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Isothermal crystallization of the poly(ferrocenyl dimethylsilane) (PFDMS) segments in a
poly[styrene-block-(ferrocenyl dimethylsilane)] (PS-b-PFDMS) diblock copolymer of lamellar
micro-morphology has been investigated. The PFDMS is shown to crystallize in a confined

and grain-by-grain fashion. Here a ‘grain’ is defined as an
ensemble of stacked lamellae wherein the PEDMS crys-
tallization spreads quickly but stops at its surroundings.
Such crystallization propagates not only along the
PFDMS lamellae but across the amorphous PS layers as
well. We suggest that conformational changes in the PS ]
as induced by the PFDMS crystallization (‘squeezing 200
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crystallization’s spread.

Introduction

Block copolymers containing crystallizing segments pro-
vide a deep insight into the mechanisms of nucleation and
crystal growth.[*27] Quite often, the number of individually
crystallizing entities such as spheres, cylinders, or lamellae
is much larger than the overall number of heterogeneities
inside the samples. In such cases, fractionated crystal-
lization or crystallization induced by homogeneous nuclea-
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tion may be the consequence. Moreover, microphase-
segregated block copolymers allow the study of crystal-
lization under confined conditions, leading to unusual
crystalline structures. The impact of the confinements on
initiation, progress, and result of crystallization can be
analyzed systematically. The length scales of the confine-
ments can be tailored conveniently from below ten
nanometers up to several hundreds of nanometers by
appropriately adjusting the lengths of the respective blocks
or by blending the block copolymers with the correspond-
inghomopolymers. Furthermore, the confinements’ dimen-
sionality (e.g., 1D for lamellae, 2D for cylinders, and 3D for
spheres) can be tailored by adjusting the volume fractions
of the respective sub-phases. Plenty of fascinating observa-
tions have been made, but even more questions are
awaiting a detailed analysis.

Most of the crystallizing block copolymers investigated
so far contain either polyethylene or poly(ethylene oxide)
(PEO) as crystallizable segments. For complementary
studies, moreover, block copolymers would be highly
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valuable which are composed of a non-crystallizing A-block
and a crystallizing B-block where i) both blocks have their
glass transition temperatures (Tgs) below the crystal-
lization temperature (T.) of the crystallizing one, ii) the
B-block only shows moderate rates of nucleation and
crystal growth, and iii) the copolymer allows high-
resolution transmission electron microscopy (TEM) and
X-ray scattering measurements without staining and thus
in-situ monitoring of B-block crystallization. Poly(ferroce-
nyl dimethylsilane) (PFDMS)!****I might act as such a novel
crystallizing B-block system: PFDMS has already attracted
much attention as a result of its (opto)electronic and redox
properties, because it can be converted into ceramic and
magnetic materials, and because it is available by living
anionic polymerization which provides access to plenty of
well-defined copolymer architectures.**>#) Another spe-
cial feature of PFDMS is itslow rate of nucleation and crystal
growth. Even determination of the equilibrium melting
temperature, T, o, has, therefore, been a challenge: using
the linear Hoffmann-Weeks (HW) approach,[*?4>>€la 1,
of 144°C was obtained,****") but following the Gibbs—
Thomson (GT) procedure,>#°®! a T, , of 215°C was the
result.®”) Moreover, a Ty, o of 179 °C was determined when
the melting of PFDMS as part of a phase-separated PS-b-
PFDMS diblock copolymer (PS: polystyrene) of lamellar
micro-morphology was addressed.®”! Since understanding
the quite special PFDMS crystallization characteristics
could significantly contribute to a well-grounded knowl-
edge of crystallization in phase-separated block copolymers
in general, we started a profound analysis of PS-b-PFDMS
systems. This paper focuses on the isothermal crystal-
lization of lamellar PFDMS microphases and results in the
suggestion of a novel type of crystallization in block
copolymers.

It is widely assumed that lamellar block copolymers
crystallize like a percolating system where the percolating
entities may be structural defects of any kind in the lamellar
structure.*** This may hold even in strongly segregated
block copolymers and leads to a crystallization kinetics
which is similar to that of homopolymers. The defects then
act as secondary nuclei. Such a crystallization path will
cause a homogeneous spread of crystallization throughout
the whole material whatever the actual percolating entities
are and the percolating pathslook like. It will be shown that
the system under investigation here deviates from such a
process in a manner where fully crystallized ‘grains’ coexist
with still fully amorphous ones, and that crystallization is
consequently inhomogeneous on a microscopic level
Moreover, crystallization in such a grain unusually
proceeds rapidly. We believe that this crystallization
scheme cannot be understood in the frame of the existing
ones. It is one of the aims of the present paper to provide an
explanation of that behavior which to our knowledge has
not been reported so far.
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Experimental Part

Materials

The PS-b-PFDMS diblock copolymer under investigation here
(Figure 1) was prepared by sequential living anionic polymeriza-
tion as described recently.[57] Its overall molar mass (M) was
24.3kg- mol* (polydispersity index (PDI) = 1.05). The PS block had
a M, of 12.0kg-mol %, and the M, of the PFDMS block was
12.3kg-mol *. At room temperature, the volume fraction of PS in
the amorphous and crystalline samples was 0.586 and 0.614,
respectively, assuming a density of 1.05 g - cm ™ > for the amorphous
PS and densities of 1.294 and 1.455 g - cm > for the amorphous and
crystalline PFDMS, respectively.2°-*2I The composition results in a
lamellar micro-morphology at all temperatures below the order—
disorder transition (ODT).

As PFDMS crystallizes very slowly, the self-seeding techni-
quel*7¢473] was applied to ensure PFDMS crystallization in
experimentally acceptable periods of time. The required pre-
crystallized samples were obtained by first heating the powdery
‘as-synthesized’ PS-b-PFDMS to 180 °C for 60 min in order to destroy
any kind of preformed crystalline order. Subsequently, the molten
material was pressed at 145 °C between two parallel steel plates to
films of 0.3 mm thickness, and then annealed at 180 °C for 10 min
forhomogenization, and finally allowed to crystallize at T, =127 °C
for approx. 60h. Just prior to the crystallization study, the pre-
crystallized sample was carefully heated (1K - min %) to 147 °C, i.e,,
to a temperature slightly above T,,,(PFDMS). After keeping the
sample at that temperature for 1-2min, it was quenched at
20K -min " to the desired T. of the crystallization experiment. The
intermediate short-term annealing at 147°C results in the
disappearance of the crystalline order to an extent that the PFDMS
appears amorphous from the macroscopic point of view: crystalline
regions cannot be detected any more, neither by calorimetry, nor by
nuclear magnetic resonance, nor by microscopic techniques.
Nevertheless, some structural entities survive this procedure and
considerably support nucleation when the material is subse-
quently cooled down to T.. It is still a matter of controversy whether
some local chain orientation or even tiny crystallites survive the
intermediate melting. In addition, self-seeded crystallization might
profit from improved microphase segregation since, upon PFDMS
crystallization, the block copolymer changes fromthe weak into the
strong segregation regime‘[”] It is reasonable to assume that pre-
crystallization results in microphases that are more completely
demixed, and the short-term melting of the pre-crystallized
material is certainly not long enough to cause significant re-
mixing of the chain segments. Moreover, in preceding studies,®”!
we could verify that self-seeding lowers the nucleation barrier but
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Figure 1. Chemical formula of the PS-b-PFDMS diblock polymer
under investigation.
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does not change the crystallization behavior of PFDMS in any other
respect.

Methods

Differential scanning calorimetry (DSC) was carried out under an
atmosphere of nitrogen using a Perkin—Elmer DSC 7 instrument.
Small angle and wide angle X-ray scattering (SAXS and WAXS)
measurements were carried out at the synchrotron radiation
beamline A2 in HASYLAB, DESY, Hamburg, at a wavelength of
0.15nm. Two-dimensional SAXS data and 1D WAXS data were
recorded. The 2D images were circularly integrated using the Fit2D
program!”#! after normalization by the ionization intensity and
subtraction of the background scattering caused by air and the
sample holder. TEM was carried out using a Zeiss CEM 902 electron
microscope operating at 80kV on samples cut at —70 °Cinto 50 nm
slices using a diamond knife. Allimages were recorded with a Slow-
Scan CCD camera from ProScan Inc. in bright-field mode. Computer-
aided camera control was achieved using the Vario Vision software
3.2 from LEO.

Results and Discussion

Atalltemperatures below the ODT, whichisat 207 °Cfor the
PS-b-PFDMS diblock copolymer investigated here,!”>7¢! the
bulk morphology of the fully non-crystalline (‘amorphous’)
material was lamellar. This could be verified best by TEM of
the samples which were heated to 180°C for 10min,
annealed at 150 °C for 1 h, and finally quenched to room
temperature (Figure 2a). This annealing procedure allows
an efficient approach to the equilibrium microphase
structure which is characterized by stacks of amorphous
lamellae. On the other hand, it does not yet reliably induce
PFDMS crystallization: no PFDMS crystallization was
observed even after annealing at temperatures of up to
130°C for 1 d. Therefore, it was not a difficult task to
characterize the microphase-separated but still fully
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Figure 3. DSC heating runs (heating rate: 10K-min™") of PS-b-
PFDMS samples having different thermal histories; A: after cool-
ing from 180 to 5°Cat 0.5 K- min~—"; B: after annealing at 127 °C for
64 h. The insert indicates the glass transition temperatures (heat
flow jumps) of the block components for the cases A and B.

amorphous material in a broad range of temperatures
using SAXS (Figure 2b). The first-order and third-order
scattering peaks of the lamellar micro-morphology appear
throughout, whereas the second-order peaks were sup-
pressed because of coincidence with the structure factor’s
minimum.

The non-crystalline block copolymer was also character-
ized using DSC and WAXS. No melting endotherms were
found in the DSC heating runs of samples, which were first
cooled from 180 °C to room temperature with cooling rates
from 0.5 to 30K -min ' (Figure 3, curve A). Two glass
transitions appear instead, which correspond to the PS-rich
and the PFDMS-rich microphases, respectively: Ty(PFDMS)
was at 31°C, and Tg(PS) was at 87.5 °C. The latter value is
slightly below that of a PS homopolymer having identical
molar mass (93.4 °C). Obviously, some PFDMS resides in the
PS-rich microphases and acts there as a softening agent.
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Figure 2. a) TEM image of a microphase-separated but non-crystalline PS-b-PFDMS sample measured at room temperature. b) SAXS curves
of microphase-separated but still amorphous PS-b-PFDMS, measured at different temperatures (curves are shifted arbitrarily for clarity).
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Figure 4.a) WAXS patterns (recorded at 30 °C) of PS-b-PFDMS samples having different thermal histories; A: after cooling from 180 to 5 °C at
0.5K-min~"; B: after annealing at 127 °C for 64 h. b) SAXS curve of a PS-b-PFDMS sample after incomplete crystallization at 127°C for 64 h.

This is in agreement with the fact that, under the given
conditions, the amorphous (non-crystalline) block copoly-
merisinthe weak segregation regime of the phase diagram
and, thus, PS and amorphous PFDMS are partially
miscible.l*”7>7%) Vice versa, some PS appears to reside in
the PFDMS lamellae: the observed T,(PFDMS) is slightly
above the T, (27 °C) of PEDMS homopolymers of comparable
mass. Last but not least, the WAXS pattern (Figure 4a, curve
A) shows only the amorphous halo, and there are almost no
indications of the future crystalline reflections.

Crystallization of PFDMS segments in the diblock
copolymer was only observed if annealing was extended
over very long periods of time: DSC and WAXS patterns
recorded after annealing at 127 °C for more than 60 h show
an intense melting endotherm in the DSC run at
Tm~145°C, and two sharp peaks in the WAXS at
20=12.4° and 20=14.1° (Figure 3 and 4a; curves B). The
WAXS peaks coincide with the 200 and 010 reflections
found in melt-crystallized PFDMS homopolymers, 02!
and the DSC curves of the semi-crystalline sample gave
Ty(PS) =89.5 and T,(PFDMS) =51 °C. The slight increase in
Tg(PS) upon PFDMS crystallization is presumably attribu-
table to the previously mentioned PS phase purification,
ie., release of PFDMS segments. The significant increase
in Tg(PFDMS), on the other hand, is more difficult to
explain. This will be addressed later in more detail.

Figure 4b shows the SAXS curve of a PS-b-PFDMS sample
that was annealed at T.=127°C for 64h. The observed
scattering pattern is representative of all block copolymer
samples partially crystallized by annealing at temperatures
in the range 30 °C < T. < 140 °C.*”! Rather surprisingly, four
clearly discernible scattering maxima are now resolved
which obviously correspond to two different series of
lamellar reflections.

If crystallization occurred in the PFDMS lamellae truly
randomly, only the first-order SAXS reflection of Figure 2b
should appear, which should, however, shift progressively
withincreasing degree of crystallinity, corresponding to the
progressive change in the average lamella long period, L, in
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the crystallizing system, and reflecting the associated
change in density. Moreover, higher-order scattering peaks
must not appear because of the lack of appropriate
periodicity. Instead, only the width of the shifting peak
should change systematically with changing degree of
crystallinity. However, the PS-b-PFDMS sample investi-
gated here did not follow this trend whatsoever. Instead,
two well-resolved first-order reflections appear, both of
them accompanied by their higher-order peaks. The only
reasonable explanation of this feature is that two types of
spatially well-separated lamella systems coexist in the
crystallizing material. The first one contains stacks of non-
crystalline PFDMS lamellae and has L =18.7 nm (as known
from Figure 2b), and the second one must then contain the
crystallized PFDMS lamellae and has L =26 nm. Thus, the
block copolymer must be sub-organized into grain-like
assemblies, and each grain must contain ensembles of
stacked lamellae. It must be separated from the surround-
ing grains in a fashion that crystallization in one grain does
not induce crystallization in the others.? Coexistence of
amorphous and crystalline ‘grains’ is also reflected in some
TEM pictures of incompletely crystallized samples
(Figure 5), where two different sets of lamellar bundles
can be seen, in clear contrast to our observations in the fully
amorphous material.

Stimulated by such unexpected observations, time-
resolved in-situ monitoring of the crystallization process
was attempted using synchrotron SAXS. Advantage could
be taken here of the considerable electron density provided
by the iron centers of the PFDMS block, which allowed
investigation of the material even using short-term
measurements without staining. The samples used for
the in-situ SAXS studies were again prepared following the

? Multiple domain structure is a well-known phenomenon in block
copolymers.[77] Nevertheless, we purposely differentiate the terms
‘grain’ and ‘domain’ because it is not clear whether the ‘grains’
being in operation in the context of PFDMS crystallization are
identical to those usually called block-copolymer ‘domains’.
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Figure 5. TEM image of a PS-b-PFDMS diblock copolymer after
isothermal crystallization at 127 °C for 64 h, suggesting the coex-
istence of amorphous and crystalline grains. The dotted line
indicates a grain boundary.

self-seeding technique.” The optimum range of tempera-
tures for in situ monitoring of the isothermal self-seeded
PFDMS crystallization was 80 °C < T.< 140 °C,*”! which
bridges the conditions from slightly below T4(PS) up to
clearly above T,(PS). Figure 6a shows the first-order SAXS
peaks recorded during an in situ study performed at
T.=110°C.

The features observed here are the same as those found at
all other crystallization temperatures T, <125°C: peak 1
corresponds to the amorphous lamellar micro-morphology
of the grains which are not yet crystallized. As soon as
PFDMS crystallization starts, a second peak (‘peak 2’)
appears at lower values of g. Increasing degrees of PFDMS
crystallinity lead to the growth of peak 2 and, simulta-
neously, to decreasing intensities of peak 1 (Figure 6b).
Finally, in the case of self-seeded samples, peak 1 vanishes
completely, indicating essentially quantitative PFDMS
crystallization. The most noticeable feature observed in
the experiments carried out at 80 °C < T, < 125 °C, however,
was that the values of gax remained almost unchanged for
peak 1 as well as for peak 2 during the whole PFDMS
crystallization process, which also supports the aforemen-

o

Quialitatively the same development of the scattering curves was
found without self-seeding, i.e., when the PS-b-PFDMS was heated
to 180 °C immediately prior to the study. In those cases, however,
crystallization was very slow and the experiment was extremely
time-consuming.
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tioned hypothesis of grain-by-grain crystallization.
Obviously, full crystallization of all PFEDMS lamellae within
a grain proceeds so quickly that its kinetics cannot be
resolved by the in situ SAXS technique and, hence, no
intermediate stages of semi-crystallized grains contribute
to the scattering curves.

If T.>130°C, on the other hand, the crystallization
behavior changes (Figure 7). Again, peak 1 corresponding to
the non-crystalline grains disappears gradually, and a new
peak 2 grows accordingly with proceeding PFDMS crystal-
lization (Figure 7a, b). Now, however, only gmax of the
developing peak 2 is nearly independent of the degree of
crystallinity, while peak 1 shifts continuously toward lower
values of g (Figure 7c). Furthermore, peak 2 becomes much
broader, and even peak 1 broadens slightly with increasing
overall degree of PFDMS crystallinity. Last but not least,
crystallization at T, > 130 °C was significantly slower than
at lower T.s — despite self-seeding. At 130 °C, for example,
complete PFDMS crystallization needed approx. 8 h, but the
same state was already reached after 4 h for T.=110°C.

Progressive broadening of peak 1 and the gradual shift of
its gmax toward lower values for crystallization at
T.>130°C indicates increasing lamella long periods, L,
and thus a stretching normal to the lamella plane in grains
that obviously still contain non-crystalline PFDMS. Thus,
rapid grain-by-grain crystallization no longer occurs at
those elevated temperatures, but crystallization is suffi-
ciently retarded to allow resolution of the crystallization
kinetics within the individual grains. Moreover, even after
completed PFDMS crystallization, alower degree of internal
order is left, i.e, a broader distribution of lamella long
periods, L, as is reflected by the clearly broadened peak 2.

All in all, the in situ SAXS studies support our initial
assumption that the PFDMS in the PS-b-PFDMS diblock
copolymer crystallizes in a grain-by-grain fashion: bundles
of originally non-crystalline PFDMS layers convert, in a
closely coupled fashion, into their crystallized counterparts.
This scenario proceeds at lower T.s so quickly that only the
superposition of scattering curves of PS-b-PFDMS grains
with either fully amorphous or fully crystallized PFDMS
lamellae is displayed in the SAXS experiments. At higher
T.s,onthe otherhand, contributions of partially crystallized
grains are also resolved. This agrees with the usual finding
that the crystallization rate is lowered with increasing
temperature.

The nextissue was to analyze why PFDMS crystallization,
once nucleated somewhere in a grain, spreads so quickly
over somany lamellae. It isreasonable to assume that there
is an efficient pathway accessible that allows the crystal-
lization processto jump’ from onelamella tothenext,ie., to
pass through the amorphous PS layers. Screw dislocations
and edge dislocations might act as carriers, as has already
been discussed in the literature for thin films of poly-
(ethylene oxide-block-1,4-butadiene): using interference

DOI: 10.1002/macp.201000220
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I Figure 6. a) Time-resolved SAXS curves obtained during isothermal crystallization of the PFDMS domains at T. =110 °C (first-order peaks

containing crystallized PFDMS. b) Plot of the development of the relative areas of peak 1 and 2 of (a) vs. crystallization time, t..
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I Figure 7. a) Time-resolved SAXS curves obtained during isothermal PFDMS crystal-
crystallinity). c) Plot of the respective peak positions vs. time.
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Figure 8. a) SAXS curves recorded at 120 °C after 5 min (bottom curve) and 8 h (top curve)
annealing at120 °C, corresponding to lamella grains containing only fully non-crystalline
and only fully crystallized PFDMS layers, respectively. b) 1D electron density correlation
function K(z) for the fully crystallized sample (after 8 h annealing at 120 °C). L: lamella
long period; lpepms,c: thickness of a crystallized PFDMS layer.
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optical microscopy, it was observed that
crystallization of PEO in one layer induces
PEO crystallization in the adjacent
layers.”®! Such a mechanism might also
be in operation in the PS-b-PFDMS system.
However, based on our detailed analysis of
the development of the lamella structure
upon PFDMS crystallization, we propose
another transfer mechanism to be in
operation.

As there is exactly one type of lamellae
in the samples prior to and after full
PFDMS crystallization, SAXS curves like
those shown in Figure 8a can be analyzed
reliably using the 1D correlation function
K(Z),[24]

K(z) = rg(z;nf/om cos(qz)4rq®I(q)dq
(1)

Figure 8b yields an example of such a
1D electron density correlation function
for a PS-b-PFDMS sample that was fully
crystallized at T.=120°C. This allows
calculation of the thickness of the PFDMS
layers, Ipppmse and of the lamella long
period, L. The value of L can be determined
as the location of the first maximum of
K(z), and that of Ipgppms,c as the value of z
where the tangent at the first minimum
of K(z) intersects with the straight line
through the first turning point of K(z).

Figure 9a displays the plot of the long
periods, L, calculated in this manner for
the non-crystalline samples, as well as for
the samples that were allowed to fully
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increasing T, as is found for PFDMS
homopolymers.*” In fact, the PS layer
thicknesses increase to an even larger
extent, as is shown in Figure 10b: at
T.=140°C, for example, the thickness of
the PFDMS layers increases by about 30%,
whereas that of the PS layer increases by
about 50%. At T.= 85 °C, moreover, there

30 — 19,6 . .
b
28 19,4+ (b)
261
04 19,24
E 1 £
£ 2] £ 19,04
~ -
20 18,8
18]
18,6
16 S
80 90 100 110 120 130 140

T.I°C

samples (M), as determined for different crystallization temperatures, T.. b) Plot of the

I Figure 9. a) Lamella long periods, L, of the non-crystalline (@) and fully crystallized
long periods, L, of the amorphous block copolymer lamellae as a function of T 5.

crystallize at different T.s. One can see that L decreases
slightly with increasing T, for the non-crystalline material,
but increases clearly for the crystallized samples. Moreover,
the lamella long periods for the non-crystalline material
scale nicely with the temperature by a power law with
exponent —Y; (Figure 9b).1**27) This demonstrates the effect
of opposing factors in the free energy of the system. They
refer tothe preference for chain stretching in the crystalline
layers and a coiled chain conformation in the amorphous
layers.

The thicknesses of the PFDMS and PS layers, both prior to
and after PFDMS crystallization, and for a broad range of
crystallization temperatures, T, are displayed in
Figure 10a, b. The lamella long periods decrease slightly
with increasing T, for the non-crystalline case but increase
considerably if the PFDMS is crystallized, where the
increase grows slightly with T.. Therefore, a tremendous
stretching of the whole grains perpendicular to their
lamella planes must be the consequence of PFDMS
crystallization. This stretching, however, is not only the
result of increasing thicknesses of the PFDMS lamellae upon
their transformation in the crystalline state. That could be
expected because of increasing crystallite thicknesses with

0,132 0,134 0,136 0,138 0,140 0,142
T—1/3 / K—1/3

is no change in Ilpspms upon PFDMS
crystallization but, nevertheless, there is
still some increase in Ips. However, the
temperature here is only slightly below
T4(PS), and there may already be a certain
chain mobility. In addition, assuming a
constant volume at the local level, the
tremendous changes in the PS layer thicknesses are
obviously caused by the expansion of the volume fraction
of PS upon PFDMS crystallization since PFDMS has a higher
density in the crystalline state, i.e., a smaller volume, than
in the amorphous one.

The described structural features and the crystallization
kinetics cannot be understood in the frame of the crystal-
lization schemes discussed in the literature. They all lead to
a homogeneous spread of crystallization throughout the
whole material, and the crystallization rate is moderate. A
reasonable explanation of the rapid expansion of PEDMS
crystal growth perpendicular to the lamella planes, ie,
through the amorphousPSlayers,is what we call ‘squeezing
transfer’ (Figure 11): let us imagine a grain where PFDMS
crystallization just startsin one single lamella (Figure 11a to
b; ‘seed layer’). In this first lamella, the PFDMS crystallite
grows until depletion of the crystallizing material, and/or
until the conversion process reaches the end of its
individual lamella. Simultaneously with the crystallization
within the seed lamella, the cross-sectional area per block
junction decreases because of the increasing PFDMS density
and layer thickness. Accordingly, the PS blocks connected to
the crystallizing PFDMS chains will be squeezed into a
coiled state, which is elongated in the
lamella normal direction (Figure 11b to c;

12 ( a) ] 1; { = after PFOMS (;rystal'”z?ﬁo'h ii squeezing is indicated by arrows): the PS
11] = erystalized S B before PFDM; crysfﬁlflgahon and PFDMS block_s are bound together and

£ ol ° uncrystallized 1 €441 () 2 thus their chain segments must, on
o ] L—f"’i_i“i 1= 0] average, have the same cross-section.
5 9 £13 f Thus, increasing thickness of the amor-
= 8w ] 127 - ] phousPSlamellais the result of the lateral
& ] A0 R L ] squeezing of the PS chains. As the PS
6780 90 100 110 120 130 140 80 90 100 110 120 130 140 segments are entangled in their domains,
T./°C T./°C stretching of one PS segment will deform

Figure 10. a) Thicknesses of the individual PFDMS layers, lprpms,2 and Iprpms ., for the un-
crystallized and fully crystallized case, as determined for different crystallization
temperatures, T.. b) Thicknesses of the individual PS layers, lps , and Ipsc, for the cases
of non-crystalline and fully crystallized PFDMS, determined at different T.s. The dashed
line sections in (a) indicate the unknown course of lprpms(Tc) at the glass transition.
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neighboring PS segments to some extent
as well (Figure 11cto d). Therefore, finally,
the still amorphous PFDMS coils residing
in the neighboring lamella will also
‘perceive’ some mechanical stress and
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Induced layer

Seed layer

(@) (b) (c) (d) (e)

Figure 11. Snapshots of a section of a grain upon crystallization in one lamella. See text

for details.

(a)
2

80 90 100 110 120 130 140
T.I°C

Figure 12. a) Plot of the ratio lprpms/L for different crystallization temperatures, T, prior
to (¢) and after (M) crystallization. b) Polarization micrograph of a crystallized sample
of a PS-b-PFDMS diblock copolymer showing many cracks that were not present in the

originally amorphous film.

thus undergo some elongation perpendicular to the lamella
plane (Figure 11d to e). The entropy of these squeezed
PFDMS chains decreases, the effective undercooling
increases, and their tendency to undergo the transforma-
tion into the low-entropy crystalline state increases
accordingly. As such, squeezing of the PFDMS segments
‘nucleates’ PEDMS crystallization in the neighboring PEDMS
lamella, the PFDMS chains crystallize much more rapidly
(Figure 11e to f). In other words, squeezing tremendously
increases the rate of nucleation, analogous to what is
generally found for chains elongated in shear fields.!”®! This
is why we call the process ‘coupled crystallization’. The
process will continue until the ‘squeezing transfer’ process
stops at a barrier, maybe a change in the lamella
orientation, which defines the grain boundary.

For coupled crystallization by squeezing transfer, the PS
chains i) must be flexible enough, ii) must be structured to
each other in a way that they ensure a sufficient transfer of
forces and stresses, which can realized best by entangle-
ments within their layers, and iii) the grains as a whole
must be ableto contract freely in the lamellae plane. Since T,
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was either around or slightly above Ty(PS)
in all experiments, the PS chains can be
assumed to be sufficiently mobile and
entangled for such a mechanism.© In
agreement with this assumption, the
squeezing transfer rate was found to
increase with decreasing crystallization
temperature: below 125°C, it is so fast
that crystallization — if nucleated any-
where — spreads immediately over the
whole grain. At higher temperatures, in
contrast, the PS chain mobility is higher,
) the PS chain entanglement is less effi-

cient, and hence the squeezing-transfer
efficiency is lower. Consequently, inter-
mediate states of only partially crystal-
lized grains can be observed in the SAXS
studies. Moreover, the remaining non-
crystalline PFDMS layers residing in
either fully amorphous or partially crys-
tallized grains are increasingly stretched
with an increase of the overall degree of
PFDMS crystallinity in the sample.
As a consequence, the long period
increases gradually, and the associated
distribution  broadens progressively
(Figure 7a, peak 1).

Without doubt, the spatial changes
associated with PFDMS crystallization in
the lamellar PS-b-PFDMS diblock copoly-
mer induce stress states in the bulk
material. The question is what mechan-
isms might lead to some relaxation. On
the one hand, the accumulated stresses might induce
macroscopic cracks in the material. Indeed, analysis of
initially defect-free amorphous block copolymer films by
polarization microscopy showed that, after PFDMS crystal-
lization, the sample was crossed by many cracks
(Figure 12b). Moreover, evidence was found that there is
considerable perturbation within the crystalline PEDMS
lamellae, especially in samples crystallized at relatively low
T.s: let us recall that the volume fraction of PFDMS in the
amorphous sample is 0.414, but only 0.386 in the
completely crystallized sample. Moreover, the ratio of
the PFDMS layer thicknesses Iprpms,a @and lprpms,c and the
lamella long periods, L, must correspond to the volume
fraction of the PFDMS in the respective sample. This is
indeed exactly the case for the non-crystallized material at
all investigated temperatures (Figure 12a). After crystal-

PFDMS

PS

PFDMS

¢ The molecular weight of the PS blocks (12 kDa) is around the critical
entangling molar mass of PS,[®°! possibly rendering an effective
entanglement between PS chains from the neighboring layers
under the applied conditions.
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lization, however, the PEDMS densities — as estimated from
the ratios of Ipppms c and L—were clearly below the expected
value for T.s<125°C. Micro-cracks and micro-cavities
residing in the crystallized PFDMS lamellae might serve
as an explanation. This assumption is supported by TEM
pictures providing evidence of some inhomogeneitiesinthe
crystalline PEDMS layers (see Figure 5). Moreover, amor-
phous but clearly elongated PFDMS chain segments might
survive the crystallization process — especially when it is
carried out without self-seeding. In addition to PFDMS sub-
phases that contain larger amounts of PS impurities, such
elongated but amorphous PFDMS chains could explain the
unexpectedly high glass transition temperature To(PFDMS)
observed for partially crystallized PS-b-PFDMS diblock
copolymers.

Conclusion

Isothermal crystallization of a lamellar PS-b-PFDMS diblock
copolymer has been shown to proceed by grain-by-grain
transformation of larger stacks of originally amorphous
PFDMS lamellae into crystalline ones. Although PFDMS
crystallization is usually very slow, here it was found to
proceed surprisingly fast within the individual block-
copolymer grains. The in situ SAXS investigations were only
able to resolve partially crystallized grains at very high
temperatures. In all other cases, the SAXS patterns (time
resolution less than 1s) represent the superposition of the
scattering features of either fully amorphous or fully
crystallized grains. We assume, therefore, that one single
nucleation event is sufficient to induce immediate crystal-
lization of the whole grain. Moreover, the high rate of
crystal growth within a grain — in combination with the
considerable spatial changes associated with PFDMS
crystallization — lead to the conclusion that a highly
efficient pathway must be accessible which allows
spreading of the crystallization even perpendicular to the
lamella planes, i.e., passing through the amorphous PS
layers. We propose a ‘squeezing transfer’, and thus call the
process ‘coupled crystallization’. Further investigations on
the bulk materials as well as on thin-film samples are
currently in progress.
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