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Highlights: 

The long-period of PB-b-PEO can be tailored by controlled annealing. 

We studied the underlying mechanisms and kinetics by t-T-SAXS and DSC. 

Three different annealing regimes were identified. 

Abstract 

Self-assembled nanostructures of crystallizable block copolymers can be tuned by controlled 

crystal thickening during annealing. In this contribution, we present a strategy, based on time- and 

temperature-dependent DSC, SAXS and WAXS measurements, which enables to study, both, the 

mechanisms and kinetics of crystal thickening and the respective morphological development, 

exemplarily discussed for the soft-confined PB-b-PEO block copolymer. Thereby, DSC based 

PEO crystal thickness distributions yield qualitative information about the mechanisms during 

annealing. Conclusions on the kinetics and the absolute long-period growth due to crystal 

thickening can be drawn from the time- and temperature dependent SAXS investigations, by 

calculating the average long-period and its deviations from the SAXS reflection position and 

shape, respectively. By this combined study, three annealing regimes were observed. (i) At low 

annealing temperatures Ta, steady lamellae-thickening was found, due to defect healing of the 

PEO crystals. (ii) Thermal fractionation was observed at intermediate Ta, due to the exclusion of 

shorter PEO chains from the crystals. (iii) Annealing close to and above the peak melting 

temperature, self-nucleation of the molten PEO fractions dominates. The combination of the 

applied techniques provides deeper insights into the kinetics and ordering mechanisms of the 

controlled long-period growth by crystal thickening under variable confinements, which enables to 

tailor the morphology of the block copolymer within several nanometers, without changing the 

degree of polymerization.
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INTRODUCTION 

The ever growing miniaturization of devices leads to an increasing demand of geometrically 

defined, highly-ordered nanostructures. Conventional top-down approaches, like lithographical 

techniques, are inherently limited by physical fundamentals and the high costs of the 

lithographical production tools.[1] Fortunately, highly ordered nanostructures can be formed by 

self-assembly of organic molecules such as block copolymers (BCPs).[2-5]

The chemical incompatibility of the different blocks in BCPs leads to microphase separation and 

the formation of nanostructured materials, which have different morphologies.[6, 7] Size and 

shape of the BCP morphology are defined by the degree of polymerization, the volume fraction of 

the blocks as well as the interactions between the constituting segments.[6, 7] Depending on the 

ability to crystallize, BCPs are categorized as amorphous or semi-crystalline.[8] The 

crystallization process can be interpreted as another influencing factor for the microphase 

separation. Understanding the mutual relation of the BCP morphology and the BCP crystallization 

is of great interest: on the one hand it provides new insight into the general polymer crystallization 

process under soft- or hard-confinement.[8, 9] On the other hand it represents an interesting tool to 

control the BCP morphology by defined isothermal crystallization from the melt or an annealing 

procedure of previously crystallized systems.[10, 11]  

It should be noted that the process of crystal thickening and polymer crystallization strongly 

depends on the mobility of the polymer chain segments. The interested reader to this more 

fundamental research work might be referred to the works of Strobl [12] and Beiner [13]. 

Isothermal crystallization from the melt has been widely investigated for the amorphous-

crystalline block copolymer polybutadiene-block-poly(ethylene oxide) (PB-b-PEO), where the PB 

phase imposes a soft confinement on the PEO crystallization.[11, 14-18] Consequently, the 

formation of PEO crystals occurs either within the confined PEO domains or overwrites the pre-
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existing microphase separated domain structure (break-out crystallization).[16] Thickness and 

lateral dimensions of these PEO crystals depend on the crystallization process, i.e. the 

crystallization temperature Tc and duration.[11, 14-16] Reiter et al. observed larger spacings of the 

lamellar morphology with increasing Tc of a low molar mass PB-b-PEO. The different thickness 

values of the crystalline lamellae were explained by differently folded PEO chains.[14] 

Another approach to control the morphology of PB-b-PEO is to anneal the sample within the 

melting range, after defining a crystalline standard (CS).[17-22] In particular, the works of Fillon 

et al. must be mentioned here, who, to the best of our knowledge, invented the self-nucleation 

approach.[20] Crystal thickening as well as partial and complete melting can be observed, 

depending on the respective annealing temperature.[17-20] Moreover, it was shown that the 

spacing of a thin film surface morphology of a low molar mass PB-b-PEO can be systematically 

increased by this approach.[11]  

For potential applications, understanding the mechanisms and kinetics of the crystal thickening in 

soft confined BCPs is mandatory. The underlying mechanisms have been intensively studied on 

low molar mass homopolymers, which have been isothermally crystallized from the melt or 

solution.[23-26] Moreover, crystal thickening was investigated for amorphous-crystalline BCPs in 

bulk and thin films. [11, 14-16, 27] However, studies regarding lamellae thickening based on CS 

are rare and these investigations focus on the surface topology of the corresponding thin films.[10, 

11] 

Up to now, crystal thickening mechanisms and kinetics of amorphous-crystalline BCPs in the bulk 

are, to the best of our knowledge, not reported in the literature. Potential applications of tunable 

BCP nanostructures can be found in the fields of biomedicine, and -analytics, photonics or high 

density data storage. In particular in the fields of biomedicine and -analytics, these nanostructures 

are interesting for patterning purposes in order to investigate and control the protein adsorption on 
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the surface of biomaterials, which is a key factor for the development of next generation implants 

and biosensors. 

In order to investigate the underlying crystal thickening mechanisms and kinetics, we propose a 

combination of differential scanning calorimetry (DSC) as well as temperature and time dependent 

X-ray scattering experiments for PB-b-PEO to investigate the development of structure and 

morphology within this system. In order to analyze the DSC data, we applied a modified model of 

Crist and Mirabella[28] (CM-model), which has frequently been used to describe the crystal 

lamellae thickness of polyolefins.[28-30] Average long-periods and their deviations are estimated 

by small-angle X-ray scattering (SAXS) from the first reflection q* at 100% and 90% of the 

reflection intensity, respectively. This is followed by a critical discussion about the applicability 

and comparability of this strategy. The presented results on PB-b-PEO contribute to the 

understanding of BCP crystallization and are focused on the controlled formation and 

manipulation of self-assembled BCP nanostructures where crystalline segments are involved. 

Moreover, we offer a tool that enables the investigation of the mechanism and kinetics of the 

morphological development of such systems. 

EXPERIMENTAL 

Materials 

The investigated PB-b-PEO was purchased from Polymer Source Inc. (Dorval, Canada). The PB 

block has a molar mass of Mn = 5200 g/mol and a PDI value of 1.12, as given by the supplier. The 

molar mass of the PEO block was determined by 1H-NMR measurements to be Mn = 3960 g/mol. 

The corresponding degrees of polymerization are 96 and 90 for the PB and the PEO block, 

respectively. Following the syntax of other investigations on this block copolymer system, this 

polymer will be named as B96EO90. The volume fraction of PEO in B96EO90 is 35.4 vol.% at 

20 °C.
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Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was carried out on a PerkinElmer Pyris 1 equipped with a 

thermal analysis controller 7/DX (PerkinElmer Inc., Waltham, MA). Heating and cooling rates 

were 10 °C/min for all measurements. The sample was kept for at least one minute at the final 

temperature after each heating/cooling step. 

To create comparable sample conditions before each experiment, B96EO90 was heated to 90 °C in 

the calorimeter, which is well above the peak melting temperature of the crystalline PEO block 

and erases the thermal history of the sample. Subsequently, the sample was cooled to 0 °C. This 

initial state is referred to as crystalline standard (CS) and had a peak crystallization temperature of 

Tc = 24.5 °C and a peak melting temperature of Tm = 52.5 °C. The degree of crystallinity of the 

PEO block for the CS was 66%, as determined by DSC. 

After creating the CS, the sample was heated to the selected annealing temperature Ta between 42 

and 52 °C, which is within the melting range of the PEO block. B96EO90 was held for different 

annealing periods ta, ranging from ta = 10 min to ta = 24 h and was subsequently cooled to 0 °C to 

crystallize the already molten parts of the polymer. Afterwards, the sample was heated again to 

90 °C, which provides information about the thermal properties after the annealing procedure. A 

modified approach of Crist and Mirabella[28] (CM-model) was applied to correlate the DSC 

melting temperatures Tm with the thickness of the PEO crystals lPEO,c. Its dependence can be 

calculated by: 

Here, g(lPEO,c) is the distribution function of the PEO crystal thickness, K is a normalizing factor 

and Pc(T) is the heat flow of the crystalline PEO fractions, which can be estimated from the DSC 

heating scans. originates from 0
m , which is a material constant, known from the Gibbs-

Thomson equation and describes the melting temperature of an infinitely thick PEO crystal. The 
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correction of 0
m for low molar mass PEO was carried out according to Buckley and Kovacs[31] 

for low molar mass PEO, which leads to °C. Details are given in the electronic 

supporting information. 

X-ray Scattering 

Small- and wide angle X-ray scattering experiments (SAXS and WAXS) were carried out on a 

Bruker AXS Nanostar (Karlsruhe, Germany), equipped with (i) a microfocus copper X-ray source 

(Incoatec IµSCu E025, Incoatec, Geesthacht, Germany  = 0.154 nm, (ii) a 

two-dimensional Bruker AXS VANTEC-2000 gas detector (Karlsruhe, Germany) and (iii) a 

temperature controller. The distances between sample and detector were 107 and 12 cm for the 

SAXS- and WAXS-setup, respectively, using silver behenate for calibration. Exposure times were 

between 1 min and 9 min for each SAXS measurement and 60 min for WAXS. The samples were 

placed in the drill hole (diameter 3 mm) of a metal sheet (10 x 5 x 1 mm³), which is used to mount 

the samples in the temperature controller unit of the SAXS/WAXS device. Prior to the 

morphological investigations, each sample was placed together with the metal plate in the 

calorimeter in order to establish the CS. 

For the temperature-dependent WAXS experiments, the CS was heated from room temperature 

(RT) to 42 °C. The temperature was held for 20 min to ensure that the sample was completely 

heated through. After measuring for one hour, the temperature was increased by 2 °C. This 

procedure was repeated until the signals of the crystalline PEO vanished completely. 

The data acquisition of each SAXS annealing procedure was carried out by (i) collecting an initial 

pattern at 20 °C, (ii) heating the sample up to the desired annealing temperature Ta between 42 and 

54 °C, (iii) collecting patterns after several annealing periods (1 4 min) at Ta and (iv) 

collecting a final pattern after cooling to 20 °C. The heating and cooling rates in the experiments 

were set to 10 °C/min and the maximum temperature deviations that were measured during 

annealing were ± 0.2 °C.
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The scattering patterns were post-processed using ImageJ, an open source image processing 

software.[32] SAXS and WAXS patterns were converted into q-space (q ) and 2 -

space, respectively. Here, q is the scattering vector and  is the scattering angle. All patterns were 

corrected regarding background scattering, normalized to the exposure time and rotated so that 

preferential orientations of the CS-patterns of each temperature series are located on the meridian. 

After azimuthal integration of the 2D-SAXS patterns, the average long-period lp, which is the sum 

of the PB and the PEO domain size, of each SAXS sample was calculated from the maximum of 

the reflection q* by: 

lp = q* (2)

To estimate the long-period distributions, additional values at a height of 90% of the q* reflection 

were extracted. The corresponding spacings are interpreted as deviations from lp. The domain 

spacings of each phase li can be calculated from lp and the volume fractions fi, where the subscript 

i stands for PB or PEO:[16] 

RESULTS 

Differential scanning calorimetry 

Exemplary cooling curves after annealing at Ta = 50 °C and the subsequent heating curves are 

given in Figures 1a and 1b, respectively. For comparison, the DSC data of the CS is also given in 

this plot. In the cooling scans after annealing, shown in Figure 1a, the crystallization temperature 

Tc is shifting to lower temperatures with increasing annealing duration (ta). Moreover, the area 

under the crystallization exotherm is systematically decreasing. This indicates that the degree of 

crystallinity of the sample is increasing during annealing with time, since less crystallizable PEO 

is available in the later cooling step. In the heating scans (Figure 1b), two melting endotherms 

were observed for the samples annealed at 50 °C. The melting endotherm at the higher 

temperature (Tm,high) shifted with increasing ta to higher peak temperatures of 54.6 °C (10 min), 
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55.4 °C (120 min) and 56.1 °C (24 h). The second melting endotherm features lower peak melting 

temperatures Tm,low which, in turn, systematically decrease with longer annealing durations. The 

observed melting enthalpies of these lower temperature melting peaks are close to the 

crystallization enthalpies, which are observed in the previous cooling scans. Thus, it is obvious 

that Tm,low originates from the PEO fractions, which crystallize upon cooling. The shift of the high-

temperature melting endotherm is attributed to crystal thickening during annealing. Note that the 

small high-temperature shoulder near Tm,high is expected to be a measurement artefact that arises 

from crystals formed during heating in the DSC, as discussed elsewhere.[16] The effect of the 

annealing temperature Ta and duration ta on the peak melting temperatures Tm,high and Tm,low is 

shown in Figure 2. The trend, which was exemplarily presented for the 50 °C-sample, is in 

agreement with the observations at the other annealing temperatures. With longer annealing 

durations, Tm,high increased (Figure 2a), while Tm,low decreased (Figure 2b). Two distinct melting 

peaks were only observed at either higher temperatures (Ta  48 °C) or very long annealing 

periods. A similar behavior was also observed by Fillon and co-workers during self-nucleation 

studies on polypropylene.[20] However, after annealing at Ta = 52 °C, only one melting peak was 

observed in the heating scans. The slightly higher peak melting temperatures, compared to the CS, 

are expected to result from self-nucleation or self-seeding effects.[33-35] 

Figure 2c shows the crystal thickness distributions of the CS and samples that were annealed 

between 10 min and 24 h, at Ta = 48 °C. The results are based on Equation (1), applied to the DSC 

heating scans.26 The crystal thickness distribution of the CS reveals a single maximum at 5.90 nm. 

Two distinct maxima were observed for the annealed samples. With increasing annealing periods, 

the maxima became more separated i.e. the thickness of the thinner crystals decreases, whereas it 

increases for the thicker crystals. The fractions of each species can be calculated from the integral 

of the corresponding peak in the distribution diagram. It was found that the fraction of the larger 

crystals is continuously increasing, being 75% after 10 min and 83% after 24 h at Ta = 48 °C.
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In Figure 2d, similar crystal thickness distributions are given for different Ta, after annealing for 

24 h. A single maximum was observed for Ta = 52 °C; two distinct distribution maxima can be 

found for 42 °C Ta  50 °C. Both maxima shifted to larger crystal thicknesses with higher Ta. 

Further, the peak area was increasing for the lower crystal thicknesses and decreasing for larger 

crystal thicknesses. This indicates that larger crystal species are being formed with increasing Ta; 

their respective fraction, however, is decreasing with Ta. The general thermal behavior of B96EO90

points to a fractionation of the PEO chains during annealing within the melt ing range.[36] 

Figure 1.  a) Cooling scans of B96EO90 after annealing at an annealing temperature Ta = 50 °C 

for different annealing periods ta. b) Heating scans for different ta after the subsequent cooling 

step. Each subsequent curve is shifted by 10 W/g with respect to the former for better visibility. 
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Figure 2.  Peak melting temperatures for different ta and distributions of the corresponding 

crystal thickness distributions according to the modified CM-model (equation 1).[28] a) higher 

peak melting temperature Tm,high and b) lower peak melting temperature Tm,low. c) Crystal thickness 

distributions at Ta = 48 °C after different ta. d) Crystal thickness distributions after annealing 

between 42 and 52 °C for 24 h.

Wide-angle X-ray scattering 

Figure 3a shows WAXS data at temperatures between 42 and 54 °C. Broad signals between 10 and 

24° were observed in all samples investigated, which originated from diffuse scattering of 

amorphous regions.[37] Two distinct reflections appeared for temperatures below 54 °C. The 

maxima of these reflections were found at scattering angles of 18 and 22° and were attributed to 

the (120) and (112 + 032) reflections of the crystalline PEO, respectively.[38] The absolute value 

of the degree of crystallinity is generally calculated from the different scattering contributions of 
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the crystalline and amorphous phases.[39] Unfortunately, it was difficult to accurately estimate the 

correct degree of crystallinity in this case, since the angular range of the scattered angles did not 

cover the whole range of the amorphous halo, which leads to an overestimation of the degree of 

crystallinity within the samples. Thus, only the change of the relative degree of crystallinity can be 

discussed, which is based on the peak areas of the different crystalline reflections. 

The degree of crystallinity of B96EO90 annealed at 42 °C is similar to the one obtained at RT (data 

not shown). At 44 and 46 °C, the relative degree of crystallinity is slightly decreasing to 90% of its 

original value. Distinctly lower values were observed above 46 °C, being 80%, 67% and 22% for 

48 °C, 50 °C and 52 °C, respectively. At 54 °C, the reflections from the PEO crystals were absent. 

This is a clear indication that the PEO crystals were completely molten at this temperature.[39]  

The differences in the observed melting ranges of DSC and WAXS can be explained by the 

differences in the temporal course of the heating. During the DSC measurements, the sample was 

heated with 10 K min-1. Thus, the melting temperature range was passed within two minutes, 

whereas during the WAXS measurements, the temperature was equilibrated for 20 min, followed 

by 60 min measurement time. We suggest that different holding times during the measurements 

were responsible for the changes in the observed PEO melting ranges between WAXS and DSC. 



13 

Figure 3.  WAXS signals of B96EO90 at temperatures between 42 and 54 °C. The PEO 

reflections are systematically decreasing with increasing temperature. Complete melting of the 

PEO crystals is observed at temperatures of 54 °C and above.
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Small-angle X-ray scattering 

The results of the SAXS experiments are given in the Figures 4 to 6. The curves of the CS and 

selected curves after different annealing periods ta at the annealing temperature Ta = 46 °C are 

shown in Figure 4. The scattering curve of the CS shows a maximum at q* = 0.29 nm-1 at RT, 

which corresponds to an average long-period of lp = 21.9 nm. During annealing at Ta = 46 °C, the 

reflections maximum decreased, which points to an increasing lp for longer ta. After cooling to RT, 

only minor changes in the SAXS pattern were observed. To describe the morphology development 

more appropriately, the long-period distribution is plotted over the reflections intensity in Figure 

4b. lp increased from approximately 22 nm (CS) up to 27  140 h). Although the Figures 

4a and 4b contain in principle the same information, the data representation in Figure 4b is helpful 

to understand the subsequent analysis steps. 

For the description of the morphological development during annealing it is not only necessary to 

provide information about the average long-period. The distribution of domain spacings in the 

system is important, too. In order to represent this distribution in dependence of Ta, additional 

values were extracted from the SAXS data at 90% of the relative reflection intensity. This is, 

firstly, depicted as a semi-transparent bar in Figure 4b for Ta = 46 °C. Secondly, the deviation of 

the long-period is given as a deviation band around the average long-period for 42 Ta  54 °C 

at different ta in Figure 6, which will be described later in the text. 

One dimensional scattering curves of B96EO90 before (a), during (b) and after annealing (c) at 

different Ta are given in Figure 5 (a-c). In Figure 5a, the scattering curves of the CS state prior to 

the annealing experiment are depicted. As expected, the scattering curves show similar features, 

such as a q* at 0.29 nm-1 and integer ratios of the first reflection q*, indicating lamellar 

morphologies prior to the annealing step.[40] The similarity of the scattering curves verifies a 

successful creation of the CS at the respective temperatures. During annealing at Ta 50 °C, q*
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shifted to lower scattering vectors, which denotes increasing long-period due to annealing 

(Figure 5b). However, at Ta  52 °C we observed decreasing long-periods. Moreover, a q* 

reflection appeared, which points to the formation of a bicontinous morphology at such annealing 

temperatures. Figure 5c depicts the scattering curves of the annealed samples after cooling to RT. 

The reflection peaks of the samples annealed at 50 °C and below were found to be similar to the 

ones obtained at the end of the annealing step. For Ta  52 °C, we again observed integer ratios of 

q*. Obviously, a lamellar morphology had formed during annealing, which indicates a break-out 

crystallization during the cooling step. The corresponding 2D SAXS patterns of Figure 5 are 

provided as supporting information.

It should be noted that the samples show a distinct orientation, as can be seen from the azimuthal 

dependence of the intensity in the 2D-SAXS data for selected samples in the supporting Figure S2 

(left column) H,[41] which is 0 for random 

orientation and 1 for perfect parallel orientati H  0.4 for the 

different initial states. Most probably, this originates from a pre-orientation of the block copolymer 

melt or from small differences in the local crystallization conditions during the creation of CS. 

Unfortunately, it is difficult to control the orientation of the CS morphology, which is formed in 

the cooling step. Therefore, we have to exclude the influence of the different initial orientations on 

the morphology development from our considerations. However, it should be noted that the 

orientation factor H slightly increases during annealing between Ta = 42 °C (H = 0.36 0.42) and

50 °C (H = 0.14 0.19). Decreasing orientation factors were observed for Ta = 52 and 54 °C. The 

corresponding data is provided as supporting information. 

The time-dependent, morphological development of B96EO90 is depicted in Figure 6 for selected 

Ta. In order to enhance the visibility, the other results were moved to the supporting information. 

After heating to Ta, larger long-periods were observed with increasing ta for all Ta between 42 and 

50 °C and decreasing long-periods were found at Ta = 52 and 54 °C. From the characteristics in 
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Figure 6, it is obvious that approximately 10 to 20 min are necessary to completely heat the 

sample through. This is expected to result from a non-ideal thermal contact and the low thermal 

conductivity of the sample. However, we expect only a minor influence of this warm-up period on 

the final morphology, since the samples were subjected to very long annealing times of up to 

140 h. Between Ta = 42 and 46 °C, the long-period growth is faster with increasing Ta, as depicted 

in Figure 6a, exemplarily for Ta = 42 and 46 °C. Average long periods lp of 25.2 nm and 26.6 nm 

were measured after 128 h for these Ta, respectively. 

The slightly different long-period growth rates may be explained by a higher chain flexibility and 

partly higher fraction of molten PEO chains that promote defect healing inside the PEO 

crystals.[12] The long-period deviations were found to be relatively similar at ± 1.4 nm, which 

points to a uniform crystal thickening in this annealing region. 

Figure 6b shows the long-period development between annealing temperatures of 46 and 50 °C, 

exemplarily for Ta = 50 °C. In this annealing temperature region, almost similar long-period 

growth rates were observed, leading to average long-periods in the order of 27 nm after 128 h 

(27.0 nm and 26.9 nm for 46, 48 and 50 °C, respectively). However, it was also found that the 

long-period deviations, as given by the 90% distribution band, significantly broaden from ± 

1.4 nm, in the case of 46 °C, to ± 2.0 nm (48 °C) and ± 2.3 nm (50 °C) at higher Ta. These 

deviations indicate that the morphological development is less uniform compared to annealing 

between 42 and 46 °C.

At annealing temperatures Ta  52 °C (Figure 6c), the average long-period decreased already after 

the warm-up period of approximately 1 min. The observed long-period of 19 nm was constant 

until the sample was cooled to RT and the estimated deviations of ± 0.6 nm were significantly 

smaller compared to the other investigated Ta. Moreover, distinct higher-order reflections were 

observed at Ta = 52 and 54 °C, which are shown in the SAXS scattering curves in the Figure 5b. 

The scattering vectors of the reflection are observed at q* = 0.32 nm-1, q = 0.67 nm-1 and 0.87 nm-
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1, having ratios of which is typical for spherical, cylindrical as well as gyroid 

morphologies or hexagonal-perforated lamellae (HPL).[40] Obviously, the initially lamellar 

morpholog °C after sufficiently long ta. 

The volume fractions of PEO are in the order of 35 vol.% and, thus, close to the phase boundary 

between cylindrical and lamellar morphologies in diblock copolymers.[42] However, gyroid 

morphologies[43, 44] and HPL[17, 45] are also often observed in PEO containing BCPs. In 

Ref. 15, very similar scattering features compared to the obtained SAXS data were observed and 

these results were attributed to a HPL morphology. Therefore, we suggest that B96EO90

transformed into a HPL morphology at Ta  52 °C. This phase transformation might also explain 

the decreasing long-periods during the experiment at Ta = 52 and 54 °C. After cooling the samples 

back to RT, the integer higher-order reflections indicate again the formation of a lamellar 

morphology, which points to a break-out crystallization of the PEO chains during cooling.[46, 47] 

It is also interesting to note that a reflections at approximately q* = 0.2 nm-1 (long-periods of 

31 nm) could be observed for the 52 °C-sample that emerges after approximately 1000 min. This 

is highlighted in Figure 5b and indicates the existence of larger, thermodynamically stable PEO 

crystals with high melting points (Gibbs-Thomson effect).[48] 
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Figure 4. a) Exemplary presentation of SAXS curves at Ta = 46 °C at different annealing 

durations ta, which are provided on the right side of the graph. The curves are shifted for better 

visibility. b) Relative reflection intensity over the long-period at different ta. The grey bar marks 

the region that is used to describe the long-period deviations. 
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Figure 5. Scattering curves of B96EO90 a) before annealing (CS at RT), b) during annealing 

after 128 h at different Ta and c) after annealing at different Ta and cooling to RT. Ta is given on 

the right side of the corresponding graph. All graphs are shifted for better visibility; the arrows 
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indicate different reflections. Corresponding 2D-SAXS patterns are provided in the supporting 

information. 
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Figure 6. Average long-periods and deviation 
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DISCUSSION 

Based on the DSC and SAXS investigations, three distinct annealing regimes were identified.  (i) 

Between Ta = 42 and 46°C, a steady long-period growth of the CS long-period, reaching from 

15% (42 °C) to 22% (46 °C) was observed. The deviation from the average long-period lp was 

about ± 1.4 nm, as estimated by the deviation band. Within this regime, it is expected that different 

PEO crystal thicknesses and long-periods can be achieved in a defined manner. This is also 

supported by the DSC results, where only small fractions of B96EO90 crystallized upon cooling, as 

indicated by the small shoulder at lower PEO thickness values in Figure 2d. Hence, it is assumed 

that the lamellae thickening in this temperature regime is dominated by defect healing of the PEO 

crystals, whereby the PEO chains become less folded, which increases lp.[14] 

(ii) Almost similar average long-periods of lp  27 nm were found after annealing for 

approximately 140 h between 46 and 50 °C. This corresponds to an average increase of 22% 

compared to the CS. The deviations of lp systematically increased with higher Ta. Further, a 

distinct second melting endotherm (Tm,low) was observed after annealing at 50 °C (Figure 2b), 

which is particularly pronounced in annealing regime (ii). The observed area fractions of the high 

and low temperature melting peaks indicate that only 70% of the PEO chains formed crystals with 

a higher thickness (Figure 2d). Thus, it can be concluded that, on the one hand, shorter chains 

were excluded from the thicker PEO crystals and crystallized independently during cooling. On 

the other hand, the thermal energy is high enough to form even higher PEO crystal thicknesses, 

which was revealed by the additional broadening of the SAXS reflection towards lower scattering 

angles as well as a broad crystal distribution of the higher melting species. This behavior can be 

described as thermal fractionation of the PEO chains, which prevails in this annealing regime.[18] 

(iii) In the third regime, found above 52 °C for B96EO90, the initially crystalline fractions of the 

PEO block were almost completely molten, as indicated by WAXS measurements in Figure 3. 

Similar trends were observed in the DSC trace for the 52 °C sample, where only a single melting 
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endotherm was observed, having an enthalpy of approximately 115 J/g, which is close to the value 

of the CS (124 J/g). Further, the melting enthalpy was independent of ta. In this regime, the 

development of structure and morphology is expected to be determined by the crystallizing 

conditions and self-nucleation effects,[33] rather than the annealing duration, since the 

morphology is being over-written during the cooling step, due to break-out crystallization from the 

presumably HPL (melt) to a lamellar morphology (solid). 

However, it should be emphasized that lamellae thickening at Ta = 52 °C was observed, despite 

the low crystalline fractions. This is indicated by the formation of the reflection at very small 

scattering angles (lp  31 nm, increase of 40%), as shown in Figure 5b. Three facts point to 

lamellae thickening in this case, rather than the formation of a second phase due to melting of the 

PEO crystallites. First, the HPL morphology exhibited a smaller lp (19.0 nm) compared to the CS 

(21.9 nm, Figure 6c). Therefore, the chains either had to stretch to obtain a long-period of 

lp  31 nm, which is thermodynamically unfavorable, or they were present in the crystalline state. 

Second, there were still some residual crystals at this annealing temperature, as shown by the 

temperature dependent WAXS-investigations (Figure 3). Hence, crystalline regions existed within 

B96EO90 at this temperature. The third point can be derived from the orientation of the observed 

reflection (see supporting Figure S2h), which is similar to that of the CS (supporting Figure S2g). 

Thus, the scattering entities of the reflection at small angles are expected to originate from the 

already present crystals in the CS. Unfortunately, the used X-ray setup prevented the investigation 

of smaller scattering angles, which might give a hint of the existence of less folded or extended 

chain species within the annealed samples.  

The observed three regimes are to some extend 

co-  to the crystallization behavior during self-

nucleation studies of polypropylene.[20] However, in crystallizable block copolymers, the 

morphological development due to crystal thickening is more complex than in homopolymers, due 
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to the confinement arising from the additional block(s) and the resulting microphase separation. 

Thus, it cannot be described solely by DSC self-nucleation experiments.  

Subsequently, a brief basic discussion on the utilization of SAXS measurements within the 

melting range is given. The electron density of the PEO phase changes during its melting and 

crystallization, which directly influences the electron density contrast between the PB and the 

PEO phase and, thus, the scattering power of the system.[37] Since the electron density contrast 

between PB and PEO is very strong in both, the amorphous and the crystalline PEO, we do not 

expect a great influence on our experiments. However, there might be some smearing of the 

reflection peak q* due to the presence of amorphous PEO between the PB phase and the PEO 

crystals (e.g. in the partial molten state) that would lead to an over-estimation of the deviations 

calculated from the reflex shape. 

Another important point is the estimation of the PEO domain size and the crystal thickness 

distribution. This can be calculated from the obtained long-periods in SAXS and volume fraction 

of the PEO. For the CS, this yielded a PEO domain size (lPEO) of approximately 7.8 nm, which is 

in fair agreement to our observations in the AFM, given as supporting information. The 

calculation of the PEO crystal thickness (lPEO,c), which is based on the DSC measurements, 

yielded average values of 5.9 nm for CS. The differences between the SAXS and DSC based 

results presumably originate from the presence of amorphous regions, which are included in the 

results from SAXS, but not in the DSC based crystal thickness distribution. An overview of the 

calculated long-periods lp and domain spacings after annealing for 24 h at different Ta is provided 

in Table 1. There, lPEO was estimated according to Equation (3) and the crystalline lamellae 

thickness of PEO (lPEO,c) was calculated from the crystal thickness distributions, multiplied by the 

area fraction of the respective peaks in Figure 2d. Although the results are quite plausible, there 

are some approximations carried out within the CM-model, which shall be briefly discussed in the 

following. 
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The CM-model is based on the approach of Gibbs-Thomson, which was originally developed for 

high molar mass homopolymers, rather than low molar mass diblock copolymers, as employed in 

this study. For the calculation, we used a modification of for PEO, which has a similar molar 

mass compared to the PEO block in B96EO90, as proposed by Buckley and Kovacs ( ).[31] 

Hence, the influence of the lower molar mass is considered in this model. However, contributions 

of the covalently attached PB block are not incorporated. It is generally accepted that the presence 

of a second block affects the surface energy of the PEO crystal. Further, Gido and co-workers 

discussed that the equilibrium chain configuration of the PEO differs from the extended chain in 

confined BCPs.[16] Both, the altered crystal surface energy and the modified chain configuration 

would directly affect the relation between the melting temperature and the crystal thickness and, 

hence, shift the distribution curves in the Figures 2c and 2d. However, the (non)-existence of 

extended chain species in semi-crystalline block copolymers is still controversially debated. Other 

studies demonstrated the existence of extended (PEO chain defines the thickness of the PEO 

domain) and double-extended PEO chains (two consecutively arranged, extended PEO chains 

define the PEO domain size) in PB-b-PEO by AFM.[10, 11] This more fundamental question 

cannot be answered within the scope of this contribution. From the presented results, however, it is 

obvious that the modified CM-model is suitable to describe the mechanism of crystalline lamellae 

thickening by defect healing or thermal fractionation of the PEO chains. Thus, the crystal 

thickness distribution provides a valuable tool to describe the mechanism of the PEO domain 

growth. However, great care should be taken with the absolute values of the calculated crystal 

thicknesses, due to approximations in the applied model and its sensibility on the employed 

Hence, it is essential that complementary SAXS investigations are carried out to obtain 

information about the absolute spacings and the kinetics of their development during annealing, 

directly from the experiment. 
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Table 1. Comparison between PEO domain 

spacings (SAXS) and crystalline lamellae 

thickness (DSC) after 24 h annealing.

Ta 

[°C]

SAXS  
DSC (CM-

model) 

l0 [nm]a) lPEO

[nm]b) 

lPEO,c (avg.) 

[nm]c)

CS 21.9 ± 1.2 7.8  5.9 

42 23.9 ± 1.4 8.5  7.0 

44 24.4 ± 1.3 8.6  7.3 

46 25.8 ± 1.7 9.1  7.2 

48 26.1 ± 2.1 9.2  7.6 

50 26.1 ± 2.2 9.2  8.0 

a) Calculated from equation (2), error from 90% of 

reflection maximum intensity. 
b) Calculated from equation (3). 
c)  Estimated from crystal thickness 

distribution peak maxima, weighted  by the 

respective area fractions. 
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CONCLUSIONS AND OUTLOOK 

Time- and temperature-dependent SAXS, WAXS and DSC investigations provide a powerful 

combination to study the mechanisms and kinetics of crystal thickening in crystallizable block 

copolymer systems, as exemplarily presented for a PB-b-PEO block copolymer. The SAXS data 

provide information about the kinetics of the long-period growth of the system, whereas the 

melting endotherms of the DSC measurements were correlated to the thickness values of the 

crystalline PEO lamellae, by applying a modified Gibbs-Thomson approach (CM-model).[28] 

Three distinct annealing regimes were identified, which are either dominated by (i) defect healing, 

(ii) thermal fractionation or (iii) melting and self-nucleation. 

The thickest species, having a long-period of approx. 31 nm, was observed at an annealing 

temperature of 52 °C, firstly visible after an annealing period of 24 h. This increased long-period 

corresponds to a relative long-period growth of 40% compared to the initial CS. 

However, up to now, it is necessary to anneal such samples in regime (i) in order to have a 

controlled crystal thickening. Nevertheless, the long-period growth of up to 40% is promising for 

future applications, since it offers a wide scope of achievable spacings without increasing the 

block copolymers degree of polymerization. There is a strong demand to understand the 

underlying ordering kinetics, to perform the morphological development in a controlled manner. 

Future studies should, therefore, investigate the effect of the cooling rate after thermal treatment 

within the annealing regime (ii). Additional interesting issues are the chain dynamics and crystal 

thickening in highly oriented samples as well as studies on block copolymer systems with more 

than one crystallizable block. The presented time- and temperature-dependent SAXS and DSC 

investigations as well as the application of the modified CM-model and long-period deviation 

bands, to describe the respective data, offer suitable tools to study the morphological development 

and lamellae thickening mechanism of such crystallizable block copolymer systems. 
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SUPPORTING INFORMATION 

The following supporting information is provided online: (i) The derivation of the applied model 

to describe the crystal thickness distributions from the DSC heating scans. (ii) Additional data 

derived from the SAXS measurements. a) The long-period development at different annealing 

temperatures and durations.  b) 2D-SAXS pattern of prior, during and after annealing between 

48 a °C. c) Development of the orientation factor during annealing. (iii) AFM phase 

images of B96EO90 before and after annealing.  
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