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Introduction 

Crystallization in confined geometries is an exciting topic of current 

polymer research, and microphase-separated block copolymers can be 

considered to be ideal model systems for studying systematically 
crystallization under confined conditions. This is because well-defined one-, 

two- and three-dimensional confinements can easily be realized, and domain 
sizes can be tailored very precisely. Moreover, microphase-separated block 

copolymers open insights into nucleation and crystal growth of polymers. 

Despite of many studies, however, there are still a lot of questions 
unanswered, and more profound analyses of block copolymers are necessary.  

In this respect, a very promising semicrystalline polymer is 

poly(ferrocenyldimethylsilane) (PFS). Due to its intriguing electrical and 
magnetic properties, it is a candidate for applications in advanced 

technologies, and many papers have been published on this polymer since it 

was first described in the 1990th.1,2 It exhibits a Tg of around 30 °C and a 
melting temperature (Tm) in the range of 120 to 150 °C. Moreover, it contains 

iron centers in the backbone, giving rise to excellent “visibility” in TEM and 

X-ray measurements. Last but not least, it can be prepared via living anionic 
polymerization, key requirement for accessing well-defined block 

copolymers. Even though PFS crystallization has already been addressed, 

there is no systematic investigation available on details of the ongoing 
crystallization process. As PS-b-PFS copolymers might fulfill all requirements 

of a system appropriate for studies on crystallization in confined geometries, 

we prepared such materials and started a research program on their 

crystallization behavior. The present study deals with PS-b-PFS copolymers 

having a lamellar morphology, and it is focused on isothermal crystallization 

of the PFS microphases.  
 

Experimental 

Materials. Dimethylsila[1]ferrocenophane (FS) was prepared as 
published. Purification of styrene and of the solvents to the standards required 

for anionic polymerization has been described in detail elsewhere.3,4 

Instrumentation. SEC was performed with THF as the mobile phase at 

a flow rate of 1 mLmin-1 on a modular setup consisting of a Waters model 

515 pump, a Waters model 410 refractive-index (RI) detector and a three 

column set (PSS-SDV gel; 5; 106, 105, 104 Å). DSC was carried out using a 
Perkin-Elmer DSC 7 instrument. TEM was carried out using a Zeiss CEM 902 

electron microscope operating at 80 kV. Small and wide angle synchrotron X-

ray scattering (SAXS and WAXS) was carried out at beam line A2 in 
HASYLAB, DESY, Hamburg. The samples were sandwiched between two 

layers of aluminum foils. Two dimensional (2D) SAXS data and 1D WAXS 

data were recorded simultaneously by a CCD camera and a 1D detector, 
respectively.  

Polymer Synthesis. All manipulations were performed under high 

vacuum in glass reactors equipped with break-seals for addition of the 
reagents and constructions for intermediary removal of parts of the products.5 

The PS-b-PFS diblock copolymer was synthesized by sequential living 

anionic polymerization: first, the polymerization of styrene was initiated by 
sec-BuLi in cyclohexene at room temperature and allowed to proceed 

overnight. Then, a cyclohexene solution of FS was introduced by smashing 

the break-seal of the corresponding ampoule. The resulting mixture was 
stirred for 10 min. Then, tetrahydrofuran (THF) was added to get a 50 % (v/v) 

mixture with cyclohexene, which facilitates FS propagation. After 2 h, the 

reaction was terminated with degassed methanol. The raw product was 
isolated by precipitation in hexane and vacuum dried. The obtained material 

has a total molar mass (Mn) of 24.3 kgmol-1, with an Mn of the PS block of 

12.0 kgmol-1. At room temperature, the volume fraction of PS in the 
amorphous and crystalline sample is 0.586 and 0.614, respectively, assuming 

a density of 1.05 gcm-3 for the amorphous PS, and densities of 1.294 and 

1.455 gcm-3 for amorphous and crystalline PFS, respectively.6 The mass 
fraction of PFS in the sample is 0.466.  

 

Results and Discussion 

Synthesis of Polymers. The PS-b-PFS diblock copolymer was prepared 

via sequential living anionic polymerization (Figure 1): 

 
 

 

 
 

 

Figure 1.  Key step of the synthesis of the PS-b-PFS diblock copolymer. 
 

First, styrene polymerization was initiated using sec-BuLi. After 

completed styrene polymerization, FS was added to grow the second block 
onto the living PS anions. Finally, the living chains were terminated using 

degassed methanol. The obtained PS-b-PFS diblock copolymer was purified 

by fractionated precipitation.  

 

Crystallization Characteristics. PFS crystallization in the PS-b-PFS 

samples was found to be extremely slow. PFS did not crystallize during 

conventional DSC cooling runs, even at rates of only 0.5 °Cmin-1. No melting 

peak could be observed when the material was heated up in the DSC 

instrument after such cooling. Only the Tgs of the two microphases, 
superimposed by physical aging peaks, can be observed: the Tg(PFS) of PFS 

appears at 30 °C, that of PS at 85 °C. The observed Tg(PS) of PS is lower than 

in the bulk PS. This might be due to the presence of some low-Tg PFS 
segments in the PS-rich microphase, acting as softening agents. This is in 

accordance with expectation since PS and PFS are partially miscible. The 
presence of only amorphous PFS microphases in the samples obtained by 

slow cooling (0.5 °Cmin-1) from the amorphous melt was additionally 

supported by WAXS.  
Although slow PFS crystallization was expected, this result was 

surprising: PFS homopolymers of molar masses similar to that of the PFS 

block crystallize already at cooling rates of 1 °Cmin-1. There might be several 
reasons for suppression of crystallization in the PS-b-PFS sample under the 

applied conditions. First, the driving force for PFS crystallization might be 

basically too low. Second, the supercooling required for remarkable rates of 
crystallization might be too large. If so, the PFS is possibly already in the 

glassy state when sufficient supercooling is reached. Third, because PS and 

PFS blocks are partially miscible, some PS might stay within the PFS 
microdomains even after microphase separation, thereby hindering PFS 

crystallization. 

However, in further experiments it could be shown that PFS 
crystallization can be accomplished also in the PFS-b-PS samples by suitable 

isothermal crystallization: when the material is annealed at 127 °C for 64 h, it 

crystallizes nicely. The degree of PFS crystallinity, calculated from the 
melting enthalpy, depends on the crystallization conditions and can exceed 

90%. Moreover, the sample exhibits two sharp WAXS peaks at 2θ = 13.36° 

(1.51 nm-1) and 15.83° (1.78 nm-1). These peaks can be indexed as 200 and 

110 reflections, respectively, since they are identical to what has been 

observed earlier for other melt-crystallized PFS homopolymer samples. 

In order to understand more deeply the PFS crystallization, combined 
small and wide angle synchrotron X-ray scattering was carried out. A self-

seeding technique was used in order to accelerate the crystallization rate:7,8 the 

pre-crystallized samples were heated to slightly above the PFS melting 
temperature of 146 °C and then are quenched to the respective crystallization 

temperature. By this procedure, some local order of the chains survives also 

after PFS melting. This remaining local order accelerates nucleation during 
subsequent isothermal crystallization significantly. Using this self-seeding 

technique, the measuring times could be reduced to a reasonable scale, 

especially for crystallization at high temperatures.  
In all subsequent studies, the samples were crystallized isothermally at 

temperatures between 85 °C and 140 °C. The obtained samples stayed 

amorphous for a while also when cooled down to the respective crystallization 
temperature. At this stage, the sample morphology was lamellar in all cases. 

This was verified by SAXS and by TEM. Next was the investigation of PFS 

crystallization within this lamellar system at temperatures between 85 and 140 
°C: all crystallization temperatures were well below the ODT temperature, 

and in most cases they were also well above Tg of both components (this 

situation is called 1D soft confinement). For comparison reasons, however, 
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some samples were also crystallized at temperatures close to Tg of the PS-rich 

microphase.  
Two types of isothermal crystallization were found under these 

conditions. “Type I” crystallization was observed for temperatures below 

approx. 125 °C. Here, SAXS curves show a first order peak of the original 
amorphous copolymer lamellae, and when crystallization proceeds, a second 

peak (“peak 2”) appears at the low q side. It is a first-order peak too, and here 

scattering peaks up to the third order can be observed as well. It should be 
emphasized that the structural length corresponding to peak 2 is remarkably 

larger than that of peak 1. When crystallization proceeds, the “old” amorphous 

copolymer lamellar peak 1 decreases in intensity further, and the “new” 
lamellar peak 2 grows accordingly. However, the positions of these two peaks, 

of the growing one as well as of the shrinking one, remain almost constant 

during the whole crystallization process. This is the characteristic feature 
attributed to “type I” crystallization behavior.  

On the other hand, when crystallization was carried out at 130 °C, or at 

even higher temperatures, a different crystallization behavior was observed. 

As shown by time-resolved SAXS curves, again, the “old” block copolymer 

lamellar peak disappears, and a “new” lamellar peak appears with proceeding 

crystallization. But while the “new” peak is still almost constant in its q-
position, the peak of the amorphous lamellae shifts to the lower q side with 

proceeding crystallization. This feature is called “type II” crystallization 

behavior. 
Furthermore, there is an increase in signal width of the new peak during 

crystallization, in contrast to crystallization below 125 °C. This indicates 

lower internal order within the crystalline structure. Based on these scattering 
curves it can be concluded that the lamellar morphology of the amorphous PS-

b-PFS copolymer is replaced by another lamellar morphology of different 
periodicity during crystallization. The new lamellar structure clearly does not 

reflect the order within the crystallized PFS microdomains: if so, higher-order 

peaks should not be observed in the SAXS curves but only a shoulder. This is 
because of the usually irregular stacking of the lamellae – as is known for 

semicrystalline homopolymers. To assign the new lamellar structure, the 

obtained data were analyzed using a one-dimensional correlation function. As 
there is exactly one kind of lamellar structure in the sample before and after 

full crystallization, respectively, the data can be analyzed faithfully for these 

limiting cases with the 1D correlation function. From the correlation function, 
the lamellar long period and the thickness of one component layer can be 

obtained.  

These analyses make evident that the SAXS patterns observed during 
ongoing crystallization are superpositions of scattering curves of two different 

types of lamellar microphases: one contains the amorphous PFS lamellae, the 

other one fully crystalline PFS lamellae. However, amorphous and crystalline 
PFS lamellae are not distributed at random over the whole sample: in order to 

get such well-defined scattering patterns as got here, the lamellar stack for 

each structure must have a minimum size. In the following, these lamellar 
stacks of identical state of crystallinity will be called “grains”.  

During crystallization – and presumably already in the fully amorphous 

material –, the material must be composed of a large number of such “grain” 

sub-volumina, which are rather decoupled from each other, and the 

crystallization proceeds independently in each individual grain: it transforms – 

grain by grain – the originally amorphous block copolymer lamellae into those 
with only crystalline PFS layers. As soon as crystallization is nucleated 

anywhere in a grain, crystal growth spreads quickly over the whole grain 

volume and stops only at the grain boundaries. Following the overall 
nucleation rate, all grains of the sample crystallize successively. In an 

intermediate state of crystallization, fully crystallized and fully amorphous 

grains coexist side by side.   
The crystallization behavior reported here is different from what has 

been reported so far for crystallization in block copolymers: we assume that 

crystallization of neighboring lamellae must be closely coupled within each 
“grain”. Hence, the crystallization process is called “coupled crystallization”. 

The basic crystallization unit in the sample is a grain which is rather 

decoupled from others, but the lamellae within the grains correlate strongly. 
The time required for full crystallization of all lamellae within a grain, 

moreover, must be very short because it was not possible to get scattering 

information about partially crystallized grains. Hence, full crystallization of a 
grain is faster than the time scale of the SAXS measurement, i.e. roughly 30 s. 

A crucial aspect to be discussed in the contribution is the mechanism 

according to which information is transferred about the respective state of 

order from one grain lamella to the others: we will propose a coupled 

crystallization mechanism via “squeezing transfer”.  
 

 

Conclusions 

The isothermal crystallization behavior in a PS-b-PFS diblock 

copolymer is investigated by synchrotron small angle X-ray scattering. The 

sample has a lamellar morphology and is in the weak segregation regime of 
the phase diagram at all crystallization temperatures. The long period of the 

crystalline block copolymer lamella increases as the crystallization 

temperature increases, and is constant at each crystallization temperature. The 
crystallization process is a continuous transformation of amorphous block 

copolymer lamellar grains into crystalline ones. Each grain contains a certain 

number of block copolymer lamellae with the same orientation. The 
crystallization among different lamellae in the same grain occurs in a coupled 

way, as if they were nucleated by a single nucleation event. The coupled 

crystallization in the same grain is assumed to occur via squeezing of the 

connected PS chains, and the transfer of this chain squeezing to the 

neighboring PFS layers might occur via the effective entanglement of the PS 

chains. Further investigations on bulk materials as well as on thin film 
samples are currently in progress. 
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