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Abstract

The crystallization behavior of two microphase-separated poly(styrene-b-octadecylmethacrylate) block copolymers with lamellar and
cylindrical morphology is studied by DSC. The findings are compared with results for a polyoctadecylmetharcylate (PODMA) homopolymer.
The situation in the block copolymers is characterized by the occurrence of a confined side chain crystallization in small PODMA domains
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surrounded by a glassy polystyrene phase. The strength of confinement effects depends significantly on the block copolymer mo
The crystallization behavior of PODMA lamellae with a thickness of about 10 nm is only slightly affected and similar to the situat
the homopolymer. In cylindrical PODMA domains with a diameter of about 10 nm strong confinement effects are observed: the de
crystallinity is 50% reduced and the crystallization kinetics slows down. The Avrami coefficients change fromn ≈ 3 for the homopolymer and
PODMA lamellae ton ≈ 1 for PODMA cylinders. This observation indicates one-dimensional growth in small cylinders or a change
heterogeneous to homogeneous nucleation. Pros and cons of both approaches are discussed. A speculative picture explaining qual
differences in the crystallization behavior of PODMA lamellae and cylinders in a glassy polystyrene matrix is presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

An important method to learn more about general aspects
of the crystallization process is to study crystallizable liq-
uids and polymers under confinement[1,2]. The most tradi-
tional way is to study small droplets of size 50–1000 nm in
order to detect changes in the crystallization behavior. This
droplet method has been applied already in the 1960s to emul-
sions of alkanes in water[3] and until now is a powerful
tool to investigate the transition from heterogeneous to ho-
mogeneous nucleation[4–6]. Crystallizable materials have
been also transferred into porous glasses or zeolites with typ-
ical pore sizes of 2–50 nm in order to study the influence
of smaller confinements[7–10]. More recently the crystal-
lization in microphase-separated block copolymers contain-
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ing self-assembled domains with a typical dimension of 10
50 nm[1] and in thin polymer films with a thickness of 10–
1000 nm[11–14]has been studied in detail. In all cases sig
nificant changes in crystallization kinetics and morpholog
have been observed. Although thin polymer films arranged
top of a substrate and thin self-assembled lamellae in blo
copolymers differ in many details the crystallization beha
ior is affected in a similar way. Both methods are alternativ
approaches to follow the crystallization under confinemen
This shows that the crystallization process in microphas
separated block copolymers has a lot of similarities to t
crystallization in thin polymer films which is studied by mod
ern calorimetric techniques recently[14,15]and in other pa-
pers of this special issue[16].

Polymer crystallization in small domains of microphase
separated block copolymers has been extensively stud
by scattering techniques, calorimetry and relaxation spe
troscopy [1]. The influences of different self-assemble
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constraints on crystallization kinetics and nucleation process
have been investigated[17–20]. The inter-relation between
crystallization process and microphase separation is a
closely related question. Most of the previously studied
diblock copolymers consist of one crystallizable and one
amorphous component. Considering the relation between
the glass temperatureTg of the amorphous block and the
crystallization temperature of the other component different
situations have been studied:Tg can be significantly higher
than the crystallization temperatureTc of the other compo-
nent so that small domains of size 10–50 nm crystallize in a
rigid environment. In other casesTg is comparable toTc so
that the crystallization process can influence the microphase
morphology of the relatively soft and mobile block copoly-
mer. Basically block copolymers where main chains of one
component are able to crystallize have been studied so far.
In these polymers chain folding occurs during the crystal-
lization process. Well investigated is the crystallization of
polyethyleneoxide, polyethylene and poly(ε-caprolactone)
in block copolymers like poly(ethyleneoxide-b-butadiene)
[19,20], poly(ethyleneoxide-b-propyleneoxide) [21],
poly(ethyleneoxide-b-styrene) [22], poly(ethyleneoxide-
b-butyleneoxide) [23], poly(ethylene-b-propylene) [24],
poly(ethylene-b-vinylcyclo-hexane)[17,25], poly-(ethylene-
b-styrene)[26], poly(ethylene-b-ethylethylene)[25,27], and
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Fig. 1. (A) Temperature-dependent heat capacity for two P(S-b-ODMA)
block copolymers as well as PS and PODMA homopolymers. Heating rate
is +20 K/min after a cooling run with the same rate. (B) Heat flow rate for
the B224/12 sample measured during cooling and heating with 10 K/min.
The determined onset temperatures are indicated. The insert shows the
temperature-time program of the DSC measurements.Tu is chosen to be
≈20 K aboveTm of the PODMA block and≈40 K lower thanTg of the PS
block.Tl is always−30◦C. The samples are cooled with a rate of−40 K/min
to the isothermal crystallization temperatureTc. Tc and the isothermal crys-
tallization timetc are varied in a wide range to obtain information about the
crystallization kinetics. The heat of meltingqm(Tc, tc) is determined from
the peak area between measured dQ/dtcurve and the base line extrapolated
from the liquid state.

interesting to see whether or not basic features of the side
chain crystallization in our block copolymers are similar to
recent findings for long main chains which crystallize in self-
assembled block copolymer domains.

2. Experimental

2.1. Sample synthesis

The investigated poly(S–b–ODMA) copolymers are syn-
thesized by anionic polymerization. Styrene (Merck) was
destabilized, dried over CaH2 and distilled from dibutyl mag-
nesium. Octadecylmethacrylate (Merck) was dissolved in
dry THF (Merck) and stirred over CaH2 for a few days.
The solution was subsequently filtrated over silica gel to
remove stabilizer and the solvent was evaporated in vac-
uum. THF was dried over CaH2 and freshly distilled from
the purple sodium salt of the benzophenone dianion. All
other solvents were dried and distilled by standard proce-
dures. 1,1-Diphenylethylene (Merck) was dried with a few
drops ofsec-butyl lithium and distilled. The experiments were
performed under argon, purified by Oxisorb and Hydrosorb
(Messer-Grießheim). InitiatorS-butyl lithium (Aldrich) and
other reagents were used as received.
poly(ε-caprolactone-b-butadiene)[28].
The crystallization ofside chain polymersunder confine-

ment has not been investigated in detail so far. A special f
ture of the crystallization of alkyl groups in side chain poly
mers is that crystallization starts from a nanophase-separa
melt [29], i.e. long alkyl groups are already aggregated b
fore crystallization starts to occur. Alkyl nanodomains with
typical dimension of 1–3 nm depending on the length of t
alkyl groups, are formed. These alkyl nanodomains unde
during the crystallization process a transition from the diso
dered to the partly crystalline state[30]. The consequence for
microphase-separated block copolymers containing such s
chain polymers as one component is the existence of a hie
chy of two length scales: one is due to nanophase separa
of the side chain polymer on a scale in the 1 nm range a
the other one is due to microphase separation of both blo
copolymer components on scales of about 10 nm. Recen
results are reported for block copolymers with one comp
nent being a liquid-crystalline side chain polymer showin
similar features[31–34].

In this paper we present calorimetric results fo
microphase-separated poly(styrene-b-octadecyl metha
late) copolymers, P(S–b–ODMA), with different compos
tion and morphology. The crystallizable component here i
side chain polymer, PODMA, where long alkyl groups wit
18 carbon atoms in each monomeric unit crystallize in sm
alkyl nanodomains with a typical dimension of about 2 nm
The situation in the investigated P(S–b–ODMA) copolyme
is characterized byTg � Tm ≈ Tc (Fig. 1), i.e., crystalliza-
tion of the PODMA block occurs always in a rigid envi
ronment formed by the glassy polystyrene phase. It will
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Table 1
Sample characterization

Sample Type ΦODMA M̄n(kg/mol) M̄w/M̄n dODMA(nm) �cp (J/gK) Tg (◦C)

ODMA27 Homopolymer 1 9.0 2.1 - – –
B154/25 Lamellar 0.39 24.4 1.1 8.7 0.13 84
B224/12 Cylindrical 0.18 27.6 1.1 10.9 0.22 84

All polymerizations were carried out in carefully flamed
glass reactors in THF as the solvent at−78◦C (styrene poly-
merization) or 0◦C (octadecylmethacrylate polymerization)
under an argon atmosphere using syringe techniques. After
several cycles of degassing the solvent was transferred to the
reactor by condensation from oligomeric polystyrene anions
under reduced pressure. Then the desired amount of monomer
was added followed by the initiator. After 1 h the living
polystyrene anions were end-capped with diphenylethylene
and stirred for another 15 min. Octadecylmethacrylate as the
second monomer was added drop-wise. Then the solution
was warmed to 0◦C and stirred for several hours. The reac-
tion was terminated by adding methanol. The polymer was
precipitated in ethanol at room temperature, washed and dried
in vacuum for several days.

The PODMA homopolymers are synthesized by anionic
polymerization. The PS sample is a commercial product by
BASF (PS 168N). The octadecane sample is a commercial
product by Aldrich.

2.2. Sample characterization

The parameters characterizing the microstructure of our
polymers are summarized inTable 1. Molecular weight pa-
rameters are determined by size exclusion chromatogra-
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cooling and heating curves as well as methods to determine
crystallization temperature (Tc), melting temperature (Tm)
and to estimate the heat of melting (qm) are shown inFig. 1B.
An onset construction is used for the determination ofTc and
Tm in order to minimize the influence of experimental effects
like temperature gradients in the sample. The reported trends
are basically independent on this choice.Tc andTm values
obtained from the peak maxima indicate similar behavior.

3. Results

A comparison of conventionalcp(T ) curves as ob-
tained from heating scans on the two microphase-separated
P(S–b–ODMA) copolymers with cylindrical (B224/12) and
lamellar morphology (B154/25) with that for the cor-
responding homopolymers, poly(n-octadecylmethacrylate)
and polystyrene, shows that melting of the PODMA block
as well as glass transition of the PS block occur in a similar
temperature range as in the homopolymers (Fig. 1A). The
�cp values for the PS glass transition correspond approxi-
mately to the PS content as expected for block copolymers in
the microphase-separated state (Table 1). An analysis of the
melting peaks in heating curves (dT/dt = +10 K/min) shows
that crystallization temperatureTc and degree of crystallinity
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phy (SEC) using a Knauer instrument with a RI-detect
and a standard column (Macherey & Nagel) calibrated w
PS-standards. The composition of the diblock copolyme
was determined based on1H-NMR measurements using a
Varian spectrometer (400 MHz) in chloroform-d. The vo
ume fractions are calculated using the densities for
(ρPS = 1.04 g/cm3, cf. Ref.[35]) and PODMA (ρPODMA =
0.865 g/cm3, cf. Ref.[36]) homopolymers.

The two copolymers studied in this paper by DSC sho
lamellar (B154/25) and cylindrical (B224/12) morphology
respectively. Microphase-separated samples are prep
from the melt by annealing at 150◦C under vacuum for 24 h.
The homopolymers are prepared analogously. Morpholo
and size of the PODMA domains (Table 1) are determin
based on X-ray scattering measurements performed on be
line BM24 at the European Synchrotron Radiation Facility
Grenoble and experiments on a home-made setup base
a HI-Star detector combined with a RIGAKU rotating anod
emitting Cu Kαradiation (λ= 0.1542 nm). Further details of
the setup used and the scattering experiments are descr
elsewhere[37,38].

A Pyris Diamond DSC and a DSC 7 from Perkin-Elme
are used for the calorimetric experiments. The applied tim
temperature program is shown in the insert ofFig. 1B. Typical
d

-

n

d

Dc of PODMA lamellae with a thickness of about 10 nm an
PODMA homopolymer are very similar. TheDc values are
estimated here based on the equationDc = qm/qm,CH2 with
qm,CH2 = 3.4 kJ/mol being the heat of melting per CH2 unit
as obtained from DSC measurements on octadecane. T
qm,CH2 value is very similar to the average value reported f
alkanes elsewhere[39]. This method to determineDc based
on the assumption that the heat of melting per CH2 unit is
identical to that of alkanes. The situation in PODMA cylin
ders with a diameter of about 10 nm is characterized by
ducedTc and Tm values as well as significantly (≈50%)
smaller degrees of crystallinityDc of the PODMA block
(Table 2). This is a first indication that there are strong co
finement effects in cylindrical PODMA domains while suc
effects are less pronounced for the lamellar P(S–b–ODM
block copolymer.

A comparison of the crystallization and melting tempe
atures,Tc andTm, shows that the differences between bo
temperatures are relatively small,Tm − Tc = 1 . . . 7 K. The
ratio u = (Tm − Tc)/Tm often used to quantify undercool-
ing is 0.005< u < 0.022 (Table 2). Note, that this value
is not strongly affected by the morphology of the invest
gated block copolymer and that the reported values are si
lar to the values reported for alkanes with comparable len
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Table 2
Calorimetric parameters of the crystallization process

Sample qm (J/g) Dc Tm
a Tc

a �T/Tm
b nc � log tc (decades) d logτc/dTc (decades/K) dDc/d logtc (mol%/decade)

ODMA27 56 31 32 25 0.018 2.8 0.5 0.43 3.0
B154/25 45 25 28 22 0.022 2.8 0.5 0.64 2.2
B224/12 28 15 11 11 0.005 0.65 2.0 0.77 2.1

a Onset temperatures.
b Calculated using onset temperatures measured with a rate of dT/dt = ±1 K/min. All other parameters are taken from heating and cooling curves measured

with a rate of dT/dt = ±10 K/min.
c Taken from the inserts ofFig. 5.

u < 0.004 [4]. Theseu values are remarkable smaller than
those for other small molecules and conventional polymers
where chain folding takes place.

Next step was a study of the isothermal crystallization be-
havior of the PODMA homopolymer and both block copoly-
mers by DSC. The samples were cooled down rapidly with
a rate of dT/dt = −40 K/min from the molten state to the
crystallization temperatureTc and isothermal scans are per-
formed. These isothermal scans include the information
about the crystallization kinetics (Fig. 2). There are obvi-
ously significant differences between the behavior of the
block copolymer with cylindrical morphology and PODMA
homopolymer as well as PODMA lamellae. The later two be-
have quite similar and show a pronounced peak in isothermal
data for the heat flow rate dQ/dtas function of crystalliza-

Fig. 2. Heat flow rate dQ/dtmeasured during isothermal crystallization at
the indicated crystallization temperaturesTc for homopolymer (A) as well
as block copolymers with lamellar (B) and cylindrical (C) morphology. The
inserts show melting curves after isothermal crystallization fortc = 10 min
atTc.

tion timetc. This peak shifts to largertc values and broadens
with increasing crystallization temperature. Similar behavior
is typical for crystal growth in three dimensions[1] but has
been reported also for the two-dimensional growth in block
copolymer lamellae[25]. The increase is usually attributed
to the growth of heterogeneously nucleated crystallites while
the decrease at longer times indicates that different crystal-
lites disturb each other and primary crystallization comes to
an end. The isothermal heat flow rate for PODMA cylin-
ders in a glassy environment is characterized by a contin-
uous decrease with crystallization timetc. Similar behavior
was reported for the confined crystallization in other block
copolymers with isolated domains[22,40] where homoge-
neous nucleation and/or one-dimensional growth occur.

Characteristic crystallization timesτc can be determined
from the heat flow rate data inFig. 2. For the homopolymer
and PODMA lamellae the peak maximum corresponds toτc.
In case of the B224/12 sample (Fig. 2C)τc values can be
estimated plotting ln(dQ/dt) versustc assuming that a ex-
ponential decay (dQ/dt∝ exp(−tc/τc)) describes the data
[20]. However, this assumption is not really fulfilled for our
sample with cylindrical morphology (see below). A stretched
exponential decay is observed. This causes uncertainties in
the obtainedτc values. An additional problem is that the base-
line reproducibility of the instruments (about 10�W) is of
the same order of magnitude as the tiny contribution coming
f ed
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rom the sample in this case. Nevertheless, the obtainτc
alues seem to be in reasonable agreement withτc values
etermined by another method as shown at the end o
ection.

An alternative experiment to detect changes du
sothermal crystallization atTc is to perform heating scans a
er different crystallization timestc. One gets melting curve
s shown in the inserts ofFig. 2. Analyzing the melting pea

n scans after different periods of isothermal crystalliza
ne obtains the heat of melting as function of crystalliza

ime and temperatureqm(tc, Tc). In Fig. 3 theqm values are
lotted against logtc for different temperatures. Heat of me

ng qm and degree of crystallinityDc—estimated from th
elting peak area—increase systematically with crystal

ion time and show a sigmoidal increase plotted versus lotc.
bviously, primary crystallization occurs in much broa

ime interval for the B224/12 sample with a cylindrical m
hology compared to the B154/25 sample with a lam
orphology and the PODMA homopolymer. This obse
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Fig. 3. Heat of meltingqm and degree of crystallinityDc vs. crystallization
time tc measured at different temperaturesTc for homopolymers (A) as
well as block copolymers with lamellar (B) and cylindrical (C) morphology
(time-temperature program cf.Fig. 1B).

tion for the PODMA cylinders is related to a smaller Avrami
coefficient as discussed below. Characteristic crystallization
timesτc (half-times) can be obtained in a small temperature
interval from the isotherms based on a tangent construction
(Fig. 4C). As expected theτc values increase rapidly with
increasing crystallization temperatureTc.

A method to get characteristic crystallization timesτc in
a wider temperature range based on isothermalqm data as
shown inFig. 3 is to shift the curves[41] for different crys-
tallization temperatures horizontally in order to get a mas-
ter curve (Fig. 4). A reference temperatureTref is chosen
and all otherqm isotherms are shifted along the logtc axis
until they superimpose as good as possible. This method is
based on the observation that the shape of theqm(tc) curves
at different temperatures is similar and neglects a small but
systematic change in the step height with temperature. The
obtained shift factorsaT contain the information about the
temperature dependence ofτc. Knowing the characteristic
crystallization time for one reference temperatureTref theτc
values for all temperatures can be taken out. The results cor-
respond nicely to theτc values obtained directly from isother-
mal dQ/dtscans inFig. 2. This consistency will be shown
below (cf.Fig. 6). Analyzing the shape of the master curves
for different samples one observes clear differences. Data for
homopolymer and PODMA lamellae indicate that primary
crystallization occurs in a narrow time interval of only 0.5
d rs is
a sition
i n as
s ol-

Fig. 4. Master curves for homopolymer (A) and block copolymers with
lamellar (B) and cylindrical (C) morphology as constructed fromqm

isotherms inFig. 3. The reference temperaturesTref are indicated. The
method to determine the crystallization timeτc (half-time) from a tangent
construction is shown.

lowed by a secondary crystallization process. In the course
of this secondary process the heat of meltingqm increases
on logarithmic time scales linearly. The slope which charac-
terizes the secondary crystallization is system-dependent and
varies in the range dDc/d log tc = 2 . . . 3 mol%/decade. The
value for the homopolymer is larger than the values for both
block copolymers (Table 2). Note, that in all cases the onset
temperature of the melting peakTm increases significantly
during the secondary crystallization process. A shift of about
2 . . . 3 K/decade is observed.

Isothermal data for the primary crystallization are often
analyzed based on the so-called Avrami equation[1]

X = 1 − exp(−ktnc ) (1)

with X being the normalized degree of crystallinity,n the
Avrami coefficient, andkbeing the crystallization rate. In or-
der to determine the Avrami coefficientn one can normalize
theqm(tc) curves based on a tangent construction as shown
in Fig. 4C and fit these data directly to the Avrami equa-
tion (Eq. (1)). Normalized degrees of crystallinityX(log tc)
and the corresponding fits are shown in the inserts ofFig. 5.
Alternatively one can plot ln(−ln(1− X)) versus lntc and de-
termine the slopes corresponding to the Avrami coefficients
in these plots (Fig. 5). Consistent Avrami coefficients are ob-
tained by both methods. Clear trends appear (Table 2): (i)
A r
t oly-
m wth
i

ecades, the interval estimated for small PODMA cylinde
bout two decades. These values for the width of the tran

nterval,� log tc, are obtained from a tangent constructio
hown inFig. 5C. In all samples primary crystallization is f
vrami coefficients of the order ofn ≈ 3 are obtained fo
he homopolymer and the lamellar B154/25 block cop
er. Similar values are obtained usually for crystal gro

n two or three dimensions[1,25]. (ii) The Avrami coeffi-
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Fig. 5. Avrami plots ln(−ln(1− X)) vs. lntc for homopolymer (A) as well
as block copolymers with lamellar (B) and cylindrical (C) morphology. The
normalized degree of crystallinityX(tc) values are obtained from the master
curves inFig. 4after correction for the secondary crystallization process by
the tangent construction indicated inFig. 4C. The inserts show normalized
degree of crystallinityX vs. crystallization timetc. The bold lines are fits to
the Avrami equation (Eq.(1)). The tangent construction used to determine
the width of the transformation range� log tc is indicated in the insert of
Fig. 5C.

cient for the B224/12 sample with a cylindrical morphology
is n ≤ 1. Such values are an argument for the occurrence of
one-dimensional growth often observed in combination with
homogeneous nucleation in small isolated domains.

A comparison of the characteristic crystallization times
τc obtained using two different methods with that for
octadecane—the alkane with the same number of carbons
as the crystallizable alkyl groups in PODMA—and for
other polymers like polyethylene and poly(ε-caprolactone)
is shown inFig. 6. The slope for the PODMA homopoly-
mer is d logτc/dTc ≈ 0.43 decades/K while d logτc/dTc ≈
0.64 decades/K and d logτc/dTc ≈ 0.77 decades/K are ob-
tained for PODMA lamellae and cylinders, respectively. The
temperature dependence ofτc for octadecane is stronger (cf.
Fig. 6). The slope for polyethylene (d logτc/dTc ≈ 0.35)
which crystallizes at significantly higher temperatures is only
slightly smaller. This is somehow noticeable because chain
folding plays an important role in polyethylene (PE) while
it is absent in case of PODMA and octadecane. Data for
poly(ε-caprolactone) (PCL)—being another polymer with
chain folding are included for comparison inFig. 6and show
that the temperature dependence ofτc is relatively weak for

Fig. 6. Crystallization timesτc for homopolymer (circles) and block copoly-
mer with lamellar (triangles) and cylindrical (squares) morphology as func-
tion of crystallization temperatureTc compared with data for octadecane
(crosses) and the results for PE (diamonds) and PCL (stars) from Ref.[42].
Full symbols correspond to half-times obtained fromqm(Tc, tc) (Figs. 3 and
4). Open symbols areτc values determined from dQ/dtcurves measured
during isothermal crystallization (Fig. 2).

this sample. Note, that the data for PE and PCL are extended
over an extremely wide range of crystallization times. These
data are taken from recent measurements by Schick et al.[42]
using conventional DSC in combination with modern meth-
ods of thin-film calorimetry[16] and indicate the advantages
of such methods in this field.

4. Discussion

The presented results show clearly the existence of strong
confinement effects in cylindrical PODMA domains with a
diameter of about 10 nm while the crystallization behavior of
PODMA in lamellae with approximately the same thickness
is similar to that of PODMA homopolymers. Main effects of
the constraints in case of cylindrical PODMA domains are a
significant reduction of the degree of crystallinityDc and a
slowing down of the crystallization kinetics.

A speculative picture explaining these observations for
our P(S–b–ODMA) block copolymers is presented inFig. 7.
The fact that the side chain crystallization in lamellae is sim-
ilar as in PODMA hompolymers might be a consequence of
the planar PS-PODMA interfaces which do not influence the
side chain crystallization significantly. The lamellar morphol-
ogy seems to match to the shape of the crystallites formed
i lkyl
g data
i do-
m on in
t the
P bvi-
o ape
o s and
t med
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o ust
n PODMA and does not disturb the crystallization of a
roups. This is consistent with recent X-ray scattering

ndicating that the small-scale structure in the PODMA
ains is not changed basically compared to the situati

he homopolymer. In case of small PODMA cylinders
S-PODMA interfaces are strongly curved and reduce o
usly the ability of the alkyl groups to crystallize. The sh
f the crystallites does not match to the curved interface

he immobile glassy polystyrene matrix cannot be defor
asily during the fast crystallization process. Further de
f the small scale structure inside the PODMA domains m
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Fig. 7. Schematic picture for the internal structure of PODMA lamellae
and cylinders in microphase-separated P(S-b-ODMA) copolymers. The dark
gray regions indicate crystalline alkyl groups within the PODMA domains.
The small beads represent the carboxyl groups of the ODMA units.

be puzzled out based on scattering data showing structural as-
pects of the crystallization in P(S–b–ODMA) block copoly-
mers with different morphology more directly.

Comparing the findings for our crystallizable side chain
polymers under confinement with those for other microphase-
separated block copolymers where chain folding is important
one observes a lot of similarities. Obviously, there are com-
mon aspects of the crystallization in small isolated domains
embedded in a glassy matrix with a sufficiently higher glass
temperatureTg. Main effects are obtained independent on
the question whether or not chain folding occurs during the
crystallization: (i) in small cylindrical domains the degree of
crystallinity is reduced in both cases; (ii) parameters describ-
ing the crystallization kinetics like the Avrami coefficientn
are similarly affected. Avrami coefficients ofn ≈ 3 are often
observed for lamellar block copolymers. Such values are usu-
ally interpreted in the sense of a two- or three-dimensional
growth of crystallites[25,41]. Avrami coefficients of the or-
der ofn ≈ 1 are typical for cylindrical domains. A decay in
dQ/dt data measured during isothermal crystallization sup-
ports this observation.

The small Avrami coefficientsn ≈ 1 as obtained in case
of PODMA cylinders are consistent with a one-dimensional
growth of the crystallite without significant change of the sur-
face area on the growth front. Speculatively,n ≈ 1 could be
also an indication for the occurrence of homogeneous nucle-
a for a
p iso-
l -
g mic

force microscopy measurements. However, there is one sig-
nificant difference between calorimetric data for our block
copolymer containing PODMA cylinders and block copoly-
mers where homogeneous crystallization of long main chains
is observed. Homogeneous crystallization is usually accom-
panied by large undercooling.Tm − Tc values of about 50 K
are typical and a significant increase inTm − Tc compared
to the corresponding homopolymers is observed[20]. This
behavior is understood as an intrinsic feature of the homo-
geneous nucleation within isolated nanodomains. The un-
dercooling in our P(S–b–ODMA) copolymers with cylin-
drical domains having a diameter of only 10 nm, however,
is surprisingly not larger but slightly reduced compared to
PODMA homopolymer (Table 2). This is unexpected in
case of a transition to homogeneous nucleation. In general,
the undercooling values for our PODMA containing sys-
tems are small,Tm − Tc < 7 K or (Tm − Tc)/Tm < 0.022
(Table 2). These values are only a bit larger than the values
reported for non-folded alkanes with a length of 16. . . 40
units in the non-emulsified (bulk) state:Tm − Tc < 1.2 K or
(Tm − Tc)/Tm < 0.004 [4]. Small undercooling values are
a special feature of the crystallization of alkanes like the
occurrence of rotator phases and surface freezing effects
[4,43,44]. Based on this observation one could speculate
about similarities between the crystallization of alkanes and
alkyl groups in side chain polymers[30]. Clear is that alka-
n eous
n ts in
d
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eneous nucleation is verified by spatially resolved ato
es show a significant larger undercooling if homogen
ucleation occurs in external confinements: experimen
roplets of size of 50–5000 nm[3–5] showTm − Tc ≈ 12 K
(Tm − Tc)/Tm ≈ 0.045) and even larger values are indica
or alkanes in nanoporous glasses with pore diameters
0 nm range[10]. In the light of these results it is less plausi

o assume that there is a transition from heterogeneous
ogeneous nucleation going from PODMA homopolym

o small isolated PODMA cylinders. The large undercool
sually observed for the crystallization in isolated dom
re missing in case of our B224/12 sample with cylindr
orphology. The huge number of cylinders, however, se

o support homogeneous nucleation.
In the context of the Gibbs–Thomson relation (T0

m −
m)/T 0

m ∝ 1/L with L being the crystal thickness andT 0
m

he melting temperature of a crystal with infinite thi
ess (L→ ∞) the smaller melting temperatureTm for the
ODMA cylinders might be related to the smaller deg
f crystallinity Dc for this sample. However, making use
his approach would require that the change in the degr
rystallinity is basically due to a change in crystal thickn
his seems to be an oversimplified model. Structural
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ort the speculative picture shown inFig. 7 where some o
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ay. Moreover, it should be mentioned that the concept
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indered systems in a non-equilibrium state which are

o reorganize[2,45]. Nevertheless, main aspects of crys
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lizable systems, especially of non-foldedn-alkanes[39], are
described by the Gibbs–Thomson relation often quite well.

Finally, we should note that we cannot really decide based
on calorimetric information about the crystallization kinetics
in PODMA lamellae and cylinders alone whether confine-
ment influences more crystal growth or nucleation behavior.
Most of the arguments are indirect. A final discussion of this
issue requires a comparison of results from different meth-
ods on a broader class of samples including P(S–b–ODMA)
block copolymers with a spherical morphology. Work along
this line is in progress and will be published in the near future.
Calorimetric experiments on thin films, enabling extremely
high cooling and heating rates, might be an interesting ap-
proach to contribute to this discussion.

5. Conclusions

The presented crystallization experiments on P(S–b–
ODMA) block copolymers with lamellar and cylindrical
morphology by DSC indicate strong confinement effects
in PODMA cylinders while the crystallization behavior in
lamellae is quite similar to that of PODMA homopolymers.
In cylindrical PODMA domains with a diameter of about
10 nm the degree of crystallinity is significantly reduced and
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