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The solid-state morphology of polystyrene-poly(ethylene oxide) metallo-supramolecular diblock
copolymer PSyp-[Ru]-PEO7¢, has been investigated by small-and wide-angle X-ray scattering and atomic
force microscopy. Above the melting point of PEO the metal-ligand complexes and their associated
counter ions are known to form aggregates within the still disordered polymer matrix of PS and PEO.
Crystallization of PEO induces microphase separation between the PS and the PEO blocks. In addition, the

metal-ligand aggregates are forced out of the crystalline PEO part and subsequently order at the
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interface in the amorphous PS block into a (short-range) square lattice.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decades, substantial progress has been made
toward the generation of supramolecular copolymers as a result of
the discovery of new synthetic methods such as the ring-opening
polymerization and the metal-catalyzed polycondensation [1].
Using these methods, mutually repulsive chemical moieties can be
connected by physical supramolecular interactions (hydrogen
bonds, metal ion coordination, or electrostatic interactions) to form
block copolymer-like supramolecules [2-4]. The resulting materials
hold the potential to generate spatially organized functional
structures on the nanoscale desirable for new electronic and elec-
tro-optic devices. Among these supramolecular copolymers, the
metal-based copolymers are emerging as interesting candidates to
generate novel hybrid metal/polymer composite materials via the
self-assembly approach [5,6].

In the recently synthesized metallo-supramolecular diblock
copolymers, a metal-ligand complex (MLC) is used as a supramo-
lecular linker between two different polymer chains as opposed to
the commonly used covalent bond in conventional diblock copoly-
mers [7]. Conventional diblock copolymers have gained their
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importance from their ability to self-assemble into a series of
periodic microdomains with a 10-100 nm period depending on
both the strength of the repulsive interaction between the two
blocks and their composition [8-11]. The resulting morphologies
include lamellae, hexagonally packed cylinders, cubically arranged
spheres and bicontinuous structures. The geometry of these
domains is largely determined by the balance between the
enthalpy associated with the domain interfaces and the stretching
entropy associated with the microphase separation. In the case of
metallo-supramolecular copolymers, the MLC’s are an integral part
of the polymer chains and their self-organization provides an
additional tool to influence the final morphology. Such ideas of
combining interactions in the design of new synthetic macromo-
lecular materials might hold the key to the development of new
self-assembled nanostructures over many length scales needed for
advanced technologies [12].

In previous work we reported the effect of the MLC’s on the melt
phase behavior of a metallo-supramolecular diblock copolymers,
namely polystyrene-[Ru]-poly(ethylene oxide) or PSyo-[Ru]-PEO7(.
(see Fig. 1) in the presence of different counter ions [13,14]. In the
case of hexafluorophosphate counter anions (PFg ), a quantitative
analysis of the small-angle X-ray scattering (SAXS) in the melt
indicated that the MLC’s and their associated counter ions tend to
form aggregates within the polymer matrix. A liquidlike model of
spherical ion-counter ion aggregates (radius ~ 1.5 nm) surrounded
by a polymer shell (radius ~2.4 nm) fitted the single broad peak
characteristic of the SAXS well [13]. Long annealing in the melt
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Fig. 1. Structure of the PS;p-[Ru]-PEO7o block copolymer. The numbers in the subscript
indicate the degree of polymerization.

produced essentially no changes in the morphology. In the solid
state, however, crystallization of the PEO block provides an addi-
tional driving force toward structure formation. As crystallization is
a strong phase transition, it plays a prominent role in determining
the final morphology of conventional block copolymers. In this
study, we report time- and temperature-resolved small- and wide-
angle X-ray scattering together with atomic force microscopy
measurements of the solid-state morphology of PS»p-[Ru]-PEO7o.
The results indicate crystallization-induced microphase separation
of the PS and PEO blocks. In addition, the MLC aggregates are
pushed out of the crystalline region, which leads to the formation of
an ordered ligand structure.

2. Experimental
2.1. Samples

Fig. 1 shows the chemical structure of the PSyp-[Ru]-PEO7q
copolymer used with the PEO and PS blocks connected via
a bis(terpyridine)ruthenium(Il) ion complex. The synthesis of the
system has been described in detail elsewhere [15]. The copolymer
has a polydispersity of 1.10. Using the bulk density of bis(terpyr-
idine)ruthenium with the two PFg counter ions and that of PS and
PEO, the volume fractions of the MLC, PS and PEO have been
calculated as 15.8, 35.1, and 49.1%, respectively [14].

2.2. Small- and wide-angle X-ray scattering (SAXS/WAXS)

Time-dependent SAXS and WAXS were performed in trans-
mission geometry to probe the morphology development during
the crystallization process. These were conducted using an in-
house setup at the FOM-Institute for Atomic and Molecular Physics

in Amsterdam (The Netherlands) with a rotating anode X-ray
generator (Rigaku RA-H300) operating at 18 kW. By employing two
parabolic multilayer mirrors (Bruker, Karlsruhe), a highly parallel
beam (divergence about 25 mdeg) of a monochromatic Cuk,, radi-
ation (4 = 0.154 nm) was obtained. A Linkam CSS450 cell was used
as a temperature-controlled sample stage. A small amount of the
copolymer powder was placed in a brass washer with a diameter of
5 mm and thickness of 1 mm and sealed with two kapton foils. All
samples were heated to well above the melting point of PEO at
about 60 °C and subsequently cooled down to the desired crystal-
lization temperature, T.. A counting time of 10 min was used for
each scan.

The SAXS patterns were recorded with a Bruker Hi-Star area
detector at a sample-to-detector distance of 1.03 m. The two-
dimensional scattering patterns were radially integrated, corrected
for background, and subsequently displayed as one-dimensional
plots of the intensity as a function of ¢ = (4m/A)sin 6, the modulus
of the scattering vector g, in which 26 is the scattering angle. The
WAXS curves were recorded using a linear position detector
(M. Braun, Germany).

2.3. Atomic force microscopy (AFM)

Fresh surfaces representing the bulk morphology were obtained
from crystallized samples using a homemade cryogenic microtome.
The samples were first isothermally crystallized in a 2 mm diam-
eter hole in a Teflon tape and subsequently cooled using liquid
nitrogen and cut. By choosing the right temperature (between too
brittle and too soft), a surface can be obtained that is typical of the
bulk morphology [16] (“poor man’s TEM”). The resulting surface
was investigated at room temperature using a Solver AFM (NT-
MDT, Zelenograd, Moscow) in the tapping mode. A standard
cantilever with a resonant frequency of about 300 kHz and a silicon
tip with a radius of curvature of 10 nm were used.

3. Results
3.1. Isothermal crystallization

Fig. 2a and b show SAXS and WAXS curves obtained at different
times during the isothermal crystallization at T, =30 °C, respec-
tively. The SAXS curves indicate that in the first 1300 min, a single
broad peak (indicated as qm*) characteristic of the melt [13,14]
maintains its appearance with almost no changes in either intensity
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Fig. 2. SAXS (a) and WAXS intensity (b) data during an isothermal crystallization at T, =30 °C.
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Fig. 3. SAXS curves after saturation for samples isothermally crystallized at the indi-
cated temperatures.

or position. After this time two new peaks occur at lower q values
designated by q:* and qy* respectively. The intensities of these
peaks grow with the crystallization time until saturation occurs.
First q1* seems to develop independently while somewhat later g,*
appears to split into g>* and g3*. The increase in intensity at g>*, and
gs* becomes more noticeable at later stages of the crystallization
process. The development of the new SAXS peaks is accompanied
by the appearance of two peaks in the corresponding WAXS
intensity at = 11.52 nm~" and q = 13.99 nm~, respectively. These
positions coincide with those of the (120) and (032 + 112) reflec-
tions of PEO homopolymer [17]. The results indicate that the
crystallinity increases as a function of the crystallization time.
Evidently any possible order of the MLCs after crystallization does
not lead to additional reflections in the WAXS region. Fig. 3 shows
the final saturated SAXS curves at long times for samples isother-
mally crystallized at different temperatures. These results are
summarized in Table 1, in which also the full width at half
maximum (FWHM) of the peak at ¢»* is given. For samples crys-
tallized at temperatures >20 °C, all three peaks are well resolved,
but for crystallization at 10 °C the peaks at g>* and g3* cannot be
distinguished. Note that for all samples crystallized at T. > 20 °C, we
observe q3* = q2*y2 even though the absolute positions vary with
temperature.

Finally, direct space images of the bulk morphology were
obtained by AFM of microtomed surfaces as described in Section
2.3. Fig. 4 gives a typical example from a sample crystallized at
Tc=21°C in which continuously alternating crystalline lamellae

Table 1

Positions of the SAXS peaks of Fig. 3, together with their corresponding Bragg
periods. For g,* also the FWHM Aq; and the domain size/correlation length L =27/
Agq> are given. q;* values are obtained after performing the Lorentz correction.

T./°C g*/nm™' g*/nm! gz*/nm~' diy/nm dy/nm  peak go*
Ago/nm~'  L/nm

10 0.33 - - 19.0 - - -

21 0.29 0.79 112 21.7 795 0.22 28

30 0.27 0.76 1.08 233 8.27 0.21 30

40 0.23 0.74 1.06 273 8.49 0.19 34

Fig. 4. AFM phase image of a microtomed surface of a sample isothermally crystallized
at T.=21°C (area 1 x 1 pm?).

with different orientations can be clearly distinguished. The inter-
lamellar period as estimated from the AFM image is about 21 nm.

3.2. Thermal stability

Temperature-dependent SAXS measurements were performed
to asses the thermal stability of the isothermally crystallized
samples. Fig. 5a shows as a typical example a series of SAXS curves
of a sample crystallized at T.=30°C taken during subsequent
heating to the melt. The intensity of the peaks at g;* and ¢>* drops
substantially at 48 °C, and at 50 °C only the broad peak of the melt
(qm*) is left. Interestingly, for samples crystallized at T.=10°C
(Fig. 5b), the peaks at g% and g3* (that initially could not be
distinguished) become resolved at temperatures above 30 °C. They
gain intensity during further heating to 45 °C before disappearing
at 50 °C. Finally again only the broad peak of the melt is retained,
similar to the case of Fig. 5a. These results clearly indicate that the
splitting of the broad bump from the melt (gy,*) into the peaks at
2" and g3* is directly related to the crystallization of the PEO as
revealed by q;*.

4. Discussion

The solid-state morphology of conventional diblock copolymers
containing crystallizable blocks is known to be significantly influ-
enced by the crystallization conditions (see for reviews Refs. [9,18]).
The final morphology can be either dominated by crystallization or
by the initial block copolymer morphology, depending on the
relative positions of T. of the crystallizable block, the glass transi-
tion temperature of the amorphous block (Tg), and the block
copolymer order-disorder transition temperature (Topr). In addi-
tion, the final morphology can be influenced by the kinetics of the
various processes [16,19-23]. In particular crystallization can
induce microphase separation in an otherwise mixed block copoly-
mer system. In our system, the PEO and PS blocks are still mixed
like in the corresponding diblock copolymer without the MLC [13].
However, as reported earlier, inside this polymer mixture the MLC's
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Fig. 5. SAXS curves during heating of a sample isothermally crystallized at T. =30 °C (a) and T.=10 °C (b).

are segregated into spherical aggregates of the order of a few
nanometers as revealed by the broad bump at gp,* [13].

The experimental results provide unequivocal evidence for
crystallization of the PEO block. WAXS confirms essentially the
same crystalline structure as for a PEO homopolymer: a monoclinic
lattice with unit cell parameters a=0.805nm, b=1304 nm,
c=1.948 nm and (=125.4 [24]. The AFM images show typical
crystalline lamellae, continuous and alternating with somewhat
thicker amorphous regions. From these observations we conclude
that crystallization induces microphase separation between the PS
and PEO blocks. As in all samples the X-ray peak at q* is observed
only below the melting point of PEO, we attribute g;* to this phase
separation. Calculating the ratios ¢>*/q1* and g3*/q;* from the data
in Table 1 clearly shows that neither g,* nor gs* can be connected in
a simple way to g;*. The period of 20 nm corresponding to q;* is
rather large and increases with crystallization temperature. This
value comes close to the interlamellar period estimated from AFM
(about 21 nm at T, = 21 °C). For the same compound but with much
bulkier counter ions we reported microphase separation (after
prolonged annealing of the melt) with a lamellar period of about
12 nm [14]. The larger value found here indicates considerable
stretching of the chains, as expected upon crystallization. From the
single X-ray peak at g1* we cannot unambiguously confirm the
block structure to be lamellar. However, from the AFM picture, as
well as from the lamellar structure observed both in Ref. [14] and in
PEO-PS block copolymers with the same volume ratio and higher
molecular mass, the lamellar morphology seems highly probable.

The question is now how the microphase separation between
the PEO and PS blocks affects the MLCs. As g2* and q3* = q2*\/2 are
not related to ¢, we attribute these peaks to scattering involving
MLC aggregates. In general, a /2 relation points to a lattice with
cubic or square ordering. In our system each MLC is tethered to two
polymer blocks and the possibility of a macrophase separation of
the MLCs can be ruled out. Bearing this in mind, cubic packing
would lead to incorporation of the MLC aggregates into the
lamellae, resulting in fragmented crystallites. The AFM images
show this is not the case as rather continuous regular lamellae are
observed. On the other hand, any perfect three-dimensional peri-
odic packing of the MLC aggregates is expected to fail because of the
unequal thicknesses of the two blocks. As discussed elsewhere [14],
amorphous PEO and PS blocks (without any MLCs) have estimated
sizes of 1.9 and 2.5 nm, respectively. From these considerations
packing of the MLC aggregates in a two-dimensional square lattice
parallel to the block interfaces in the amorphous PS blocks seems
most plausible. Finally, optical microscope images taken during the

isothermal crystallization at various crystallization temperatures
(not shown here) showed that uncrystallized regions coexist with
the crystals at high crystallization temperatures even after satura-
tion of the X-ray signal. Therefore, the high intensity of gs* relative
to that of %, especially at T.=40°C can be understood by
considering gs* as a the superposition of two peaks, one arising
from the ordering of the MLCs due to crystallization and one from
the still-uncrystallized regions (supercooled melt) (qm*). The same
situation appears during a heating scan at high temperatures, Fig. 5.
In this case, some of the crystals melt already at these temperatures
and in turn this melt contributes to g3* through qn*. The coexis-
tence of crystalline and not yet crystalline regions for very long
times at high temperatures points to a competition that must occur
during the crystallization process. High crystallization tempera-
tures lead to thicker lamellae as well as longer long spacings.
Consequently, the amorphous PS block is stretched more and more
with increasing the crystallization temperature. Progressive
stretching of the PS block generates increasing opposing entropic
forces. It may also lead to some disassociation of the MLC aggre-
gates. Meanwhile, the thermodynamic driving force for crystalli-
zation diminishes with increasing the crystallization temperature.
On the other hand, the electrostatic forces responsible for the MLCs
aggregation persist at high temperatures. This leads to a tradeoff
between crystallization, stretching and segregation of the MLCs
resulting in some still-uncrystallized regions at high crystallization
temperatures.

On the basis of the above observations, we can model the solid-
state crystalline morphology of the PS;g-[Ru]-PEO7¢ diblock
copolymer as shown in Fig. 6. Isothermal crystallization of the PEO
block takes place in a disordered PEO/PS melt in which liquidlike
distributed MLC aggregates are microphase separated from the
polymer melt [13]. Crystallization induces microphase separation
between the two blocks which necessitates some rearrangements
of the MLC aggregates. The interdependence between the micro-
phase separation and the rearrangement process of the MLC
aggregates can be expected to farther the time over which micro-
phase separation takes place. This might explain the long incuba-
tion periods before crystallization sets in. The compact chain
packing of the crystalline lamellae drives the MLC aggregates out of
the PEO blocks into the amorphous PEO and PS regions. So far this
would not require any rearrangement of the MLC aggregates. But as
each MLC is connected to a PEO block, the packing of once-folded
PEO chains in crystalline lamellae will influence the position of the
MLC aggregates. This leads to an in-plane square packing of the
aggregates at the PS-PEO interface. The two peaks at g>* and g3* can
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Fig. 6. (a) Schematic drawing of the various regions of isothermally crystallized PS;o-[Ru]-PEO7o; (b) top-view of the square packing of MLC's at a block interface.

now be assigned as (10) and (11) reflections, respectively in
a simple square lattice. The width of any X-ray peak increases with
decreasing correlation length or domain size. From the FWHM of
the peak at g,* (see Table 1) we obtain a typical dimension of the
order of 30 nm, comprising approximately four MLC aggregates.
Evidently the order of the MLC’s in the square lattice is relatively
a short-range one. The significant increase of the interlamellar
spacing with increasing the crystallization temperature and DSC
data, not shown here, indicate that the PEO blocks are not fully
crystalline as illustrated in Fig. 6.

Finally we note that after crystallization at 10 °C the MLC peaks
are not fully resolved, which, however, can be achieved by
a subsequent heating to the melt. This could indicate that the
crystalline lamellae formed at low temperatures are less perfect,
similarly as known for crystallization of semicrystalline homopoly-
mers. With increasing temperature the crystalline lamellae become
better ordered as reflected in the intensity and width of g;*. We
speculate that the initial crystalline lamellae melt at relatively low
temperatures, either partially or completely, subsequently undergo
recrystallization and finally melt again around 50°C (compare
Fig. 5b). Such a melting recrystallization is known to be heat rate
dependent [25]. The step heating used with a counting time of
600 s for the SAXS curve at each temperature, results in an effec-
tively low heating rate needed to observe such an effect.

5. Conclusions

We have studied the morphology of an isothermally crystallized
metallo-supramolecular PS;p-[Ru]-PEO7g diblock copolymer at
different crystallization temperatures. In combination with our
earlier work this provides a rather complete insight in the
morphological behavior of these materials. In the melt, the PEO and
PS blocks are mixed, while the MLC and their associated counter
ions form spherical aggregates [13]. For large counter ions only,
long annealing leads to a lamellar structure with the MLC aggre-
gates at the PS-PEO block interfaces [14]. For the present small
counter ions, crystallization of the PEO block induces microphase
separation of the blocks into PEO blocks with crystalline lamellae
and amorphous PS blocks. During the crystallization process the
MLC aggregates are expelled from the crystalline blocks and
redistributed near the interfaces within the amorphous layers. This
process result into order of the MLC's in a square lattice parallel to

the block interfaces over a relatively short-range. The kinetics of the
process depends strongly on the crystallization temperature.
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