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ABSTRACT: The physical structure of polymer films is important for understanding the 

observed macroscopic properties. In crystalline-crystalline block copolymers, the hierarchical 

nature of assembly is even more influential. Controlling this assembly process is crucial for 

tailoring film properties. In materials where crystallization of each block occurs nearly 

simultaneously, the ability to manipulate crystallization order is desirable. Poly(ethylene oxide)-

b-poly(ε-caprolactone) (PEO-b-PCL) films were monitored via ATR-FTIR to determine the 

crystallization order during drying from varying solvents. PCL crystallized first from most 

solvents except toluene and ethyl acetate, where PEO nucleation occurred first. Moreover, 

after melting the sample to remove solvent-polymer interaction effects, PCL was first to 

crystallize from the melt, as has been previously reported. Differences in the films’ 

morphologies based on crystallization order were observed using polarized optical microscopy. 

These results demonstrate that the order of crystallization and the assembly within the film 

was controllable when casting symmetric diblock PEO-b-PCL films from different solvents.  
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INTRODUCTION 

Diblock copolymers have become prevalent in research over the last several decades 

because of their applications in nearly all of the materials industry. Copolymers are of interest 

due to their ability to combine two polymers with different characteristics into one large 

molecule with a combination of each polymer’s respective properties. Diblock copolymers 

can contain chains that are semi-crystalline (C) or amorphous (A); therefore, three different 

combinations of copolymers are possible: crystalline-crystalline (CC), amorphous-crystalline 

(AC), or amorphous-amorphous (AA). Depending on the type of diblock copolymer, a wide 

array of properties exists. Because there is a large volume of research on these types of 

materials, only relevant CC copolymers will be discussed.  

The order in which CC diblock copolymers crystallize has an impact on characteristics of 

the polymeric material. In most copolymers, the crystallization occurs in a sequential manner 

due to the vast difference in melting temperatures (Tm) of each block.1-11 The initial nucleation 

of one block leads to imperfect or confined crystallization of the other, therefore resulting in a 

structure that is more crystallized with the first block.1,9,11-17 When strongly-segregated 

materials undergo microphase separation, this structural element also influences the 

crystallization and the macroscopic behavior.18-20 Thermodynamically, the stability of the 

amorphous melt for the high Tm block decreases more rapidly during cooling, leading to 

crystal nucleation and subsequent growth of those crystals prior to nucleation of the second 

block. The lower Tm block crystallizes after further cooling, typically at a temperature much 

lower than the first block, either in a microphase-separated domain in strongly-segregated 

block copolymers21-23 or between the lamellae of the crystals formed by the higher Tm block 

(weakly-segregated or miscible).22-24 For these more common CC block copolymers, the 

macroscopic properties are derived primarily from the higher Tm polymer crystals and 
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hierarchical organization. Control over the crystallization processes is difficult because the 

window to manipulate morphology, crystallinity, and other structural aspects that govern 

properties is limited and isolated to each individual block. 

With certain copolymers, crystallization occurs nearly simultaneously, or coincidently, due to 

similar melting temperatures.21, 25-28 Controlling the order of crystallization, or nucleation, in 

these cases becomes a matter of enabling an environment to favor one block crystallizing 

over the other via factors such as molecular weight,28-29 thermal history,30,31 solvent,32-34 

atmosphere,35-37 or others. Here, the ability to manipulate the crystallization behavior is more 

robust as it is possible to influence morphology, crystallinity, etc. by controlling the assembly 

structure, order of crystallization, and crystallization kinetics. Thermodynamically, the 

stabilities of the amorphous melts are more similar. By stabilizing, or destabilizing, one melt 

preferentially (or destabilizing the formation of crystal nuclei with diluent38-39 or confinement 

effects2), crystal structure development can undergo dramatic changes. Thus, it is possible to 

create materials of identical chemical composition that display different properties via 

structural changes in the assembly of the molecules. While the phenomenon of coincident 

crystallization has been observed in several block copolymers,40-42 a deep understanding of 

its origin, the thermodynamic and kinetic reasons for observed behavior, and technological 

advances in tailoring it have not been studied as extensively. 

Poly(ethylene oxide)-b-poly(ε-caprolactone) (PEO-b-PCL) is a miscible, or weakly-

segregated, diblock copolymer of which melt crystallization occurs with the larger block 

first39,43-47 and exhibits coincident crystallization at similar weight fractions though PCL 

nucleates first.1,25,28,33,40,44-47 Being able to control the properties of this copolymer is crucial 

for its biomedical applications. Though molecular weight and thermal history are widely 

studied to control the crystallization process, solvent primarily only has been studied in the 
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area of micelle formation for these copolymers.48-50 For example, as described by Yu et al.50 

in their work with PEO-b-PCL micelles, the polymer−solvent interactions determined the 

composition and magnitude of both the core and the corona of the micelle, as the solvent 

forced the polymer with unfavorable interactions into the core. This same idea can be applied 

to other mechanisms of crystallization. In solution crystallization, for example, if one block of 

the copolymer does not want to interact with the solvent, then, it will crash out of solution and 

crystallize. This was exhibited by Van Horn et al.51 with n-hexanol and amyl acetate for a 13k-

9k g/mol molecular weight sample of PEO-b-PCL. When the polymer was dissolved and 

crystallized in amyl acetate, PEO single crystals were observed and confirmed by electron 

diffraction. In n-hexanol, PCL single crystals were observed. These results confirm the idea 

that using a certain solvent preferentially crystallized one of the blocks. It is assumed, 

therefore, that these preferential solvent interactions should govern crystallization in casted 

block copolymer films by either causing pre-organization of the chains in solution or by 

selectively solvating (or selectively precipitating) one block during drying of the film.  

In this research, we intend to show that casting solvent affects the order of crystallization 

and crystal development in polymer films. A symmetric 10.0k-10.3k g/mol PEO-b-PCL (wPCL = 

0.51) sample was used to yield more meaningful insight to the direct solvent effects on the 

sequence of crystallization of the diblock copolymer because of its coincident crystallization 

mechanism. Using a symmetric copolymer, the effect of molecular weight on the 

crystallization process becomes diminished, i.e. larger block nucleates and/or crystallizes 

first, and solvent effects on the sequence are observed more effectively. The crystallization 

order was monitored using solution crystallization and ATR-FTIR techniques. The role of 

solvent effects on crystal morphology in PEO-b-PCL films was addressed as well. 
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EXPERIMENTAL SECTION 

Materials. A 10,000 g/mol-10,300 g/mol (10k-10.3k, PDI = 1.15) sample of poly(ethylene 

oxide)-b-poly(ε-caprolactone) (PEO-b-PCL) was purchased from Advanced Polymer 

Materials Inc. and used as received. The molecular weight ratio was verified using 1H NMR 

analysis. Solvents (amyl acetate, acetone, chloroform, hexyl alcohol, ethyl acetate, ethyl 

formate, methyl ethyl ketone and toluene) were purchased from EMD Chemicals and Fisher 

Chemicals and were not further purified, unless otherwise stated.  

Sample Preparation. 1% by weight solutions of 10k-10.3k PEO-b-PCL were prepared in 

acetone, chloroform, ethyl acetate, ethyl formate, methyl ethyl ketone (MEK), and toluene. 

Samples were heated to between 40oC and 60oC to dissolve the polymer in all solvents 

except chloroform. The solutions stayed homogeneous after cooling to room temperature as 

confirmed by visual inspection; however, the polymer precipitated from ethyl acetate, ethyl 

formate, and MEK if cooled below 22oC. Films of these solutions were prepared for 

attenuated total reflectance (ATR) FTIR spectroscopy and optical microscopy. For ATR-FTIR, 

the solution was cast onto the ATR crystal, and the solvent was allowed to evaporate, leaving 

a film. For the solvents that precipitated near room temperature, the solutions were casted 

warm onto the ATR stage to prevent precipitation. Films also were prepared by drop-casting 

200 µL of solution onto glass slides for polarized optical microscopy (POM) or KBr salt plates 

for transmission FTIR.  All films were estimated to be greater than 2 µm thick; therefore, film 

thickness effects on crystallization should be minimized.  

Solution Crystallization. 0.01% by weight solutions of 10k-10.3k PEO-b-PCL were dissolved 

in either n-hexanol or amyl acetate at 60oC and were left to sit at room temperature overnight 

until a precipitate formed. The precipitate was disaggregated by shaking the solution. 10 µL 
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of solution then was placed onto a glass slide and analyzed using optical microscopy. The 

same process was done for ethyl acetate (1% solution), methyl ethyl ketone (0.01% solution), 

and ethyl formate (0.01% solution) to check for single crystal formation of either block. These 

samples were cooled below room temperature in a refrigerator to form a precipitate. The 

precipitate was prepared on slides in the refrigerator as well to prevent dissolution during 

drying. 

Optical Microscopy. A Leica DM2700P optical microscope (OM) with a CCD camera was 

used to visualize crystallized structures from different solvents. For solution crystallization, 

bright-field images were obtained to visualize the single crystal morphology. Film crystal 

morphologies were identified using the Leica DM2700P with the polarizer/analyzer and a 

quarter-wave retardation plate. 

ATR and Transmission FTIR. FTIR analysis was performed on a Nicolet 6700 FTIR with a 

Smart iTR single bounce attachment (diamond crystal) for ATR studies to monitor 

crystallization of each block in the copolymer. The resolution and number of scans were both 

set to 8 to maintain a short spectral accumulation time. 200 µL of 1% by weight solutions 

were placed onto the ATR crystal. Spectra were taken at regular intervals to monitor the 

crystallization order during drying. Dried films on KBr salt plates prepared by the same 

procedure were analyzed via transmission FTIR after several hours of drying to confirm 

crystallization of both blocks, to compare relative crystallinities of each block, and to identify 

any morphological differences through vibrational bands which are parallel or perpendicular 

to the crystal’s chain (or c) axis.  

In both the ATR and transmission arrangements, the following bands were used to detect 

crystallization during drying: 842, 1061, and 1280 cm-1 for the PEO block,52 and 731, 1045, 
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1192, 1295, and 1725 cm-1 to identify the crystallization of PCL.53-54 Specifically, amorphous 

PCL appeared at 1735 cm-1 and shifted to a band centered at 1725 cm-1 when crystallization 

began due to a change in the C=O bond stretching.53-54 The appearance of these bands 

demonstrated the time at which either block began to crystallize, therefore, suggesting the 

order of crystallization in the diblock. A summary of all relevant bands is shown in Table 1. 

Once dried, ATR samples were heated with a hot gun until fully melted (above 70oC), as 

indicated by spectral data. During the cooling of the film, spectra were taken, and the bands 

were monitored to check for crystallization of PEO or PCL. Each sample was melted five 

times to ensure the absence of solvent effects. 

Table 1. Summary of the relevant peaks and their functionalities  
used to indicate PEO and PCL crystallization (from References 52-54) 

 
RESULTS AND DISCUSSION 

To prove the principal that the order of crystallization can be controlled via solvent effects in 

the 10k-10.3k symmetric PEO-b-PCL diblock copolymer, a replicate of the work done by Van 

Horn et al.51 was applied; amyl acetate and n-hexanol were used to induce solution 

crystallization of either block. Based on solvent affinity, it was suggested that amyl acetate is 

a poorer solvent for PEO, and therefore, will allow for it to crash out of solution and form 

solution-grown PEO single crystals. On the contrary, n-hexanol was shown to be a poorer 

solvent for PCL and would make it crash out of solution first, causing PCL single crystals to 

be present in solution. Both these theories were demonstrated to be true for 10k-10.3k PEO-
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b-PCL 0.01% (w/w) solutions. These solution were heated to 65oC dissolve the polymer and 

cooled to room temperature until a precipitate formed. After formation of a cloudy solution, 

the precipitate was analyzed using optical microscopy (OM). The OM results are shown in 

Figure 1. These images mimic the findings in the literature due to the appearance of 

matching single crystal morphology in corresponding solvents: hexagonal (truncated 

lozenge) crystals for PCL (Fig. 1a) and squares for PEO crystals (Fig. 1b).51 In both cases, 

the non-single crystal block is confined to the basal surface of the single crystals.51, 54-56 This 

observation is proof of the principle that solvent could be used to effectively control the order 

of crystallization in a symmetric diblock containing two polymers of almost equal melting 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Optical microscope images of 10k-10.3k PEO-b-PCL crystals (a) PCL single crystal from n-hexanol and (b) PEO 
single crystal from amyl acetate. The second block is confined to the basal surfaces of these crystals.  

 

Although here, the crystallization occurs in solution, the same principle should apply to 

drying from solvent casting. In solution crystallization, poor solubility at room temperature is 

desired to facilitate crystal formation. For films, as the solvent evaporates, one block should 

preferentially phase separate from the solvent due to unequal solubility parameters. The 

selective solubility concept should be relevant even for solvents that dissolve the PEO-b-PCL 

sample at room temperature, where the more soluble block can facilitate the dissolution of 
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the less soluble block. These types of solvents are more relevant for processing PEO-b-PCL 

films on a larger scale. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Overlayed ATR-FTIR spectra of 10k-10.3k PEO-b-PCL samples cast from chloroform (black line), acetone (green 
line), and toluene (dashed red line). The spectra range from 600 to 1600 cm-1 (a) and from 1650 to 1800 cm-1 (b). The 
dashed line represents spectra in which PEO has crystallized first during drying. 

 

Common Solvents. Three solvents that were used in this research, acetone, chloroform, 

and toluene, are common solvents for polymer film preparation. It should be noted that both 

acetone and toluene were heated to 40oC to dissolve the powder but remained 

homogeneous by visual inspection after cooling to room temperature. For these solvents, 

getting either block to form solution-grown single crystals was difficult without significant 

cooling. While this experiment would complement the analysis from Figure 1, our interest is 

in film crystallization; therefore, solution crystallization was not the preferred method of 

analysis. Instead, ATR-FTIR was used to monitor crystallization of each block in the 
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copolymer during drying. Spectra were taken at regular intervals (~20 sec) to monitor the 

crystallization order. To identify crystallization order, a number of bands were utilized. For 

PCL crystallization, a band appearance at 731, 1045, 1192, and/or 1295 cm-1 and a shift in 

the 1734 cm-1 (amorphous PCL) band to the band centered at 1725 cm-1 (crystalline PCL) 

suggested that PCL was in a crystalline phase. The relevant bands that indicate PEO has 

crystallized include appearances of bands at 842, 1063, and 1280 cm-1. These peaks were 

shown above in Table 1. Depending on which set of bands appear or shift first, information on 

the block that crystallized first was obtained. For clarity and accuracy, all the available peaks 

were monitored in order to avoid convolution with any solvent peaks or any effects due to 

chain orientation. With the ATR attachment, the material near the ATR crystal surface was 

probed preferentially; however, we will show that this and the wavelength dependence of 

evanescent wave propagation are inconsequential to identifying nucleation of a given block.  

Figure 2 shows the ATR-FTIR spectra of 10k-10.3k PEO-b-PCL films cast from acetone 

(green line), chloroform (black line) and toluene (dashed red line) during drying. The data 

presented in Figure 2 only shows the first indication of PEO crystallization (dashed lines) or 

first indication of PCL crystallization (solid lines). Figure 2a is the spectral range from 600 cm-

1 to 1500 cm-1, and the bands of interest for PCL crystallization (731, 1045, 1192, and 1295 

cm-1) and PEO crystallization (842, 1061, and 1280 cm-1) are labeled for clarity. For brevity, 

only the first appearance of crystallization is shown; the absence of crystalline bands for the 

block that crystallizes second is proof of crystallization order. All spectra were normalized by 

the total area of the bands at 1700 cm-1 (1734 cm-1 for amorphous PCL and 1725 cm-1 for 

crystalline PCL) as seen in Figure 2b since the total amount of PCL should be comparable 

for all films. This technique was applied to all FTIR analyses to make the visual comparisons 

more clear. ATR-FTIR spectra for homopolymer PEO, homopolymer PCL, and all solvents 



 

11 

 

used in this study can be found in the Supporting Information (Figure S1). Additionally, a 

series of spectra showing the drying process for solvents MEK and ethyl formate, which will 

be discussed in the next section, have been included in Figure S2. These figures are 

provided to demonstrate that the bands associated with the solvent are small, if present, 

once crystallization begins, with the exception of toluene. Somewhat surprisingly, amorphous 

bands were observed during drying, which indicates that although solvent bands were not 

observed due to the polymer spectra’s dominance, the polymer, or the individual block must 

still be solvated since drying occurred below the crystallization temperature. Finally, the 

identified bands herein are clear evidence that nucleation/growth has occurred in one block 

prior to the other since there is no overlap with solvent or the other polymer block. 

 According to Figure 2, when using chloroform or acetone for the casting solvent, the solid 

line spectra showed growth of the bands associated with PCL crystallization, namely 731, 

1045, 1192, and 1295 cm-1 in Figure 2a and the beginning of the shift of the 1734 cm-1 band 

to 1725 cm-1 in Figure 2b before any PEO bands (842 and 1280 cm-1 are most obvious) 

appeared. Given these spectra, PCL was crystallized first in these two solvents. Thus, 

chloroform and acetone provided similar nucleation and crystallization order as compared to 

the melt.25,30,58-61 Casting the diblock from a toluene solution showed, for the first time, that 

PEO was crystallized first. This is visualized in Figure 2 by the red dashed line where the 

start of the growth of the 842, 1061, and 1280 cm-1 bands occurred before any of the 

indicated PCL bands began to crystallize. Other bands at 963 and 1470 cm-1 seem to 

indicate PEO crystallization as well; however, there are contributions from both blocks at 

these wavenumbers (Table 1). Because of this overlap, they will not be used to identify 

crystallization of one block over the other to avoid possible convolution. The large bands at 

700 cm-1 and 730 cm-1 is representative of toluene in this case and was proven by taking a 
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spectrum of just toluene (Figure S1). No other bands present in Figure 2a are associated 

with toluene. Because of the overlap, the PCL band at 731 cm-1 is not preferable to identify 

PCL crystallization. However, all other PCL bands, where solvent overlap does not occur, 

indicate that PCL is amorphous. The crystalline PCL band at 1725 cm-1 has not appeared, 

and the amorphous band at 1734 cm-1 is still present. Figure 2 provides evidence that using 

different solvents allows for control of PEO-b-PCL nucleation and crystallization sequence, 

and for the first time, casting PEO-b-PCL films from toluene induced nucleation of PEO 

before nucleation of PCL. 

The ATR-FTIR results demonstrated that the crystallization order was controlled by the 

interaction of the individual blocks with the solvent during casting. It was assumed that since 

crystallization order was different when drying from toluene, that the ATR crystal surface did 

not influence the crystallization process by preferentially nucleating one block over the other. 

In addition, given that the PEO and PCL were covalently linked, the individual block domain 

spacing was too small to be preferentially probed; thus, both components are irradiated 

simultaneously even if there is selective adsorption to the ATR crystal surface. If the ATR 

crystal induced nucleation, the same block component would likely be identified as 

crystallizing first in every trial. For chloroform and acetone, the PCL block preferred to phase 

separate, and the PEO stayed solvated longer during drying. This allows the PCL to 

crystallize first, as has been observed from the melt for symmetric PEO-b-PCL copolymers. 

Conversely, as the toluene solution was drying, the PEO phase separated first, and the PCL 

remained solvated, leading to PEO crystallization first. The solubility parameter for toluene [δ 

= 8.9 (cal/cm3)1/2)] is further from that of PEO [δ = 10.0 (cal/cm3)1/2)] than PCL [δ = 9.7 

(cal/cm3)1/2)]; whereas, the chloroform [δ = 9.3 (cal/cm3)1/2)] and acetone [δ = 9.8 

(cal/cm3)1/2)] solubility parameters are closer to both blocks.62 We have observed PEO 
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crystallization first from chloroform on occasion, but not in a controlled way as of yet. δ = 9.3 

(cal/cm3)1/2 may indicate a crossover value between PEO poor solvents and solvents that 

may be equally compatible for both blocks. As δ increases, PCL should become more 

soluble, and above δ = 9.8 (cal/cm3)1/2, PEO becomes more soluble. It is important to note 

here that previous literature discussions label symmetric and asymmetric blocks based on 

molecular weight, and this convention was used here. However, in describing solvent-

polymer interactions, the number of monomers in each block were not equal. PEO has a 

degree of polymerization of ~227, while PCL has a degree of polymerization of ~90. Using 

the amorphous densities, the monomer volumes are 0.066 nm3 and 0.174 nm3, respectively. 

The solvation of each block likely was not symmetric based on this analysis. In generalizing 

the crossover value, it is important to assess the molecular weight of each block as well as 

the relative block sizes. From a crystallization approach, the symmetric block copolymer 

(based on molecular weight) was used to ensure that coincident crystallization should occur 

to minimize crystallization preference based on molecular weight. For future 

solvation/precipitation analyses, the chain dimensions may be more appropriate; therefore, 

the reported crossover δ and crystallization order induced by different solvents may be 

sample dependent. It is unclear for the toluene solution whether small PEO crystals 

nucleated in solution, prior non-crystalline assembly occurred in solution (similar to micelle 

formation), or nucleation took place in a slightly solvated film. Each of these promotes PEO 

crystallization first in toluene. The ATR-FTIR spectrum indicates that the amount of toluene 

on the ATR crystal was similar to the amount of polymer (band at ~730 cm-1 from the dashed 

line for toluene in Figure 2a), which should represent a mostly dry film. These results are not 

conclusive for the mechanism of PEO nucleation and will be investigated further.   
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Slightly Soluble Solutions. To further prove that crystallization order could be controlled in 

symmetric PEO-b-PCL, solvents able to achieve single crystal formation via solution 

crystallization (ethyl acetate, ethyl formate and methyl ethyl ketone) were precipitated to 

obtain single crystals of either PEO or PCL. Acetone, chloroform and toluene solutions could 

not be precipitated without extensive cooling; however, these secondary solutions formed 

precipitates slightly below room temperature. Single crystal formation in solution is a more 

definitive approach to show crystallization order as other factors such as substrate or 

evaporation effects are removed. As one block becomes less soluble during cooling, it should 

nucleate first and dictate the crystalline shape. Figure 3 shows the results of the solution 

crystallization for ethyl acetate and ethyl formate. Results from the methyl ethyl ketone (MEK) 

were less conclusive as it was difficult to obtain single crystals due to rapid precipitation, 

though it did appear that the crystals that formed had truncated-lozenge-like morphologies. 

Ethyl acetate and ethyl formate, however, both produced single crystals that were able to be 

concluded as PEO and PCL, respectively. The shapes of the single crystals and their 

identities were based off of the work done by Van Horn et al.51 It appears that solutions of 

10k-10.3k PEO-b-PCL in ethyl acetate formed PEO square single crystals (Figure 3a) and 

solutions from ethyl formate formed truncated-lozenge, or hexagonal, PCL single crystals 

(Figure 3b). The formation of these single crystals in ethyl acetate and ethyl formate 

suggests that the sequence of crystallization was controlled by solvent interactions. 

Specifically, PEO crystallized first in ethyl acetate and PCL crystallized first in ethyl formate. 

This information further proves the solvent effects on symmetric PEO-b-PCL copolymers and 

allows for the possibility of predicting crystallization order. For these solvents, both solution 

crystallization and crystallization during drying were used to identify the crystallization order 

to ensure that there were no concentration effects on the order. 
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Figure 3. Optical microscopy images of single crystals of 10k-10.3k PEO-b-PCL (a) square-shaped PEO crystals grown in 
ethyl acetate and (b) truncated-lozenge PCL crystal grown in ethyl formate. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Overlayed ATR-FTIR spectra of 10k-10.3k PEO-b-PCL samples from ethyl acetate (dashed purple line), MEK 
(light blue line), and ethyl formate (orange line). The spectra range from 600 to 1500 cm-1 (a) and 1650 to 1800 cm-1 (b). The 
dashed line represents spectra in which PEO has crystallized first during drying. 

 

Figure 4 shows the ATR-FTIR spectra of 10k-10.3k PEO-b-PCL thin films cast from ethyl 

acetate, ethyl formate, and MEK during drying. Only the spectra in which crystallization first 

was noted is presented. Just as Figure 2, the dashed line represents PEO crystallizing first in 

sequence, the solid lines represented PCL first, and all data was normalized by the ~1700 

cm-1 bands. The same set of bands was used to identify crystallization as was discussed for 



 

16 

 

Figure 2. When ethyl formate (orange line) or MEK (light blue line) were used as the casting 

solvent, the solid line spectra showed growth of the PCL bands in the 600 – 1500 cm-1 range 

and the beginning of the shift of the 1734 cm-1 band to 1725 cm-1 before any PEO bands 

appeared. This suggests that in these two solvents, PCL separated from the solvent first and, 

therefore, crystallized first. For ethyl acetate (dashed purple line), the PEO bands appeared 

before any of the PCL bands. This indicated that the PEO crystallized first during drying. It 

should be noted here that when PEO crystallized first, the development of the 842 cm-1 band 

is much larger (or faster) at early stages of crystallization compared to those solvents where 

PCL crystallized first. This was also true for the toluene solution. It has been shown that the 

crystallization rate of PEO is much faster than PCL in symmetric block copolymers.30 This 

phenomenon also applies to our system, though there may be some residual solvent that 

inhibits nucleation in the PCL block as noted by some distortions in the PEO bands where 

ethyl acetate bands overlap (1060 and 1240 cm-1 from Figure S1). In the case where PEO 

nucleated and grew first, the development of the crystalline morphology should be quite 

different than instances where PCL nucleated and grew first due to this difference in growth 

rates. The unique ability to nucleate PEO crystals first may lead to a new set of film 

properties for PEO-b-PCL copolymers where the block lengths are similar. In addition, the 

metastability of these crystals may be influenced by this switch in crystal formation sequence. 

Predicting the crystallization properties of crystalline-crystalline polymer films is 

advantageous. The obvious correlation between crystallization order and solvent is the 

relative solubility parameters. To compare, the solubility parameters of all solvents (with 

some additional not discussed in detail) were collected and are listed in Table 2.62 Again, the 

polymer solubility parameters are δPEO = 10.0 (cal/cm3)1/2 and δPCL = 9.7 (cal/cm3)1/2. As 

demonstrated for the “common solvent” solutions, the relative value of the solubility 
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parameter helps predict which block prefers to remain solvated during drying. A similar trend 

is seen for the “slightly soluble” solvents. There is a range of solubility parameters where the 

solvation of each block is more competitive (δ = 9.29 – 9.82 (cal/cm3)1/2 in Table 2). Thus, the 

solution storage and casting temperatures (and possibly humidity) must be maintained to 

prevent solution crystallization and precipitation prior to or during drying. Here, the two blocks 

may be equally compatible with the solvent, and the crystallization process would be driven 

by thermodynamics similar to the melt. This is a little counter-intuitive since the PCL block 

should be more soluble in this range. It is also plausible that the change in the Flory-Huggins 

interaction parameter, χ, for the solvent-polymer block interaction has a different dependence 

on temperature for each block.39 This could mean that the ability to switch the crystallization 

order is possible for one solvent. Further investigation is needed to confirm this. The vapor 

pressure, or evaporation rate, of the solvent is influential as the rate of nucleation compared 

to the rate of evaporation where each block’s time solvated influences the crystallization 

order, too. Therefore, this information was provided in Table 2 for comparison. For all 

solvents, the solubility of homopolymer 10.2k PEO and 9.5k PCL was evaluated to support 

the drying experiments. 1% solutions were made (and heated when necessary) to dissolve 

the homopolymer powder. In all cases, the homopolymer that was insoluble when cooled 

back to room temperature matched the one that crystallized first during drying. The only 

exceptions were chloroform and MEK, where both homopolymers were soluble in chloroform 

and both were insoluble in MEK at room temperature. This also confirms that the solubility of 

the PEO-b-PCL copolymer in different solvents is enhanced by the more soluble block. 
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Table 2. Solvent Characteristics and Crystallization Order 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

       

ainsoluble at room temperature, solution crystallization during cooling 
bcrystallization order and solubility are more sensitive to temperature 

 

Film Morphology. Films were prepared from 1% solutions of 10k-10.3k PEO-b-PCL in each 

solvent and analyzed using polarized optical microscopy (POM) and transmission FTIR to 

evaluate the influence of solvent and crystallization order on the final structure. Figure 5 

shows POM images of as-cast films made from each of the six solvents. The use of a 

quarter-wave plate imparted the color which enhances the morphological observations. The 

left side of Figure 5 shows the films dried from acetone (5a) and ethyl formate (5d), where, 

according to ATR-FTIR data, PCL nucleation occurred first. The middle images are from 

chloroform (5b) and MEK (5e). Again, PCL nucleation occurred first, but the solubility 

parameters indicated that the nucleation process may be more competitive, i.e. under certain 

conditions it may be possible for PEO to nucleate first. Finally, the images on the right side 

represent films dried from toluene (5c) and ethyl acetate (5f), where PEO nucleated first. 

Figure S3 in the Supporting Information shows POM images of films made from 

homopolymer PCL and homopolymer PEO for comparison. These images help support 

Solvent
Solubility Parameter 

([cal/cm
3
]
1/2

) 

Vapor Pressure      

(kPa)

Crystallization 

Order

Diethyl Ether
a 7.72 71.7 PEO First

Amyl Acetate a 8.41 0.6 PEO First

Toluene 8.9 3.79 PEO First

Ethyl Acetate 8.9 12.6 PEO First

Methyl Ethyl Ketone 9.29 12.6 PCL First
b

Chloroform 9.29 26.2 PCL First
b

Ethyl Formate 9.58 32.3 PCL First
b

Acetone 9.82 30.8 PCL First
b

Dichloromethane 9.92 58.2 PCL First

n-Hexanol a 10.7 0.11 PCL First

Ethanol a 12.92 7.87 PCL First
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conclusions based on the crystallization order since the block crystallizing first should control 

development of crystal morphology as observed by POM.  

In all films except acetone (Figure 5a) and toluene (Figure 5c), a polycrystalline morphology 

was observed. Figures 5a and 5c seem to demonstrate that crystallization began in solution 

as a precipitate due to the appearance of aggregates. Full solution crystallization did not 

occur, and continuous films were made after drying. It is unclear, then, how the aggregates 

observed in Figures 5a and 5c were developed. It should be noted that these two solvents 

were near the crossover between film crystallization and solution crystallization as noted in 

Table 2. Although the solutions were homogeneous at room temperature, during drying, the 

polymer concentration increased in solution, so it was not unexpected that precipitation may 

begin to occur prior to complete drying. According to the ATR-FTIR data, PCL crystals should 

be the dominant component in Figure 5a, and PEO crystals should be the dominant 

component in Figure 5c. These morphological observations are supported by the POM 

images in Figure S3, where it was observed that the PCL homopolymer showed aggregation 

from acetone and that PEO homopolymer aggregated from toluene. Figure 5a shows some 

birefringence due to the appearance of yellow and blue streaks within the aggregates. It was 

inferred that these are edge-on crystals, though the morphology is not spherulitic in nature. 

The observed morphology in Figure 5c lacks any birefringence. The only distinguishing 

feature is the small aggregates. However, the ATR-FTIR data confirmed that crystallization 

occurred in films dried from toluene. One explanation is that the crystals have adopted a flat-

on morphology instead of the typical edge-on (spherulitic crystals). If the crystals were flat-

on, no birefringence is observed. Transmission FTIR analysis was done to confirm both the 

presence of crystals and to support the presence of flat-on crystals and is discussed in a 

subsequent section. 
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 Figures 5b and 5e are most representative of the POM morphology expected when PCL 

nucleated first. These have a more regular Maltese cross pattern, typical of polymer 

spherulites, and a higher nucleation density (smaller crystallite sizes). Because the films 

were thick and the nucleation density was high, it was difficult to observe the outline of the 

polycrystalline spherulite. Also, the chloroform film (Figure 5b) had a brighter birefringence 

compared to the MEK film (Figure 5e). The cause is unclear, though it may be due to less 

PEO crystallization in the MEK film, which is supported in the transmission FTIR discussion 

below. These morphologies were most similar to the homopolymer PCL POM images in 

Figure S3.  

Figure 5d shows the polycrystalline morphologies when dried from ethyl formate solution. 

Here, there were two distinguishable crystal morphologies: a small, densely packed 

spherulitic crystal, similar to the PCL morphologies, and two larger spherulites with easily 

identifiable lamellae. These second crystal structures are representative of PEO crystals (see 

Figure S3 for examples). This indicates that the nucleation order for each block was more 

competitive during drying. Here, PCL nucleated first in most areas; however, there were a 

few localized spots where PEO nucleated first. In fact, it appeared that the PCL crystals were 

dispersed among the growing PEO spherulite. This is likely a manifestation of crystallization 

in three dimensions. The ATR-FTIR data showed that PCL nucleated first from ethyl formate. 

This is supported in the POM image by the larger density of PCL spherulites. Spectra taken 

after the first identification of crystalline bands showed that PEO crystallized nearly 

simultaneously with PCL, which supports the possibility of localized PEO nucleation before 

PCL nucleation. For samples with symmetric molecular weights, coincident crystallization has 

a competitive nucleation process at large undercoolings, but the ability to observe 
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morphological evidence is dependent on the growth rates of the spherulites. The appearance 

of both spherulitic morphologies has been observed in these symmetric samples.46 

The spherultes grown from ethyl acetate (Figure 5f) had a larger radial size and more 

distinct lamellar features compared to those where PCL crystallized first. This morphology 

was indicative of PEO nucleation and growth prior to PCL nucleation, similar to the two 

spherulites in Figure 5d. For clarity, the homopolymer POM images in Figure S3 exemplify 

this conclusion. The ethyl acetate film shows spherulitic crystals with a different birefringence 

than those in the PCL-first films. The birefringence is not as well defined, which is 

characteristic of some PEO crystallization.62 Because PEO crystal growth is faster than 

PCL,30 there is no evidence of PCL crystals even when the nucleation density was small, 

unlike the PCL-dominated morphologies. This crystal morphology supported the ATR-FTIR 

observation that PEO crystallizes first from ethyl acetate. 

Overall, the morphological results in Figure 5 show that the larger scale assembly of the 

polymer crystals was influenced by the crystallization order, which should impart new 

properties on these materials. It is unclear whether the observed differences were caused by 

polymer pre-assembly in solution, competition between solvent-polymer and substrate-

polymer interactions, or simply solvent retention in the block with preferential solvent-polymer 

interactions. The mechanism for nucleation and crystal morphologies is under further 

investigation.  
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Figure 5. POM images of 10k-10.3k PEO-b-PCL films prepared from various solvents: (a) acetone, (b) chloroform, (c) 

toluene, (d) ethyl formate, (e) methyl ethyl ketone, and (f) ethyl acetate.  The scale bar represents 50 µm. 

 

 Transmission FTIR analysis was performed on the as-cast films to confirm crystallization of 

both the PEO and PCL blocks, as it was not obvious from POM images, except for ethyl 

formate, and to identify crystal lamellar orientation to compare with POM images. Figure 6 

shows the spectra for films dried from each solvent (colors correspond to those used 

previously). In Figure 6a, strong bands at 731 cm-1 and 842 cm-1 were evidence that both 

blocks crystallized in all films. Since these bands are directly correlated to the crystalline 

portion of the block domain, the relative heights provide insight to the crystallinity of each 

block (direct calculation is difficult since the molar absorptivities are unknown). It also should 

be noted that DSC analysis of melting curves is difficult for samples where coincident 

crystallization occurs. There is significant overlap in melting peaks, and the melting 

mechanism is not well-known. Therefore, analysis of the ∆Hm for each block is 

complicated.1,25,28,33,40,45-47 In the transmission FTIR set-up, a crude quantitative comparison 

was applied to provide insight into the consequences of switching crystallization order. While 

the 731 cm-1 PCL band is nearly equal for all solvents, except ethyl formate, the height of the 
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842 cm-1 band indicates the amount of PEO crystallization. From Figure 6a, it appears that 

PEO crystallization is highest when films are made from ethyl acetate (purple line) and 

toluene (red line) and lowest when crystallized from MEK (light blue line). This trend further 

supports that PEO crystallized first from ethyl acetate and toluene, which allowed the PEO 

crystallinity to be maximized prior to and during PCL crystallization. Conversely, the PEO 

crystallinity should be lower in films where PCL crystallized first.  

In Figure 6b, the spectra for all films in the range of 1000 cm-1 to 1500 cm-1 is shown. 

Absorption bands in this range have polarizations associated with the chain axis direction 

and should indicate crystal orientation in the film. As listed in Table 1, the polarization of 

some bands is parallel or perpendicular to the chain axis (or crystal c-axis). Because of this 

distinct polarization, it was possible to infer crystal orientation from the FTIR data to compare 

with POM images. For the crystal bands that have parallel polarization, the alignment in the 

IR beam determines the absorption of these bands. The ones of interest are indicated with 

arrows in Figure 6b. They are 1192 and 1295 cm-1 for PCL crystals and 1343 cm-1 for PEO 

crystals.52-54 For films dried from toluene, these bands are significantly lower than those in 

other films, while the bands at 1280 cm-1 (PEO perpendicular) and 1490 cm-1 (overlap of PCL 

and PEO perpendicular) are comparable for all solvents. It should be noted that others bands 

not identified have parallel polarization as well. Only a few bands were chosen as examples. 

When the vibrations parallel to the crystal chain axis are parallel to the IR beam, the 

propagating IR wave does not interact with them. Thus, a decrease in the designated band 

absorption is evidence of crystal orientation, namely, flat-on crystals, where the crystal’s 

normal vector is perpendicular to the substrate. In the edge-on conformation, the parallel 

vibrations are perpendicular to the IR beam; therefore, the absorption at 1192, 1295, and 

1343 cm-1 was much larger in all other solvents compared to toluene. It should be noted that 
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for both flat-on and edge-on orientations, both block’s crystals have the same orientation. In 

other words, the PCL crystals’ c-axes and PEO crystals’ c-axes are aligned in the same 

direction. This analysis was not realistic for the ATR-FTIR data since the IR beam was at an 

angle when penetrating the film surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Transmission FTIR spectra of 10k-10.3k PEO-b-PCL films prepared from different solvents: (a) 700 – 1000 cm-1, 
(b) 1000 – 1500 cm-1, and (c) 1675 – 1775 cm-1. The solvents are acetone (green line), chloroform (black line), toluene (red 
line), ethyl formate (orange line), MEK (blue line), and ethyl acetate (purple line). 

 

In Figure 6c, the FTIR spectra are shown for the PCL carbonyl band around 1700 cm-1. 

Again, all spectra were normalized by the total area of these bands taking into account the 
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amorphous and crystalline PCL fractions. As was shown by the 731 cm-1 band in Figure 6a, 

the measure of crystallinity (area of the 1725 cm-1 band as a fraction of the total area) 

appears to be similar for all samples. The acetone film (green line) appeared to have a little 

more amorphous fraction (band absorbance at 1734 cm-1), and the toluene film (red line) 

appeared to have a little less, though neither of these samples was drastically different than 

the others. If these results are taken to be significant, it would imply that the crystallization 

from acetone may be less perfect due to fast evaporation and that the flat-on orientation in 

the toluene film provided the space to increase crystallinity since growth was two 

dimensional, parallel to the substrate, instead of the typical three-dimensional spherulitic 

growth.64 

With the morphological evidence from the POM image in Figure 5c and the FTIR spectra of 

Figure 6b, it was concluded that the toluene film has flat-on crystals with some aggregates. 

Perpendicular vibrational bands associated with crystallization were present in the toluene 

spectra; therefore, crystallization was confirmed though not obvious from the POM image. 

The acetone film’s transmission FTIR spectra shows similar absorbances to the other films. 

This supported the fact that some, if not many, of the crystals grown from acetone have an 

edge-on orientation even with the appearance of aggregates. From the FTIR data, the crystal 

orientation should be flat-on due to the diminished bands at 1192, 1295, and 1343 cm-1. The 

POM image in Figure 5c shows some aggregate crystals but the dominant crystal orientation 

must be flat-on because of the lack of absorbance at the noted wavenumbers. These two 

observations indicate that the bulk of the PEO-b-PCL film dried from toluene had significant 

crystallization with a majority flat-on orientation and some aggregates on the surface that are 

visible in the POM image. 
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Crystallization from the Melt. In order to demonstrate that the crystallization sequence was 

driven by solvent interactions, a film dried from toluene was melted and recrystallized. It was 

assumed that after melting, PCL would crystallize first, as has been observed by numerous 

other studies.25,30,58-61 However, it was found that only after multiple melts, the PCL block 

crystallized first regardless of block crystallization sequence during drying. Using ATR-FTIR 

analysis of the dried toluene solution film, the sample was heated above the melting 

temperature of both blocks and held for a few minutes at that temperature with subsequent 

air cooling back to room temperature. The collected spectra are shown in Figure 7. The blue 

line in Figure 7 is the film after drying from toluene. The black line is the melt spectra. The 

dashed purple line is cooling after to two melt cycles, and the solid green line represents the 

crystallization process during cooling from the melt after three melt cycles. The dashed 

purple line shows that after two cycles, the PEO crystallized first during cooling (appearance 

of the 842, 1061, and 1280 cm-1 bands without any indication of PCL crystallization). This 

observation is interesting since it implies that the crystallization order may be preserved even 

after melting. Work is being done currently to investigate this further. In the solid green line 

spectrum (3rd cooling), the appearance of the 731, 1045, 1192, and 1295 cm-1 bands and a 

broadening of the 1700 cm-1 band, or increase in 1725 cm-1 band with a decrease in the 

1734 cm-1 band, during the third cooling proves PCL crystallized before any band that would 

indicate PEO was crystallized. This was further evidence that the ATR-FTIR probing method 

does not preferentially identify the crystallization of one block over the other since during 

drying and during cooling each block was identified as crystallizing first under different 

conditions. Several melts were needed possibly to ensure that solvent was removed 

completely and that the melt became as homogeneous as possible. It is unclear whether the 

crystallization of PEO prior to PCL from the first two melt-cooling cycles is due to residual 
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solvent or a type of memory effect where the local chains, while melted, may nucleate more 

easily, similar to a self-seeding approach. From this, it was determined that PCL preferred to 

crystallize first sequentially in the 10k-10.3k PEO-b-PCL copolymer after solvent effects were 

removed, as has been reported previously for other symmetric copolymers. Additionally, this 

further proves that the solvent primarily affected the crystallization sequence for these 

crystalline-crystalline diblock copolymer films, similar to solution crystallization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Overlayed ATR-FTIR spectra of a 10k-10.3k PEO-b-PCL sample cast from toluene. The sample was melted and 
cooled over three cycles. Data is shown for the film: as cast (blue line), the melt (black line), during the second cooling 
(dashed purple line), and during the third cooling (green line). The spectra range from 700 to 1500 cm-1 (a) and1650 to 1800 
cm-1 (b). The dashed line represents spectra in which PEO has crystallized first during cooling. 

 

These results for the crystallization of 10k-10.3k PEO-b-PCL demonstrate for the first time 

that the crystallization order in crystalline-crystalline block copolymer films can be controlled 

using different casting solvents. We have observed similar results in a 5k-5k PEO-b-PCL 

copolymer; however, it was less pronounced due to the enhanced solubility of lower 
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molecular weight polymers. As such, the effects of this methodology are likely molecular 

weight dependent. Current work is focused on the consequences of this reversed 

crystallization sequence. For example, the crystallization kinetics, crystal morphology, and 

crystal metastability or resulting melting temperatures of the as-crystallized lamellae will be 

compared to those where PCL crystallized first. The connection between solvent-polymer 

interactions, crystallization order, and morphological development are unclear.35-36 The range 

of PCL weight fractions where the crystallization order switch occurs is also under 

investigation. In addition, this phenomenon may affect crystallization in crystalline-crystalline 

copolymers where Tm’s are different but within a range where solvent interactions may 

influence crystallization order or overall crystallinity. This should greatly change the 

thermodynamic metastability of these crystals. The control of crystallization order should lead 

to enhanced properties and more diverse applications of PEO-b-PCL and other crystalline-

crystalline block copolymers.  

SUMMARY  

Solvent interactions were utilized successfully in order to force a change in crystallization 

sequence in the symmetric diblock copolymer 10k-10.3k PEO-b-PCL. ATR-FTIR and solution 

crystallization analyses of PEO-b-PCL crystallization revealed that toluene and ethyl acetate 

promoted PEO nucleation to occur first, suggesting that these solvents do not interact 

favorably with PEO. Acetone, chloroform, ethyl formate, and methyl ethyl ketone all showed 

nucleation of PCL first, meaning solvent-PCL interactions are less favorable or that solvent-

block interactions are nearly equal. Moreover, it was found that once solvent effects are 

diminished via melting, PCL always crystallized first, further proving that solvent affected the 

crystallization of PEO-b-PCL. The relationship between the solubility parameter of the solvent 

and each constituent polymer block is a good predictor for crystallization order as well as 
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whether solution crystallization (or precipitation) or film crystallization during drying occurs. 

This research is important to broaden the available properties and applications of PEO-b-

PCL and other CC copolymers. 
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