see four maxims located around

69, 116, 247, and 2948 in Fig. 9c. There are also two maxims

buried in between the scattering peaks of 69 and 1168, and

247and 2948, respectively, around 90 and 2708. This WAXD

pattern can be explained by chain-tilting of the crystals

within the con®ned lamellae [55]. From the azimuthal-scan-

ning result, the tilt-angle with respect to the x̂±ŷ plane is

66.58 at Tc � 158C: However, there are only two maxims in

the azimuthal-scanning result in Fig. 9d, indicating the ĉ-

axis at Tc � 408C is exclusively parallel to ẑ �n̂�: With

increasing Tc from 158C to 408C, therefore, the crystal orien-

tation changes from inclined to parallel to n̂: Detailed

analyses show that the transition temperature occurs at Tc �
358C [55].

The 2D WAXD patterns along ẑ show isotropic ring

re¯ections for both Tc � 158C and 408C, indicating the

PEO crystals have random distributions along ẑ: Therefore,

the crystal orientations are actually uniaxial around n̂ �ẑ�:

3.4. Morphological changes depending upon Tc

If we carefully examine the SAXS results shown in Fig.

10, it is interesting to ®nd that when the sample is crystal-

lized below 358C the ®rst-order scattering peak tends to shift

to larger q values, and the shift amount increases with

decreasing Tc. This suggests that the overall phase lamellae

slightly shrink along the 1D thickness direction after crystal-

lization. At Tc � 358C; the ®rst-order scattering peak

remains at an identical q value as in the melt, and thus,

the phase lamellar thickness is constant before and after

crystallization. Above Tc � 358C; the ®rst-order scattering

peak shifts to smaller q values, and the shift amount

increases with increasing Tc. Therefore, the phase lamellae

expand along the 1D thickness direction after crystalliza-

tion. One may speculate that although the phase morphol-

ogy of the diblock copolymer is frozen by the rapid

vitri®cation of the PS phase, the PEO blocks may slightly

L. Zhu et al. / Polymer 42 (2001) 5829±58395836

Fig. 8. 2D SAXS patterns through ŷ (a) and ẑ (b). The intensity in (b) is 10 £ that in (a).

Fig. 9. 2D WAXD patterns along ŷ for the shear-aligned sample isother-

mally crystallized at 158C (a) and 408C (b). The corresponding (120)

azimuthal-scanning results are shown in (c) and (d) for Tc � 158C and

408C, respectively.



manipulate this morphology, when crystallization and/or

annealing takes place at temperatures which are less than

108C lower than the onset temperature of the TPS
g :

These observations can also be related to different crystal

orientation transitions with increasing Tc. Note that between

Tc � 258C and 358C, the crystal orientation undergoes a tilt

angle change from the perpendicular to the parallel arrange-

ments of the ĉ-axis with respect to n̂ [55]. The temperature

where a constant phase lamellar thickness is seen before and

after the crystallization is identical to where the crystal

orientation has the ĉ-axis parallel to the n̂. Note that the

volume of this PEO-b-PS diblock copolymer decreases

after the crystallization of the PEO blocks [56]. Although

the TPS
g is higher than the Tm of the PEO crystals, the change

of phase lamellar thickness is 1D and therefore, the sizes of

the other two dimensions must change accordingly in order

to meet the requirement of the overall volume decrease.

3.5. Overall crystallization kinetics, crystallinity and

melting

Fig. 11 shows the overall crystallization kinetics of this

PEO-b-PS at different Tc studied by DSC, which are plotted

using 2ln[ln(1 2 xc)] vs. ln(tc) (xc is the weight crystallinity,

and the results in Fig. 11 will not be much different than

volume crystallinity). In the early stage of crystallization,

linear relationships appear. From these linear relationships,

the Avrami parameters of the intercept [ln(K)] and slope (n)

can be obtained as shown in Fig. 12. The ln(K) includes the

geometric factor and linear growth rate terms and can be

roughly viewed as a representative of the crystallization

rate. In Fig. 12, ln(K) decreases drastically with increasing

Tc, compared with a PEO homopolymer with the same

molecular weight. For example, at Tc � 40:08C; ln(K) is

8.39 for uncon®ned pure PEO having an �Mn of 9.0 k [57],

while it is 220.5 for the block copolymer. The n value

slightly increases at Tc , 338C to between 1.4 and 1.6,

implying that the crystal growth of PEO blocks is in a tran-

sition from 1D to 2D shapes. This is consistent with the

tilting of the c-axis orientation in the PEO crystals. When

Tc increases to 358C, the n value substantially increases to

1.8. This may indicate that the crystallization of PEO blocks

at these Tcs become 2D under the con®ned lamellar envir-

onment. Further increasing the Tc leads to another sudden

increase of the n value to ®nally reach 2.9 at Tc � 398C:
Compared with the uncon®ned pure PEO (9.0 k), the n value

at 408C is around 2 in the same Tc region [57]. This may

illustrate that the PEO lamellar crystals in the case of pure

PEO are not geometrically constrained and therefore, no

substantial thickening takes place during the initial stage

of the isothermal crystallization. However, the diblock

copolymer tends to thicken in the third dimension even in

the initial stage, and attempts to overcome the constraint

L. Zhu et al. / Polymer 42 (2001) 5829±5839 5837

Fig. 11. The Avrami plots of the PEO-b-PS crystallized at different

temperatures.

Fig. 12. Changes of the Avrami rate, ln(K), and the Avrami exponent, n,

with respect to the isothermal Tc.

Fig. 10. Set of 1D SAXS data for the PEO-b-PS after the samples were

crystallized at different temperatures (from Tc � 288C to Tc � 408C).



caused by the PS layers to release the frustration (see

Fig. 10). It is also speculated that the change of the growth

dimensions and rates in the con®ned lamellar space may be

the cause of the drastic changes in ln(K).

The Tm and crystallinity changes with respect to Tc are

shown in Fig. 13. Both changes possess an onset tempera-

ture of 358C, where the rates of change suddenly increase.

This is because the crystallization of the PEO blocks is

totally con®ned when Tc # 358C; so the Tm and crystallinity

changes are small. When Tc . 358C; the con®nement

gradually weakens and both quantities increase accordingly.

This again corresponds well to the crystal orientation transi-

tions as described in the previous sections. For example,

Tm � 50:88C at Tc � 308C and Tm � 51:08C at Tc �
338C: When Tc � 378C; the Tm increases to 53.38C.

Above Tc . 388C, the Tm increases even more rapidly. For

example, at Tc � 408C; the Tm reaches 558C, indicating an

increase of the crystal thickness and thus, thermodynamic

stability. In other words, as soon as the con®nement is

weakened, constraints exerted on PEO crystals can be

released via crystal thickening.

The crystallinity of the fully crystallized samples is rela-

tively low compared to 93 wt% for the PEO homopolymer

having the same �Mn [52,57]. Again, when Tc # 358C; the

crystallinity changes little (62% at Tc � 278C; and 62.5% at

Tc � 348C). This may re¯ect the con®nement effect on the

crystallinity of PEO blocks. However, when Tc . 358C; the

crystallinity shows a clear increase. At Tc � 408C; where

the con®nement effect has been weakened, the crystallinity

reaches 66%. We speculate that the lower crystallinity

compared to the pure PEO sample may also be caused by

the fact that the tethering parts of the PEO chains must be

excluded from the crystal lattice.

4. Conclusion

In summary, for the PEO-b-PS (8.7±9.2 k) diblock

copolymer, the PEO blocks crystallize in a Tc region

below 408C and the PEO crystals melt below 558C. The

breath of the TPS
g transition is 328C, from 45 to 778C, and

the 50% cp change during vitri®cation is at 628C. The TODT

of this ordered lamellar morphology is experimentally

detected at 1608C. The mean-®eld interaction parameter

xEO/St is determined to be 27.05 £ 1023 1 21.3/T. The

PEO blocks thus undergo a crystallization process within

a lamellar con®ned environment between two PS glassy

layers. The crystal (the ĉ-axis) orientation shows transitions

from perpendicular to n̂ to inclined, to ®nally parallel to n̂

as Tc increases. These results indicate the crystal growth

changes from 1D to 2D. Crystallization also leads to a slight

change of the phase lamellar thickness. After the PEO block

crystallization, the phase lamellar thickness slightly

decreases with decreasing Tc when Tc , 358C: Above Tc �
358C; the lamellar thickness slightly increases with increas-

ing Tc, while at Tc � 358C; the thickness remains constant

compared with that in the melt. The crystallinity and Tm

changes observed after the isothermal crystallization at

different Tc also possess an onset temperature of 358C.

This corresponds well to the transition temperature where

the crystal (the ĉ-axis) orientation transfers from inclined to

the parallel to n̂: Compared with the overall crystallization

and melting behavior of a pure PEO with the same �Mn; it can

be concluded that the PEO crystals in this diblock copoly-

mer formed in con®ned lamellar environment are

constrained. This constraint can be somewhat released as

soon as the con®nement is weakened, which is critically

determined by Tc when the self-organization and vitri®ca-

tion processes are prevailing processes.
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