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Abstract:

 Biocompatible and biodegradable block copolymers (BBCPs) containing crystalline blocks become increasingly important in polymer science, and have great potential applications in polymer materials. Crystallization in polymers is accompanied by the adoption of an extended conformation, or often by chain folding. It is important to distinguish between crystallization in homopolymers and in block copolymers. In homopolymers, chain folding leads to metastable structures introduced by the crystallization kinetics. In contrast, equilibrium chain folding in diblocks can be achieved as the equilibrium number of the folds is controlled by the size of the second block. The structures of BBCPs, which are determined by the competition between crystallization, microphase separation, kinetics and processing, have a tremendous influence on the final properties and applications. In this review, we present the recent advances on crystalline–crystalline diblock copolymer in our group.
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1. Introduction

The crystallites of polymers adopt either an extended or, what is more common, a chain-folded conformation. It is important to distinguish the crystallization between homopolymers and block copolymers. In homopolymers, chain folding leads to metastable structures as imposed by the crystallization kinetics. On the other hand, chain folding in diblocks is determined by the number of the folds that can be controlled by the size of the second, non-crystallizable block [1,2]. Coupling and competitive factors among different phase transitions of self-organizing polymers have been widely maneuvered to fabricate ordered structures at different length scales and may hold the key to the development of new structures needed for advanced materials [3]. Multi-scale self-organization of polymers can be plausibly achieved by joining various polymer structures into a block copolymer. For block copolymers that contain crystallizable components the interplay between crystallization and microphase separation somehow strongly influences the structural changes, the morphology, the properties and applications of such materials. Recently, the morphological behaviors of diblock copolymers with at least one crystallizable component have been widely investigated, especially copolymers with one or more biodegradable or/and biocompatible components [4,5,6,7,8,9].

By covalently linking dissimilar polymer chains in a block copolymer, the immiscibility of the blocks results in a microphase separation of the components, whereby the volume fractions and molecular weights of each block dictate the type and the size of the micro-domains. In the case that one of the blocks can crystallize, the micro-domain morphology provides a unique opportunity to investigated crystallization in confined geometries [10,11]. Meanwhile, a competition between microphase separation and crystallization will lead to major changes in the crystallization kinetics, microstructure and morphology [12,13,14,15,16,17].

In past years, we focused on two kind of crystalline–crystalline diblock copolymers: poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-b-PCL) and poly(ethylene oxide)-block-poly(l-lactide) (PEO-b-PLA). The PEO-b-PCL is a very interesting system since the glass transition temperature Tg, the crystallization temperature Tc, and the melting temperatures Tm of the two components are very similar. On the other hand, PEO-b-PLA contains two blocks with distinct Tg, Tc and Tm. These block copolymers are the ideal system to investigate the nano confinement on the polymer crystallization, and PEO-b-PCL could also crystallize on the air–water interface [18,19].



2. PEO-b-PCL Diblock Copolymers


2.1. Crystallization Morphology and Ring-Banded Spherulite of PEO-b-PCL Diblock Copolymers [20]

Banding in polymer spherulites, i.e., the presence of radially periodic structure attributable to a twisting of crystallographic orientation about radii that usually give rise to concentric rings or bands of extinction in polarized light microscopy, is a common occurrence and has been studied for more than a century [21]. Banding in polymer spherulites is currently generating renewed interest [21,22,23,24,25,26,27]. The banded spherulites that evince a twisting of crystalline orientation about the radii are common in both circumstances and, although occurrence is still quite rare, polymer of both kinds are also found in the form of isolated twisted crystals having roughly the form of right helicoids [21]. Band spacings in polymer spherulites may vary from less than 1 μm to almost 200 μm. Within limits, higher crystallization temperature and moderate rather than high molecular weight tend to yield larger spacings in a given polymer. Ideally, specimens for optical examination should show birefringence still in the gray-white range of interference color, implying a thickness no more than about 10 μm and, in the case of very small band spacings, less if possible [25].

Little work has been done on the morphology of block copolymer with all crystallizable blocks. PEO homopolymer crystallizes in monoclinic form, with alternating right- and left-hand distorted 7/2 helices. PCL crystallizes in an essentially planar zigzag structure [1]. The morphology of double crystalline blocks must be different from that of the homopolymer or the blends of the homopolymers. In the block copolymers, chain connectivity leads to crystalline PEO and PCL lamellae occupying the same crystallite when a comparable fraction of each is present. It leads to the observed large reduction of lamellar thickness and the imperfectness of crystals. Figure 1 shows the optical micrograph of the crystalline morphology of PEO-b-PCL diblock copolymer that grew from the melt of the samples prepared from the different solutions observed under crossed polars at 55 °C during the isothermal crystallization process. From the results in Figure 1, it can be concluded that the morphology of PEO-b-PCL diblock copolymer depends on the concentration of the solutions prepared for the samples, i.e., the film thickness. The banded spherulites can be observed in Figure 1c; these spherulites display concentric extinction rings.

Figure 1. Polarized light micrographs of PEO-b-CPL diblock copolymer crystallized at 55 °C from the melt with different film thickness prepared from: (a) 1%; (b) 2%; and (c) 5% (wt%) solutions. The white bar corresponds to 100 μm. Reprinted with permission from Wiley, 2004 [20].
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The appearance of rings in the spherulite pattern is dependent on the rate of cooling from the melt; the same polymer can show either a simple extinction by itself or a ring pattern in addition as the conditions of crystallization are changed. It is observed that the ring spacing varies with the temperature of crystallization in polymers. For some polymers, the spacing is larger at lower degrees of supercooling and becomes increasingly smaller as the supercooling is increased. The spherulite patterns of PEO-b-PCL diblock copolymer growing at different temperatures are shown in Figure 2. For PEO-b-PCL diblock copolymer, with the exception of birefringence of spherulites with a Maltese cross, a distinct pattern of extinction rings absent in pure PEO and PCL is apparent. The average value of periodic distance of extinction rings increases and the ring becomes irregular (Figure 1c and Figure 2f) by increasing the crystallization temperature.

Figure 2. Polarized light micrographs of PEO-b-CPL diblock copolymer crystallized at: (a) 42 °C; (b) 44 °C; (c) 46 °C; (d) 48 °C; (e) 50 °C; (f) 52 °C from the melt with the films prepared from 5% (wt %) solutions. The white bar corresponds to 50 μm. Reprinted with permission from Wiley, 2004 [20].
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The spherulites were analyzed by digitizing the pattern of the structure. Figure 3 shows the crystallization temperature dependence of the periodic distance of extinction rings, white band and gray band (distance) of the extinction rings in the banding spherulite patterns showed in Figure 2.

Figure 3. Variation of distance extinction rings with crystallization temperature for PEO-b-PCL diblock copolymer. Reprinted with permission from Wiley, 2004 [20].
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It can be seen that the periodic distance and the gray distance of the extinction rings increase with crystallization temperature; however, the white distance of the extinction rings decreases with the crystallization temperature. The most comprehensive study on the ring-banded spherulite structures in homopolymers such as polyethylene has been published by Keith and Padden [24]. The proposed basic mechanism leading to the ring pattern is axial twisting in lamellae under the influence of surface stress, and cooperative arrangement of twisted crystallites. Moreover, these conclusions have also been used to explain the formation of ring-banded spherulites in the mixtures. Wang and coworkers [26] have pointed out that the formation of ring-banded spherulites in polymer mixtures is connected with crystallization kinetics. However, how the general mechanism leading to this peculiar texture has not yet been clarified. For the present case, the formation of ring-banded spherulites of crystalline–crystalline diblock copolymer is more complex. According to the results in Figure 3 and the crystallization behaviors of PEO and PCL blocks in the block copolymer, we know that the white band in the spherulite corresponds to the PEO block and the gray ring related to the PCL block in Figure 2. It can be seen that the PEO block is the main reason for the formation of the ring-banded spherulites in the PEO-b-PCL double crystalline diblock copolymer. Schacht and coworkers [28] reported that in the temperature from 15 to 25 °C for the PEO-b-PCL block copolymer, both PCL and PEO constituents crystallize. The PCL constituent crystallizes first, before reaching the temperature of crystallization, Tc, or at the onset of the isothermal step. Next, the PEO constituent crystallizes isothermally. When the crystallization temperature is modified from 30 to 42 °C, only the PCL constituent crystallizes during the isothermal step. Figure 1 indicates that the ring-banded spherulite depends on the thickness of the film for POM observation. The banded morphology in PEO-b-PCL diblock copolymer is formed due to the density fluctuation of melting block copolymer.



2.2. Crystallization Transitions in PEO-b-PCL Diblock Copolymers [29]

Because of the chain connectivity of the block copolymers, crystalline/crystalline PEO and PCL lamellae occupied the same crystallite when comparable fractions of each were present, thereby leading to the observed large reduction of lamellar thickness, the imperfectness of crystals (as evidenced by the melting temperature depression) and the conforming to the wide angle X-ray scattering (WAXS) patterns for the presence of coexisting crystalline components. The final solid-state structure in a semicrystalline block copolymer is as well a matter of the interplay between microphase separation and crystallization [30,31,32]. When a crystallizable component is confined within a large number of small isolated microdomains, a substantial decrease in crystallinity as compared to the corresponding homopolymers can sometimes be observed as a result of larger supercooling that are required for crystallization as well as the topological restrictions caused by the confinement. The factors that affect the crystallization properties of PEO-b-PCL block copolymers have been reported and typically depend on the block length and the crystallization temperature [33,34,35]. Intuitively, the block with higher molecular weight crystallizes first in PEO-b-PCL crystalline–crystalline diblock copolymers whereas there are not any relevant reports on following the crystallization process of a symmetric diblock copolymer.

To elucidate the nature of the single melting peak of the symmetric double crystalline blocks of PEO-b-PCL copolymer, the structure and the structure transition behavior of the copolymer were investigated by time-resolved synchrotron simultaneous WAXS/ small angle X-ray scattering (SAXS). The scattering patterns were collected in time frames of 10 and 60 s for isothermal crystallization temperatures at 40 and 50 °C, respectively. The calibration of the spacings for the different detectors and positions was made as follows: the diffraction peaks of a crystalline PET sample were used for the WAXS detector and the different orders of the long spacing of rat tendon tail (L = 65 nm) were used for the SAXS detector.

Typical time-resolved SAXS and WAXS profiles obtained during isothermal crystallization of PEO5k-b-PCL5k at 40 °C are shown in Figure 4a,b, respectively. The relative low supercooling for PEO-b-PCL block copolymer crystallization resulted in a relative low crystallization rate, allowing the possibility of the detailed examination of simultaneously collected SAXS and WAXS profiles. One can see from Figure 4 that a detectable scattering shoulder first appears in the raw SAXS profile is almost at the same time as the crystalline reflections (WAXS) first become identifiable. The SAXS results in Figure 4a imply the long spacing is almost constant during the isothermal crystallization, and the results in Figure 5 indicate that the PEO block crystallizes first.

Figure 4. Simultaneous SAXS (a) and WAXS (b) profiles collected during isothermal crystallization of PEO-b-PCL at 40°C. Reprinted with permission from Springer, 2008 [29].
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Figure 5. The integrated intensity Iint as a function of time obtained from (a) SAXS and (b) WAXS measurements during isothermal crystallization of PEO-b-PCL at 40 °C. Reprinted with permission from Springer, 2008 [29].
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It is reported that peaks corresponding to a lamellar repeat were present in the supercooled melt (by SAXS) prior to the observation of three-dimensional crystal ordering (by WAXS), and the lag time (tWAXS—tSAXS) decreases with a decrease in crystallization temperature or increase in the degree of suppercooling. Wang et al. discussed the different detection limits of SAXS and WAXS [36]. They argued that the detection limits of SAXS and WAXS are different and to detect the presence of the initial crystalline phase, by merely comparing the first appearance of SAXS and WAXS intensities, therefore may not provide meaningful information. They thought that since the crystallinity in the early stages is low, the WAXS technique may not be able to detect it. By contrast, the lower fraction of crystallinity can be readily detectable by SAXS as long as the contrast between the constituting phases is sufficient and the length scale is within the detectable range. However, that is not the case for the PEO-b-PCL block copolymer as shown in Figure 5 and Figure 6.

Figure 6. The integrated intensity Iint as a function of time obtained from (a) SAXS and (b) WAXS during isothermal crystallization of PEO-b-PCL at 50 °C. Reprinted with permission from Springer, 2008 [29].
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The time-resolved SAXS and WAXS profiles were also investigated during isothermal crystallization of PEO5k-b-PCL5k at 50 °C, and the time evolution of the integrated intensity from the scattering maximum (s = 0.046 nm−1) of SAXS profiles and strong reflections ((120) of PEO and (110) of PCL at 2θ = 19.09 and 21.05, respectively) of WAXS profiles are shown in Figure 6a,b, respectively. The lower supercooling for PEO-b-PCL block copolymer resulted in a lower crystallization rate, allowing the more detailed examination of simultaneously collected SAXS and WAXS profiles, which can be compared with the results obtained at 40 °C. It is worth noting that PCL block crystallizes first upon PEO5k-b-PCL5k crystallization at 50 °C as shown in Figure 6. One can find that all of the transitions of the PEO-b-PCL crystallization process take place at the same time for both SAXS and WAXS for the block copolymer crystallized at 50 °C, which indicates both the nano- and micro- scale structure transformations relate to the PEO and PCL block crystallization behavior and the block copolymer condensate structures.

The transition at different crystallization temperatures of PEO-b-PCL has been investigated during the crystallization process. A temperature-dependent reversible crystallization behavior is illustrated. The transitions of PEO-b-PCL diblock copolymer during molten crystallization can be detected from the layer scale to crystal scale by SAXS and WAXS at the same time. The time-resolved Iint is proportional to the product of volume fraction for the PEO and PCL phase (φPEO, φPCL) and the scattering contrast due to the electron density difference (ρPEO − ρPCL)2 during the block copolymer crystallization.



2.3. Soft Nanoconfinement on the Crystallization Behavior of PEO-b-PCL Diblock Copolymers [37]

Confinement of polymer crystallization is gaining considerable attention with the development of micro- and nano- science and technology. Confined polymer crystallization is usually investigated through the crystalline polymers in confined environments, such as block copolymers, inorganic/polymer hybrid and polymer blends. The simple and effective way to study nano-confined polymer crystallization is to use crystalline–amorphous diblock copolymer as templates. A remarkable property of block copolymer is their ability to self-assemble in the melt into a variety of ordered structures with nanoscale periodicities via a microphase separation process [38,39,40,41,42]. Microphase separation is driven by the enthalpy of demixing the constituent components of the block copolymers, whilst macrophase separation is prevented by the chemical connectivity of the blocks. These structures can be controlled by varying the composition of the block copolymer or the segregation between blocks (via temperature or degree of polymerization). In addition to the now well-established lamellar, hexagonal-packed cylinder and body-centered cubic micelle phase, a number of new morphologies have been discovered, which supplement the “classical” structures. To date there have only been a limited number of studies of the kinetics of ordering block copolymers. In part, this may be due to the necessity for measurements of structure development with a high temporal resolution. Experiments of the time evolution of structure in microphase-separated block copolymers can be carried out using synchrotron small-angle X-ray scattering. An early study of the ordering of an asymmetric PS-b-PB diblock onto a cubic lattice was performed by Harkless et al. following a quench from the disordered phase; the development of the ordered structure was monitored using SAXS with a time resolution of 1–3 s. The development of a structure factor peak from an ordered liquid of PS spheres was observed initially. At later times, the liquid peak decayed as the first-order Bragg peak from a BCC lattice developed. The measured intensity of the Bragg peak is proportional to the fraction of ordered material in the sample [36].

The structure and the structure transition behavior of the copolymer were investigated by time-resolved synchrotron simultaneous WAXS/SAXS. The scattering patterns were collected in time frames of 10 and 60 s for isothermal crystallization temperatures at 40 and 50 °C under different conditions, which would be helpful to observe the confined crystallization behavior at lower crystallization temperature and the detail on the structure transition at higher crystallization temperature.

Typical time-resolved WAXS and SAXS profiles obtained during isothermal crystallization of PEO5k-b-PCL1k and PEO5k-b-PCL30k at 40 °C after melting at 80 °C are shown in Figure 7 and Figure 8, respectively. The WAXS results (Figure 7) indicate that there is only the crystallization behavior of the blocks with higher molecular weight in the diblock copolymers for the investigated samples. As shown in Figure 7 of the WAXS patterns, the intensity of amorphous halo decreased and the crystalline peaks appeared with time. The WAXS results in Figure 7 illustrate that the change of the scattering intensity origin is from only one block crystallization of PEO or PCL block in the copolymers and there is no change of crystalline forms both for PEO and PCL in the asymmetric diblock copolymers during the crystallization. In the later stage of crystallization, the long period peak appeared in the SAXS profiles (Figure 8a,b), after some induction period, suggests that there are lamellar structures almost without long space changing during structure transition due to the crystallization of the block copolymer quenched from melt. The SAXS profiles obtained from the asymmetric block copolymer crystallized at 40 °C indicate that the stacked lamellar structure formed very fast, for PEO5k-b-PCL1k and PEO5k-b-PCL30k are only 20 s and 50 s, respectively. It is difficult to analyze the confined crystallization behavior and the structure formation of the investigated asymmetric block copolymers at the earlier stage from the obtained results of simultaneous SAXS and WAXS measurements at 40 °C. The measurements for detail analysis on the structure formation at an early stage were performed at a higher temperature.

Figure 7. Time-resolved WAXS profiles of block copolymers obtained at 40 °C after cooling from 80 °C. Reprinted with permission from Wiley, 2012 [37].
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Figure 8. Time-resolved SAXS profiles of block copolymers obtained at 40 °C after cooling from 80 °C. Reprinted with permission from Wiley, 2012 [37].
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The crystallization behaviors of the asymmetric diblock copolymers crystallized at 50 °C were recorded via synchrotron simultaneous SAXS/WAXS for the investigation of nano confined crystallization behavior in detail. Figure 9 shows the observed SAXS profiles (I(s) vs. s) detected in the earlier time region immediately after the temperature jump. Here we do not find reasonable ground to assume that the density fluctuation may occur in the melt of the asymmetric block copolymer, and some denser regions start to grow to form domains, but rather these domains may are isolated from each other. After a certain amount of time, these domains gather together, and finally, a stacked lamellar structure may be formed from these domains. To check this natural structure evolution, we analyzed the SAXS data on the basis of (i) the Guinier plot in the earlier time region where isolated domains are formed, (ii) the Debye–Bueche plot in the time region where the correlation of the two domains becomes stronger, and (iii) the correlation function in the later stage to estimate the stacked lamellar structure.

Figure 9. Time-resolved SAXS profiles of block copolymers obtained at 50 °C after cooling from 80°C for the initial 30min. Reprinted with permission from Wiley, 2012 [37].
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The time evolution of the integrated intensity obtained from the scattering maximum (s = 0.049 and 0.051 nm−1) of SAXS profiles measured from the asymmetric diblock copolymers at 50 °C are shown in Figure 10a and Figure 11a (The inset results obtained from pure PEO and PCL). The strong reflections ((120) of PEO at 2θ = 19.09° and (110) of PCL at 2θ = 21.05°, respectively) of WAXS profiles obtained diblock copolymers and homopolymers are shown in Figure 10b and Figure 11b.

Figure 10. Time evolution of the integrated intensity obtained from SAXS/WAXS of PEO5k-b-PCL1k asymmetric block copolymer and pure PEO at 50 °C. Reprinted with permission from Wiley, 2012 [37].
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Figure 11. Time evolution of the integrated intensity obtained from SAXS/WAXS of PEO5k-PCL3k asymmetric block copolymer and pure PCL at 50 °C. Reprinted with permission from Wiley, 2012 [37].
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Comparing the crystallization behavior of pure PEO and PCL with that of PEO block and PCL block in the diblock copolymers observed via SAXS/WAXS, one can find that the crystallization kinetics of the crystalline blocks are much lower than that of pure polymers. In order to investigate the crystallization kinetics behavior observed by SAXS/WAXS, characteristic crystallization rate (v*) is introduced. Figure 12 shows the time-dependent integrated intensity obtained from SAXS of PCL isothermally crystallized at 50 °C. It is obvious that the integrated scattering intensity as a function of time exhibits three stages. The first stage is the time to induce crystallization; the second one is the time of growth; and during the last one, the crystallization is terminated. The slope (k) of the time related scattering intensity obtained from the second stage can the used to characterize the crystallization kinetics.

Figure 12. Time related integrated intensity obtained from SAXS of pure PCL at 50 °C. Reprinted with permission from Wiley, 2012 [37].
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The quotient  [image: Polymers 06 02116 i002] is used to value the crystallization behavior of homopolymers and the diblock block copolymers. It is difficult to obtain QPEO at 40 °C, because the crystallization is too fast to be tracked by synchrotron SAXS/WAXS with the limited cooling rate from high temperature. QPCL = 10 at 40 °C. QPEO = 3 and QPCL = 500 at 50 °C. When Q = 1, the crystallization of the crystalline block in the diblock copolymer is not affected. The bigger Q, the more effect on the crystallization behavior can be found in the asymmetric diblock copolymers. Therefore, the PEO block has more effect on the PCL crystallization behavior in the present observed asymmetric diblock copolymers at least at 50 °C. The confinement on the crystallization behavior in the asymmetric diblock copolymers may be due to the chemical structure of the copolymers and the crystalline property of the blocks. The molecular weight of the blocks in the present investigated asymmetric diblock copolymers is different. The crystallization of PEO block in the copolymer is in the confinement of PCL block with 1 k molecular weight; however, the crystallization of PCL block in the copolymer is in the confinement of PEO block with 5 k molecular weight. On the other hand, there is a much higher molecular weight of the whole copolymer for the crystalline PCL than that for the crystalline PEO.



2.4. Confined Crystalline Lamella Formation in PEO-b-PCL Diblock Copolymers [43]

The understanding of the complicated properties of double crystalline diblock copolymers is still in a nascent stage despite the number of prior reports that have been published. The reported results show that depending on crystallization temperature, various crystallization behaviors are involved during the crystallization process and lamellae could be found for all of the observed samples. It is interesting to observe, by synchrotron simultaneous SAXS and WAXS, that the multi-scale transitions can be detected at the same time.

The simultaneous synchrotron SAXS/WAXS results were recorded at the same time when the temperature cooled to the pre-stetted isothermal crystallization temperature. Figure 13 and Figure 14 show the obtained SAXS and WAXS results of the four measured samples, respectively. The observable scattering maximum intensity related s (s = 2sinθ/λ = q/2π) values of the measured samples shown in Figure 13 are 0.058, 0.056, 0.053 and 0.056 for PEO5k-b-PCL3k, PEO5k-b-PCL10k, PEO5k-b-PCL15k, and PEO5k-b-PCL20k, respectively. Time-dependent scattering intensity of related s for different samples is shown in Figure 15. From the results in Figure 15, one can find that the scattering intensity of the measured asymmetric crystalline–crystalline diblock copolymer increases with the isothermal crystallization time, which is different from that of PEO5k-b-PCL5k symmetric crystalline–crystalline diblock copolymer. To investigate the crystalline structure of the these diblock copolymers, the time-dependent scattering intensity of the typical diffraction peaks of PEO(120) and PCL(110) are shown in Figure 16. The results in Figure 16 imply that the block in the crystalline–crystalline diblock copolymers with higher molecular weight crystallizes first and faster than the other block with the lower molecular weight.

Figure 13. Time-resolved SAXS profiles of block copolymers obtained at 40 °C after cooling from 80 °C. Reprinted with permission from Springer, 2013 [43].
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Figure 14. Time-resolved WAXS profiles of block copolymers obtained at 40 °C after cooling from 80 °C. Reprinted with permission from Springer, 2013 [43].
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Figure 15. Time-dependent normalized scattering intensity of SAXS. Reprinted with permission from Springer, 2013 [43].
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Figure 16. Time-dependent normalized scattering intensity of WAXS. Reprinted with permission from Springer, 2013 [43].
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The SAXS results of the isothermal crystallization of the diblock copolymers may indicate the formation of lamellar solid-state structures. To confirm the final structure of the block copolymers, atomic force microscopy (AFM) observations were performed, and the obtained images are shown in Figure 17. The layer of the crystal seen in all of the AFM images indicates that final structure of the crystalline–crystalline asymmetric diblock copolymers is determined by the crystallization behavior of the blocks to overwrite the microphase separation behavior, which induced microdomains and formed lamellar structures. The formation of lamellar structures of the crystalline–crystalline diblock copolymer with alternating layers of amorphous and crystalline was expected according to the SAXS and AFM results.

Figure 17. AFM height (left) and phase (right) images (10 μm × 10 μm) of the final morphologies of the asymmetric diblock copolymers (a) PEO5k-b-PCL3k; (b) PEO5k-b-PCL10k; (c) PEO5k-b-PCL15k; and (d) PEO5k-b-PCL20k. Reprinted with permission from Springer, 2013 [43].
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3. PEO-b-PLA Diblock Copolymers


3.1. Soft Confined Crystallization and Microphase Separation-Determined Morphologies of PEO-b-PCLA Diblock Copolymers [7]

PEO-b-PLA diblock copolymer films several microns thick were completely melted at 180 °C, and then quickly cooled to the temperatures (Tc) for isothermal crystallization. After complete crystallization, the films were cooled to room temperature rapidly. The morphologies were observed using polarized optical microscope at room temperature. General spherulites were observed in the copolymer films isothermally crystallized at 90 °C and 100 °C as shown in Figure 18a,b. Figure 18c showed that banded spherulite was formed, when crystallized at 110 °C from the disordered state. An interesting morphology of which the center is spherulite and the outer is dendrite was formed at Tc = 115 °C shown in Figure 18d. When crystallized at a higher temperature, Tc > 115 °C, the crystallization behavior and the crystalline morphologies are absolutely different from those at low Tc [7,44,45,46,47]. Dense dendrites were formed at 120 °C, as shown in Figure 18e,f; the morphologies composed by the main branches were star-shaped, and the second branches grew along the main branches. At even higher Tc, the dendrite and fractal dendrite were formed, as shown in Figure 18g at 125 °C and Figure 18h at 130 °C. The morphologies composed by the main branches are still star-shaped, but the number of the main branch is much smaller than that of dense branches. Furthermore, the morphologies formed at 130 °C are more regular, which are composed of six main branches, and the second branches grow along the main branches, the second branches along one main branch are parallel with each other, then the third branches grow in the same way as the second branches. The peculiar dendrite formed in high temperature range can be explained with nucleation, diffusion, growth, and their competition with each other and the addition of PEO block [7,44,48].

Figure 18. Morphologies of PLLA16k-b-PEO5k copolymer films isothermally crystallized at (a) 90 °C; (b) 100 °C; (c) 110 °C; (d) 115 °C; (e) 120 °C; (f) 120 °C; (g) 125°C;and (h) 130 °C. The bar corresponds to 100 μm. Reprinted with permission from Wiley, 2008 [7].
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As shown in Figure 18, the morphologies of the diblock copolymer are crystallization temperature (Tc) dependent. The morphologies evaluate from radial spherulite, banded spherulite at low Tc, to dense branches, dendrite and fractal dendrite at high Tc. It has been reported that the crystallization behavior of PLA can be classified into the low and high temperature ranges based on the crystallization modification, nucleation, and growth rate [7,44,47,49,50,51,52,53,54], but such distinguished morphological evolution with Tc has never been investigated. We speculated that the Tc-dependent morphological behavior of the asymmetric copolymers is the result of soft confinement crystallization. It has been confirmed that the PEO-b-PLA copolymers are disordered in the melt [6,10,55]; the two components, PLA and PEO blocks, are weakly segregated. Microphase separation of the copolymers is driven by the crystallization of PLA block, which will influence the diffusion PLA component, growth and orientation of PLA lamellae. Consequently, dendrites are formed at high crystallization temperature range [10]. However, the state of PEO block is melted during the whole crystallization process, and the volume fraction of PEO block is small (<25%). As a consequence, the confinement of the microdomains formed by microphase separation on the crystallization of PLA is weak. Although the amorphous PEO phase influences the diffusion of the PLA component, growth, and orientation of the PLA lamellae, the PLA component is still able to diffuse across the amorphous PEO layer to the growth front. Consequently, the crystallization of the PLA block overwrites the former structure formed by microphase separation, and the morphological features are of Tc dependence, not dominated by structure formed by microphase separation.

A synchronous SAXS was employed to explore the structural change with various annealing temperatures from the melt. SAXS data was obtained via scanning the samples at the temperature with 30 s exposure annealed from the disordered melt. All of the data were corrected for background scattering before analysis and treated with software Fit 2D. Figure 19a shows the SAXS patterns of PLA16k-b-PEO5k copolymers isothermal at 130, 120, 110 and 100 °C from the disordered state. Scattering peaks can be seen in SAXS patterns, indicating that disorder to order transition occurs. That is microphase separation driven by crystallization of PLA block. The positions of scattering peak for PEO-b-PLA copolymer shift to smaller q, indicating the long periods in the copolymers are larger than that in PLA homopolymer. Furthermore, Figure 19a also shows that the long period for PLA16k-b-PEO5k copolymer becomes larger with Tc increasing in the temperature range from 110 to 130 °C. Meanwhile, the long period at 100 °C is larger than that at 110 °C and the value of the long period at 100 °C is nearly the same with that at 120 °C. In the high crystallization temperature range (110–130 °C), the crystallization of PLA block predominates the crystal structure, the lamellar thickness increases with Tc, which results in the increase of the long period with Tc. In the low crystallization temperature range, the influence of microphase separation on the crystal structure becomes stronger. Consequently, the long period at 100 °C is larger than that at 110 °C.

Figure 19. SAXS patterns of PLLA16k-b-PEO5k copolymer (a) isothermally crystallized at 130, 120, 110, 100 °C from the melt (b) the isothermally process at 100 °C annealed from the melt.
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Figure 19b shows the SAXS patterns of PLA16k-PEO5k copolymer in the annealing and isothermal processes. The copolymer is melted at 180 °C, and then cooled to 100 °C; there is a small scattering peak in the SAXS pattern labeled 100 °C 0 min in Figure 19b, indicating that disordered to order transition occurs, which is driven by crystallization of PLA block. This has been confirmed by SAXS, as shown in Figure 19a. The following isothermal process shows the structural change in the process of crystallization. The increase of the intensity and the long period indicate the crystallization growth of PLA.

On the basis of the morphological features in Figure 18 and the SAXS data in Figure 19, the microstructure during phase transition in a soft environment can be schematically illustrated in Figure 20. The copolymer system is disordered in the melt state shown in Figure 20a. Crystallization of PLA block drives microphase separation of the copolymer, and then alternate amorphous–crystalline phase structure is formed, the microstructure can be shown in Figure 20b. Because of the weak confinement of the microdomain on the diffusion and crystallization growth, the crystallization will breakout the confinement, overwrite the microstructures formed by microphase separation, and a new morphology is formed. The amorphous PEO and PLA blocks are distributed between the interfaces of PLA crystals and the surfaces, as schematically shown in Figure 20c.

Figure 20. A schematic illustration of phase transition of the asymmetric PLLA-b-PEO copolymers in a soft environment: (a) disordered state; (b) micro-structures formed by microphase separation and the crystallization of PLLA block; and (c) the final morphological structure.
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3.2. Hard Confined Crystallization and Microphase Separation-Determined Morphologies of PEO-b-PCLA Diblock Copolymers [7]

Figure 21 shows the morphologies of PLA16k-b-PEO5k copolymer films formed with cold crystallization and in a hard environment. For cold crystallization, the copolymer films were cooled from the melt state, and then isothermally crystallized at very low temperature. Dense-distributed small spherulites are observed at 55, 60, 70 °C and 80 °C as shown in Figure 21a–d, respectively. Microphase separation of the copolymer may occur driven by the immiscibility of PLA and PEO blocks at low temperatures. However, the microdomains formed by microphase separation are not stabilized, because the Tc is higher than the glass transition temperature of PLA block and the melting point of PEO block. As a result, the PEO block is in melt state, and the chain mobility of PLA block is relatively strong. Meanwhile, the inducement time for crystallization at low temperature is quite short, homogeneous nucleation occurs in quite a short time, then a number of small spherulites grow up within a small domain rapidly.

Figure 21. Morphologies in PLA16k-b-PEO5k copolymer films crystallized at (a) 55 °C; (b) 60 °C; (c) 70 °C; (d) 80 °C from melt state; (e) 110 °C; (f) 115 °C; (g) 120 °C; (h) 125°C and (i) 130°C from Tg of PLA block with heating after quenching from annealing temperature. The bar corresponds to 100 μm.
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A distinct annealing process named process B was carried out. PEO-b-PLA copolymer films were completely melted, and then cooled to 30 °C, which is below the glass transition temperature of PLA block. Five min later, it is heated to Tc for isothermal crystallization.

Figure 21e–i and Figure 22 show the morphologies of PEO-b-PLA copolymers crystallized in hard environment observed at room temperature. Star-shaped (or flower-shaped) morphologies were observed in PLA16k-b-PEO5k and PLA30k-b-PEO5k copolymers shown in Figure 21e–i and Figure 22. No Maltese cross can be seen in the polarized optical microscopy images, and the boundary lines of the two morphologies are not linear but irregularly curvilinear, which both confirm that the morphologies are not spherulites, but a new kind of morphology which has never been reported for PLA and its copolymers.

Figure 22. Morphologies in PLA30k-b-PEO5k copolymer films crystallized at (a) 110 °C (b) 120 °C from Tg of PLA block with heating after quenching from annealing temperature. The bar corresponds to 100 μm.
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In order to get detailed information about the peculiar star-shaped morphology, AFM is used, and the typical height and the phase images are shown in Figure 23. It is found that the morphological features are absolutely different from those in melt crystallization shown in Figure 18. The morphologies which are tens of microns or even a hundred microns in size are composed of lozenge-shaped PLA crystals shown in Figure 23. The size of the lamellae is at the nanometer scale, which is similar to that of the PLA single crystal. The lozenge-shaped lamellae with abundance of screw dislocation were also observed via AFM (shown in Figure 23c). The single crystals orientated along the radical direction and the size of the lozenge-shaped crystals become larger when the Tc increases (in comparison with those in Figure 23a–c).

Figure 23. AFM images of detailed morphological structures in asymmetric PLA-b-PEO copolymer films. PLA16k-b-PEO5k: isothermally crystallized at (a) and (a′) 130 °C, (b) and (b′) 110 °C, (c) and (c′) 125 °C; PLA30k-b-PEO5k: (d) and (d′) 110 °C from Tg of PLA block with heating after quenching from annealing temperature.
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Furthermore, lamellar thickness (d) of PLA16k-b-PEO5k copolymer crystallized in a hard environment increases from 18.6 nm at 110 °C, 19.3 nm 125 °C, to 20.5 nm 130 °C. The values of lamellar thickness (d) of the copolymers crystallized in a soft confined environment are about 4~6 nm larger than those formed in melt crystallization. Alternate amorphous–crystalline phase structure is formed in both soft and hard confined environments. As a consequence, the lamellar thickness (d) evaluated by AFM is the sum of PLA lamellar thickness (dPLA,c) and the amorphous layer thickness (da). In a soft confined environment, the PLA block and the PEG block are homogeneous or weakly segregated (miscible) in the melt state. As the temperature is decreased, crystallization is the dominating driving force leading to extensive rearrangement of the morphology when the PLA block crystallizes first. During its crystallization, the lamellar thickness increases. After the PLA block crystallizes completely, the lamellar thickness is 12–16 nm, which consists of the lamellar crystal thickness of the PLA block and the thickness of the amorphous PEG layer if the thickness of the amorphous PLA layer is neglected. In a hard confined environment, the immiscibility of PLA and PEO blocks, and vitrification of PLA block during the annealing from the disordered state and isotheral process at 30 °C (even part of PEO block is probably to be crystallized) form a relatively stable layer–layer structure. During the crystallization of PLA after heating from 30 °C, despite the PEO block being completely melted, the microdomain formed by microphase separation confines the crystallization of PLA block and diffusions of PLA and PEO blocks. After PLA block crystallizes completely, the lamellar thickness is 18–20 nm, which consists of the lamellar crystal thickness of the PLA block and the thickness of the amorphous PEG and PLA layer, and the thickness of the amorphous PLA layer cannot be neglected. In a soft confined environment, most of the PEO component may distribute on the surfaces of the crystalline morphologies driven by the competition between crystallization of PLA and microphase separation. In a hard confined environment, the stabilized microdomains make PEO blocks distribute between the PLA lamellae. As a result, the increase of the lamellar thickness is probably to be ascribed to the increase of thickness of amorphous PEO and PLA layer.



3.3. Dendritic Superstructures and Structure Transitions in PEO-b-PCL Diblock Copolymers [48]

Optical microscopic images of PLA16k-b-PEO5k copolymer thin films isothermally crystallized at different temperatures for very long times are shown in Figure 24. Dendritic morphologies are formed. At 90 °C shown in Figure 24a, dendritic morphologies with discal contour were observed, which were formed with many radial branches. Dendritic superstructures with hexagonal contour were observed in thin films crystallized above 100 °C, as seen in Figure 24b–d. The images show that the dendritic morphology is composed of six sectors with some overgrowth lamellae. The change of the morphology contour with crystallization temperature shown in Figure 1 is ascribed to the temperature dependence of nucleation and growth, the addition of PEO block, and phase separation between the two unlike blocks during the crystallization of PLA.

Figure 24. Morphologies of PLA16k-b-PEO5k copolymer thin films crystallized at (a) 90 °C; (b) 100 °C; (c) 110 °C; and (d) 120 °C. The thickness of the films is ~220 ± 30 nm. The bar corresponds to 100 μm. Reprinted with permission from American Chemical Society, 2009 [48].
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To visualize the detailed crystalline morphologies of PLA16k-b-PEO5k copolymer, tapping mode AFM was employed. The AFM images are shown in Figure 25. For the thin films crystallized at lower temperatures, the number of the main branch every crystalline morphology is larger than that of identical films crystallized at higher temperatures. Lozenge-spiral dislocation (right arrowed in the phase images at 120 °C), lozenge multilayer (arrowed in the images at 100 °C), or truncated-lozenge multilayer (left arrowed in the images at 120 °C) was formed in the growth direction perpendicular to the lamellae. The size of lamellae increases with crystallization temperature. The d spacing of lamellae 10–12 nm thick is identical with that of the PLA single crystal. The crystalline morphology is formed by stacking flat-on growing lamellae in the thin film. Lozenge-shaped single crystal with screw dislocation of PLA has been reported in thin film of PLA or its copolymers that the thickness is less than 100 nm [6,7,12,55,56,57]. However, the special crystalline morphology of hexagonal dendrite stacked with PLA single crystals has never been reported. The dependence of crystalline morphology on Tc can be explained by supercooling and phase separation. For PLA homopolymer thin films with identical thickness, spherulitic morphologies are formed in the temperature range from 90 to 120 °C. For PEO-b-PLA copolymer thin films, microphase separation driven by the crystallization of PLA block formed a layer–layer structure (that is to say alternate PLA- and PEO-rich domains). Furthermore, the size of the PLA layer is quite smaller to the film thickness, which is tens or a hundred nanometers, as determined by AFM. At lower Tc, the supercooling is larger and many nucleus are formed rapidly. Subsequently, many small PLA single crystals grow and star-shaped dendritic morphologies are observed at 90 °C in Figure 24a and Figure 25a. While at a higher Tc, the number of elementary nucleuses is relatively small; secondary nucleation is therefore important in the crystallization process. As a consequence, dendritic morphologies composed with main-branches, secondary side-branches and tertiary side-branches were formed shown in Figure 24b–d and Figure 25b–d. Furthermore, the structure in the areas of the films that appear not to contain dendritic structures was amorphous PEO and PLA blocks. At high crystallization temperatures, it is difficult for nucleation, especially for homogeneous nucleation. Once the nucleus was formed, crystallization procedures begin by diffusion and ordering of PLA chains. In the crystallization process, the PLA block can preferentially attach to the growth front, and then the accumulation of amorphous components in the vicinity of the dendrites will prevent the nucleation and crystallization in the areas.

Figure 25. AFM height (left column) and phase (right column) images of PLA16k-b-PEO5k copolymer thin films crystallized at (a) and (a′) 90 °C; (b) and (b′) 100 °C; (c) and (c′) 110 °C; (d) and (d′) 120 °C; and (e) and (e′) 110 °C, A: the main branch; B: the secondary side-branch; C: the tertiary side-branch. Reprinted with permission from American Chemical Society, 2009 [48].
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Figure 26 shows typical optical microscope (OM) images of PLA16k-b-PEO5k thin films with different thicknesses crystallized at 110 °C. Spherulites are formed in ~10 μm thick films as shown in Figure 26a, while for the films in the thickness range from 1 to ~200 nm, dendritic morphologies were observed, as seen in Figure 26b–e. Maltese cross extinction was not found in the center of any crystalline morphology in the films with the thickness range from 1 to ~200 nm, indicating that the optic axis (the chain axis) is normal to the plane of the film. The morphologies in Figure 26b–e are discal dendritic as confirmed from AFM observations. Most of their fringe frame of the morphologies formed in thin films with the thickness from 200 to 400 nm are hexagonal as shown in Figure 26c–e, and the size of the hexagonal morphologies is about 100 μm. The hexagonal dendritic morphologies were composed of six sectors. In the film with 115 nm thickness (Figure 26f), lozenge-shaped lamellae were formed. The stack and the growth of PLA single crystals are oriented, as shown in Figure 26f. The diffusion and crystallization processes of PLA block drove microphase separation between the unlike blocks, and the formation of concentration gradient of PLA. Moreover, the average growth rate was nearly linear, and it was easy to form dendritically and not spherulitically in thin film. As a result, the hexagonal contour morphology was likely formed. The formation of the dendritic morphologies stacked with PLA single crystals in PEO-b-PLA thin films ranging from 1 to 200 nm thick is related with the phase structure and its evaluation during the crystallization process, and the mechanism will be further discussed in the following paragraph.

Figure 26. Morphologies of PLA16k-b-PEO5k copolymer thin films crystallized at 110 °C. Film thickness: (a) ~10 μm; (b) 1 μm; (c) ~400 nm; (d) ~300 nm; (e) 220 nm; and (f) 115 nm. The bar corresponds to 100 μm. Reprinted with permission from American Chemical Society, 2009 [48].
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Figure 27 shows the effect of the component on crystalline morphology. It can be seen that the morphology changes from spherulite (Figure 27a) to dendrite (Figure 27b), to dendrite with hexagonal contour (Figure 27c) with the volume fraction of PEO increasing. The effect of PEO blocks on the crystallization and morphological behaviors of PLA blocks is multiple. The melting points of PLA block in PEO-b-PLA copolymers decrease with its fraction decreased, so the degree of supercooling (ΔT = Tm − Tc) decreases with PEO fraction increase. Subsequently, at 110 °C, it is a low temperature range of crystallization for PLA homopolymer, and a spherulite is formed (Figure 27a), while for PLA30k-b-PEO5k and PLA16k-b-PEO5k copolymers, it is a high temperature range of crystallization, and dendritic morphologies are observed (Figure 27b,c). It is common to form a dendritic morphology in thin film, and this has been previously discussed. Meanwhile, the volume fractions of PLA block and the total degree of polymerization (N) are different in the three samples in Figure 27a–c; the segregated strength of microphase separation between the two blocks is different. As a result, the number of nucleus of every area, and the density of the branches in PLA30k-b-PEO5k copolymer thin film, are larger than that in PLA16k-b-PEO5k. That is to say, as the volume fraction of PEO block increases, the effect of PEO on the crystalline morphology also increases. It affects the crystallization of PLA block in three ways. First, the number of PLA blocks decreases in thin film of the same thickness. Second, the diffusion of PLA block becomes more difficult because of the increase of the volume fraction of PEO. Third, the size of microstructure driven by phase separation may be larger. As a consequence, we obtained the evolution of crystalline morphology in copolymer thin films with a different component in Figure 27. The morphologies were observed after annealed to room temperature. As a result, the PEO blocks might also crystallize, but the wide-angle X-ray diffraction (WAXD) research has confirmed that it is quite difficult for PEO block to crystallize in such asymmetric block copolymers because of the strong confinement from microphase separation.

Figure 27. Morphologies of (a) PLA31k homopolymer; (b) PLA30k-b-PEO5k; and (c) PLA16k-b-PEO5k copolymer films with the thickness of ~220 ± 30 nm crystallized at 110 °C. The bar corresponds to 100 μm. Reprinted with permission from American Chemical Society, 2009 [48].
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It is not certain whether the crystalline morphologies observed by OM and AFM in Figure 24, Figure 25, Figure 26 and Figure 27 are those created during crystallization of PLA block. It is possible that some of the patterns are formed by rearrangements after crystallization (or rearrangements of already crystallized parts while new material is still crystallizing. In order to confirm whether the morphologies observed are those formed during crystallization or not, in situ OM experimentation for isothermal crystallization was carried out. Figure 28 shows the polarized optical microscopic images of morphological growth of PLA16k-PEO5k copolymer thin film isothermally crystallized at 110 °C. At 12 min, as shown in Figure 28a, the similar dendritic morphologies with hexagonal contour as those in Figure 24 and Figure 26 are observed. From Figure 28b–d, the thickness and the size of the crystalline morphologies grew thicker and larger, but the crystalline morphology observed by OM is remains the same the entire time, indicating the morphologies observed are created during crystallization.

Figure 28. Polarized optical microscopic images of PLA16k-PEO5k thin films crystallized at 110 °C at (a) 12 min; (b) 18 min; (c) 28 min; and (d) 49 min after being completely melted at 180 °C. The bar corresponds to 100 μm. Reprinted with permission from American Chemical Society, 2009 [48].
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The thickness of copolymer film in the experiment is 1 μm~200 nm; as a result, the substrate may influence the crystalline morphology. It is possible that one of the blocks adsorbs strongly to the substrate. If this is the case, then the strong attachment of one block to the substrate can control the morphology. PEO-b-PLA copolymers and PLA/PEO blends belong to a weakly segregated system, PEO and PLA could not be strongly segregated or one of them strongly adsorbed to the substrate. Meanwhile, the film thickness range from 1 μm to 200 nm is much larger than the size of the extended copolymer chain, so the effect of substrate on the morphology is negligible.



Figure 29 shows the time-dependent changes in surface morphology of PEO-b-PLA thin films with 220 nm thickness during isothermal crystallization at 110 °C. At 125.9 °C, the sectors labeled by arrows in Figure 29b started melting, when the temperature reached 144 °C, as shown in Figure 29c. The sectors next to the labeled ones began to melt, and at 148.9 °C in Figure 29d, the sectors labeled with arrows obfuscated the crystalline morphology, while clarity in the sectors next to the labeled ones indicated that the thermal-stability of the sectors were different.

Figure 29. Optical micrographs of the melting process of PLA16k-b-PEO5k thin film (~220 nm thick, isothermally crystallized at 110 °C). Reprinted with permission from American Chemical Society, 2009 [48].
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For PLA crystals grown in spin-coated thin films on solid surfaces, four symmetrically disordered sectors in the hexagonal superstructure are formed. They can be classified into two sectors, (100) and (110), in terms of chain folding and crystal growth directions. From the growth process in Figure 29 and the dendritic morphologies with hexagonal contour formed in thin film with ~200–400 nm thickness in Figure 24, Figure 25 and Figure 26, the hexagonal superstructure is composed of two different sectors shown in Figure 30a,b. Figure 30c’s schematic represents the hexagonal morphology. In the sector (110) growth plane, the chain-folding direction is the same as the crystal growth direction. On the other hand, the chain-folding direction in the sectors with a (100) growth plane alternates between (110) sectors. In the case of PLA thin film, the sectors with (100) growth plane showed some striations, they are along the main-branches and parallel with each other, the striations are nearly perpendicular to the crystal growth face, suggesting that the disordered chain (amorphous PLA and PEO phase) packing exists in addition to the chain-folding instability.

Figure 30. Two types of sectors, (110) and (100), were classified in terms of chain-folding and crystal growth directions in hexagonal superstructure of PLA-b-PEO copolymer thin films isothermally crystallized at (a) 110 °C and (b) 125 °C. (c) Schematic representation of the hexagonal superstructure of PLA-b-PEO copolymer thin film. Reprinted with permission from American Chemical Society, 2009 [48].
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4. Summary and Outlook

Competition of crystallization and microphase separation, and/or other driving force can lead to more abundant structures for BBCPs. The unique structures and morphologies resulting from break-out and confined crystallization, controlled growth of thin film crystallization, eutectic crystal of double crystalline blocks, stereocomplexition of enantiomeric isomers, and micelles with a crystalline core, can be observed for block copolymers. The structures and morphologies of semicrystalline BBCPs in bulk material have been extensively studied and well understood in different kinds of block copolymers. Studies on the relationship among the chemical composition, macromolecular architectures, thermal history, physical properties, mechanical performance, biodegradability and biocompatibility of BBCPs are frequently neglected. Meanwhile, the controlled nano-scale structures, the orientation of lamellar crystals, the relationship between structure and function of BBCPs, crystallization kinetics in thin films, confined crystallization from crystal lamellae and glass state should be more thoroughly studied. Controlled growth and micro-structure, and growth kinetics of semicrystalline micelles of BBCPs are of importance for applications in the biomedical area, and should be extensively studied.
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