
1 
 

Effect of stereochemistry on nanoscale assembly of ABA triblock copolymers with 

crystallizable blocks 

Xuechen Yin,a David R.O. Hewitt,a Bingqian Zheng,a Suan P. Quah,a Christopher B. Stanley,b 

Robert B. Grubbs,a and Surita R. Bhatia* 

aDepartment of Chemistry, Stony Brook University, Stony Brook, NY 11794 

bComputational Sciences and Engineering Division, Oak Ridge National Laboratory, Oak Ridge, 

TN 37831 

*Corresponding author: Surita.bhatia@stonybrook.edu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:Surita.bhatia@stonybrook.edu


2 
 

1. Abstract 
 

We report on the nanoscale assembly of poly(lactic acid)-b-poly(ethylene oxide)-b-poly(lactic 

acid) (PLA-PEO-PLA) triblock copolymers in water, focusing on the effect of stereochemistry, 

where the PLA blocks are statistical copolymers of L-lactide and D-lactide with L/D ratios of 

100/0, 95/5, 90/10, 85/15, 75/25, and 50/50. Small-angle neutron scattering (SANS) shows a 

nearly constant d-spacing as concentration varies in triblock systems with L/D ratios of 90/10 and 

95/5, which we attribute to inhomogeneity in the structure of these gels, supported by previous 

USANS and confocal microscopy studies. The SANS data fit well to a core-shell ellipsoid form 

factor model with a hard-sphere structure factor. Polymeric micelles with L/D ratios from 75/25 

to 85/15 displayed very high aggregation numbers, consistent with a strong interaction between 

PLA chains and the enhanced storage modulus observed in rheological studies of these systems. 

While the 90/10 and 95/5 samples showed lower aggregation numbers, their SANS profiles 

shows close spacing between micelles, which may promote a high fraction of intermicellar 

bridging chains, also consistent with a higher storage modulus. Overall, these results provide 

insight into the micellar assembly behavior of block copolymers with a crystallizable block, and 

indicate that tuning stereochemistry of PLA-based block copolymers is an effective means of 

modifying micellar properties for specific applications. 

2. Introduction 
 

Biocompatible polymers, including amphiphilic block copolymers, have been explored 

for applications in delivery, biomedical devices, and replacement of soft tissues 1-3. Amphiphilic 

block copolymers self-assemble in aqueous media due to the relative hydrophobicity of selective 

blocks, and various structures such as spheres, ellipsoids, cylinders, and lamellae can be formed 
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4,5. Transport properties and rheology are often strongly dependent upon the nanoscale structure 

in these systems. Because the types of monomers used for these applications are constrained by 

requirements for biocompatibility, new strategies are needed to generate the range of self-

assembled structures needed to optimize the properties needed for end applications in drug 

delivery and biomedical devices 6-11. 

Poly(lactide)-block-poly(ethylene oxide)-block-poly(lactide) (PLA-PEO-PLA), an ABA 

amphiphilic triblock copolymer, has been widely studied for biomedical applications, due to the 

biocompatible nature of both blocks  and the biodegradability characteristics of the PLA blocks, 

as well as the ability to tune the assembly, release characteristics, and rheology of the system 12-

14. A range of self-assembled structures has been observed in these systems both through 

experiments and theory. Self-assembly in PLA-PEO-PLA copolymers has been studied by 

controlling the PLA endblock length, incorporating nanoparticles, and adjusting the physical 

crosslinks from amorphous to crystalline.15-17 For example, Kimura and coworkers reported 

thermo-sensitive hydrogels mixtures of enantiomeric PLLA-PEG-PLLA and PDLA-PEG-PDLA 

triblock copolymers with sol-gel transition around 37 ℃. The mechanism of gelation was 

proposed to be the interaction of micelles including stereocomplex formation between PLLA and 

PDLA blocks as well as the exchange of PLA blocks in the micellar cores. 18 Dissipative particle 

dynamics (DPD) were utilized by Pricl to simulate the self-assembly of racemic PLA and PEO 

copolymers with AB diblock and ABA triblock architectures in aqueous media, and 

morphological phase diagrams were obtained for both the copolymers alone as well as for the 

copolymers in the presence of model hydrophobic drugs with different  drug loading levels 19. 

DPD simulations by Zhou and coworkers on diblock copolymers show the presence of 

dumbbell-like assemblies; 20 however, this may be an artifact of edge effects due to the small 
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volume used in these simulations, and the hydrophilic blocks in their simulations appear to have 

an extra methylene group and would be significantly more hydrophobic than PEG. In 

experimental small-angle neutron scattering (SANS) studies, Nystrom et al. demonstrated a 

transition from an asymmetric ellipsoid structure to a spherical core-shell structure in a PLGA-

PEG-PLGA system with increasing PEG-spacer in the dilute regime5. O’Reilly and Dove have 

reported the reorganization of cylindrical micelles to spherical micelles driven by 

stereocomplexation in mixed PEO-b-PLLA/ PEO-b-PDLA solutions 21. The morphological 

transition was further confirmed by fitting results obtained from in situ synchrotron small-angle 

X-ray scattering (SAXS). More recently, the same authors have demonstrated solvent- and 

composition-tunable 1D and 2D nanostructures in poly(lactide)-containing block copolymers 

22,23.  

Poly(L-lactic acid) (PLLA), poly(D, L-lactic acid) (PDLLA), and the mixture with both 

PLLA and PDLA are typical forms researchers have worked on to study the effect of PLA 

stereochemistry on material performance and microscopic structure in PLA-containing block 

copolymer 17,24,25. The formation of stereocomplexes and the interaction between PDLA and 

PLLA has been reported experimentally to significantly enhance mechanical properties and 

thermal stability. 26 However, the impact of stereochemistry with L/D ratios between 50/50 and 

100/0 in PLA block on the nanostructure is still not well-understood. More quantitative 

characterization and modeling of polymer structure in the solution and gel state is necessary to 

promote the shrinking of the gap between polymer design and application. In collaborative work 

with Tew, we have previously demonstrated the self-assembly of associative PLLA-PEO-PLLA 

hydrogels into disk-like nanostructures with crystalline PLLA domains, in contrast to PRLA-

PEO-PRLA hydrogels, which form spherical structures with amorphous PRLA cores 4,27. 
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Furthermore, at the microscale these systems have been shown to have a mass fractal structure 

with water channels among a polydisperse network of microaggregates 28, and drug release 

behavior of these gels was shown to be dependent upon the stereochemistry 29. More recently, 

we have reported the rheological behavior and microscale structure of PLA-PEO-PLA triblock 

copolymers with varied stereochemistry of PLA blocks from L/D ratios of 50/50 to 100/0. A non-

monotonic dependence of G’, maximum in G’, and decreased intermicellar spacing at 

intermediate L/D ratios were found 30, with a range of large-scale microstructures seen in ultra-

small angle neutron scattering (USANS) and confocal microscopy. 31 We expect the rheological 

properties and self-assembly behavior of this series of copolymers to be similar to that of 

copolymers with stereochemistry of PLA blocks from L/D ratios of 0/100 to 50/50. Developing a 

more in-depth understanding to the self-assembly of these stereochemically varied triblock 

copolymers is crucial to optimizing design and performance of these materials in biomedical 

devices.  

3. Materials and Methods 

3.1 Materials and triblock copolymer synthesis 

L-Lactide and D,L-lactide (a racemic mixture of D-lactide and L-lactide) from Acros 

Organics and Sigma Aldrich were both recrystallized from either ethyl acetate or toluene 

and stored in a nitrogen-filled glove box. Polyethylene oxide (PEO-10k, Mn = 10 kg/mol, 

Alfa Aesar) was freeze-dried or vacuum dried at 40 °C for two days and stored in a nitrogen-

filled glove box 32. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was obtained from Santa 

Cruz Biotechnology and used without additional purification. All aqueous solutions were 

prepared in water purified with a Barnstead Nanopure system (resistivity = 18 MΩ-cm). 
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The detailed synthesis method is based on previously reported approaches 18,33-35. In a 

nitrogen-filled glove box, PEO-10k (1.2 g, 0.12 mmol) was loaded into a round-bottom 

flask equipped with a magnetic stir bar, sealed with a rubber septum, and removed from the 

glove box. In the same glove box, D,L-lactide (0.62 g, 4.3 mmol) was loaded into a 

scintillation vial, removed from the glove box, and dichloromethane (12 mL) was added to 

the vial via a nitrogen-purged syringe. The vial was swirled to ensure complete dissolution 

with the syringe still inserted. Using the same syringe, the lactide solution in 

dichloromethane was subsequently added to the round-bottom flask containing the PEO-

10k. A solution of DBU (0.04 g, 0.26 mmol) in dichloromethane (4.0 mL) was prepared in 

the glove box and transferred by syringe to the round-bottom flask containing the PEO-

10k/lactide solution. The reaction was stirred under nitrogen for 4 h at room temperature, 

then concentrated with a rotary evaporator. The crude polymer was then precipitated by 

addition of the concentrated solution into hexanes (70 mL). The supernatant was decanted, 

and the solid polymer was dried in a vacuum oven at 40 °C for 3 days. Typical yields were 

>80%, with monomer conversions >95% determined by 1H NMR (400 MHz, CDCl3), by 

comparison of polymer methine protons to residual monomer methine protons. 1H NMR of 

isolated PLA-PEO-PLA (400 MHz, CDCl3): δ 5.17 (m, –OOC–CH(CH3)–), 4.32 (m, –

OOC–CH(CH3)–OH), 4.21 (m, COO–CH2– CH2–OPEO), 3.56 (m, –CH2–CH2–O–), 1.57 

(d, –OOC–CH(CH3)–) ppm. (Figure S1-2). Characteristics of polymers synthesized are 

provided in Table 1. 

Table 1. The characteristics of PLA-PEO-PLA triblock copolymers synthesized. 
 

Sample  Đa RUPLAb Mn (Da) L/D ratio 
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S 50/50 1.21 88 16,338 50/50 

S 75/25 1.16 75 15,402 75/25 

S 80/20 1.21 82 15,960 80/20 

S 85/15 1.10 77 15,546 85/15 

S 90/10 1.22 81 15,834 90/10 

S 95/5 1.17 85 16,122 95/5 

S 100/0 1.26 82 15,960 100/0 

aDispersity, Đ, determined by size-exclusion chromatography in THF with polystyrene standards. bTotal lactide 
repeat units (RUPLA) determined by 1H NMR spectroscopy. 

 

  

3.2 Preparation of polymer solutions and gels 

Each gel was prepared by the slow addition of dried PLA-PEO-PLA powder to a fixed mass of 

deuterated water (D2O), over a period of about two hours, followed by stirring with a magnetic 

stir bar. When the viscosity of solution increased to the point where magnetic stirring was no 

longer effective, manual stirring with a spatula was employed until the polymer was completely 

added and the mixtures appeared homogeneous. The solutions were allowed to equilibrate for at 

least one day at room temperature in sealed vials to ensure full dissolution of polymers in D2O. 

The concentration of gel samples used for SANS was initially 10 wt%. Further dilution of gel 

samples with D2O after each scattering test generated additional gels and solutions with polymer 

concentrations of 8 wt%, 5 wt%, and 2 wt%.     

 

3.3 SANS characterization 
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    SANS measurements were conducted on the Extended Q-range Small-angle Neutron 

Scattering diffractometer (beamline 6, EQ-SANS) at the Spallation Neutron Source (SNS) 

located at Oak Ridge National Laboratory (ORNL), Oak Ridge, TN. Samples were placed in 1 

mm quartz banjo cells, placed in an aluminum cell holder. Spectra were obtained at 25°C for all 

the samples. The q range covered in experiments was 0.002 Å-1 < q < 1 Å-1. The low-angle 

detector can travel along the beam, giving a variable sample to detector distance of 1.3 to 9 m. 

Data reduction and normalization were performed using standard techniques within MantidPlot 

36, and all SANS data reported here are on an absolute scale 37 except where noted. Scattering 

length densities (SLD) used in data fitting and calculation are 1.73 × 10-6, 6.38 × 10-7, and 6.36 × 

10-6 Å-2 for PLA, PEO and D2O, respectively. 4 

4. Results and Discussion 

4.1 Model Independent Analysis of Scattering Data 
 

SANS experiments were conducted at concentrations of 2 wt%, 5 wt%, 8 wt%, and 10 

wt%. We expect these amphiphilic ABA triblock copolymers to form associated micelles, 

sometimes referred to as “flowerlike micelles” 38-41, in aqueous media.  Representative curves for 

the 50/50, 85/15, and 90/10 systems are shown in Figure 1; data for all polymers is in the SI. 

SANS data has been processed with background subtraction. The 85/15, 90/10, and 95/5 

copolymers each showed a broad peak at all measured concentrations. However, copolymers 

with other L/D ratios such as 50/50 and 100/0 only showed a weak correlation peak at 10 wt%, 

and a shoulder at lower concentrations. A shoulder is characterized by the slower decay without a 

maximum in scattering intensity, while a peak is observed when the interaction of neighboring 

micelles is stronger and the structures tend to be more ordered. A clear local maximum of 
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scattering intensity can be found at a particular q value in this case. For these samples, we expect 

that the intermicellar interactions are not strong enough to have a significant effect on the 

structure factor at lower concentrations. This suggests that the strongest intermicellar interactions 

are present for copolymers with intermediate L/D ratios, which is consistent with our previous 

rheological studies that showed a maximum in the storage modulus at intermediate L/D ratios.30 
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Figure 1. Representative SANS spectra of PLA-PEO-PLA triblock copolymer gels and solutions 
with (a) L/D 50/50, (b) L/D 85/15, and (c) L/D 90/10 at different concentrations. Inset: Magnified 
section of the area around the correlation peaks.  
 

SANS spectra for the L/D 85/15 copolymer are shown in Figure 1b. For this sample, 

increasing the concentration leads to a shift of correlation peak to higher wave vector q. This 

indicates a decrease in the intermicellar spacing, or d-spacing, as concentration increases (Figure 

2). This is a typical result for micellar gels 4. By contrast, the 90/10 sample does not show a 

change in the d-spacing as concentration increases (Figure 1c, Figure 2); and similar behavior is 

seen for the 95/5 system (Supplementary Information, Figure S3c). This could be due to 

inhomogeneity in the structure of the 90/10 and 95/5 gels, where larger structures comprising 

several micelles form upon initial dispersion, and interactions between micelles are sufficiently 

strong that the clusters persist at lower concentration (Figure 3). Our previous USANS and 

confocal microscopy studies 31 show evidence of microscale inhomogeneities in these gels that 

are several hundred times larger than an individual micelle, consistent with this idea.  

 



11 
 

 
 
Figure 2. Change in d-spacing of copolymer gels or solutions with L/D ratios 85/15, 90/10, and 
95/5 at increasing concentration. 
 

 
Figure 3. Possible structures consistent with change in d-spacing upon dilution for different 
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micellar gels. Top: Micelles homogeneously distribute themselves further apart at lower 
concentrations, leading to the expected increase in d-spacing at lower concentration, as observed 
in the 85/15 gels. Bottom: Strong intermicellar attractions (red arrows) lead to persistent clusters 
at lower concentrations, and d-spacing does not change with concentration, as is seen in the 
90/10 and 95/5 gels.  
 

4.2 Kratky Analysis 

The scattered intensity can be written in terms of models for the form factor P(q), the 

structure factor S(q), and other experimental parameters, including the number density of 

scattering centers and scattering length density (SLD) contrast between particles and solvent. The 

form factor, indicative of particle shape, can more cleanly be obtained from experiments 

performed at low concentrations, where S(q) is expected to be 1. By contrast, S(q), which arises 

from interparticle correlations between the scattering centers, plays an increasingly important 

role at higher concentrations.  

 

A spherical core-shell form factor model and a disk-like form factor model have 

previously been utilized to fit the scattering spectra of PRLA-PEO-PRLA and PLLA-PEO-PLLA 

copolymer systems, respectively 4. Additionally, a hard sphere structure factor was introduced to 

account for repulsive interactions. Although the core-shell sphere and disk-like micelle models 

provided reasonably good fits to the data for samples with L/D ratios of 50/50 and 100/0, 4 

respectively; the PLA chains in the present study have intermediate L/D ratios, and our previous 

XRD measurements indicate that the PLA micelle cores are not fully crystalline for these 

systems. 30 Thus, we explored utilizing other types of form factor models and micellar shapes to 

describe these micelles.    

In order to select the appropriate model to fit the PLA-PEO-PLA systems with different 

L/D ratios, Kratky plots were prepared. Kratky plots, obtained by plotting I(q)*q2 versus q, 
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minimize the low-q features in scattering and highlight the high-q behavior of the scattered 

intensity. For biological macromolecules, Kratky plots have been widely used to qualitatively 

assess the extent of random-coil nature present in the macromolecular conformation and to 

distinguish folded states from unfolded states, due to the Kratky analysis’s sensitivity to the 

morphology and compactness of scattering objects. 42 For polymer systems, analysis of Kratky 

plots also provides insight into structure. For instance, a Kratky plot representation of the 

scattered intensity from Gaussian chains is expected to initially show a monotonic increase and 

then approach a plateau at high q. A slight change in slope before the plateau region can result 

from different types of chain architecture such as stars, rings, and branched chains 43. To gain 

insight into the micellar structure and shape, the SANS data for PLA-PEO-PLA gels were 

replotted on Kratky plots. Representative data are shown in Figure 4, and data for other 

copolymers are included in the Supplementary Information (Figure S4). Peaks at low q are found 

for the entire series of copolymer gels at all concentrations measured.  

The high q region of Kratky plot generally receives less attention compared to that at 

low-q and mid-q. However, the interpretation of results at high q can still provide insight into 

structural changes. It is noticeable that the Kratky plot at mid-q shows a minimum, and then 

subsequently a nonlinear increase at high q without any plateau. Perahia and coworkers, who 

observed similar behavior in assemblies of a sulfonated pentablock system, attributed this 

behavior to a divergence from sphericity in the assemblies, and applied a core-shell ellipsoid 

model to fit their scattering data 44. 
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Figure 4. Representative Kratky plot of PLA triblocks with L/D 80/20 at different concentrations. 
 

4.3 Core-shell Model Fits to Scattering Data 
 

Motivated by our Kratky analysis, we chose to use a core-shell ellipsoid model to 

perform detailed fits of our SANS data. The diagram describing the geometric parameters in 

core-shell ellipsoid model is shown in Figure 5. The equatorial radius of the core and thickness 

of the shell at equator are given by Requat and dequat, respectively. Likewise, Rpolar is the radius of 

the core at the pole, while dpolar indicates the polar thickness of shell. The overall radii of the core 

and shell together in the equatorial and polar directions are then Rtot,eq = Requat + dequat  and Rtot,pol 

= Rpolar + dpolar, respectively. The axial ratio of the core Xcore, given as Rpolar / Requat , can further 

describe the circular symmetry in the ellipsoid. For the PLA-PEO-PLA micelles in this study, 

Xcore values were found to be > 1, indicating that the micellar core is a prolate ellipsoid, rather 

than an oblate ellipsoid (Xcore < 1) or a sphere (Xcore = 1) 45,46. With this model, the scattered 

intensity arising from the form factor is given by: 

P(𝑞𝑞) = scale
𝑉𝑉

F2(𝑞𝑞,𝛼𝛼) + background        (1) 



15 
 

With:  

F(𝑞𝑞,𝛼𝛼) = p�𝑞𝑞,𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝛼𝛼� + p�𝑞𝑞,𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑒𝑒𝑒𝑒 ,𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝,𝛼𝛼�     (2) 

p�𝑞𝑞,𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝛼𝛼� = 3∆𝜌𝜌𝑉𝑉 { sin [𝑞𝑞m�𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝛼𝛼� ]−cos [ 𝑞𝑞m�𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝛼𝛼� ] }

�𝑞𝑞m�𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝛼𝛼��
3   (3) 

m(𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝛼𝛼) = (𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 sin2𝛼𝛼 + 𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 cos2𝛼𝛼)0.5     (4) 

Here 𝑉𝑉 is the volume of the ellipsoid, ∆𝜌𝜌 is the scattering length density contrast between the 

scatterer and the solvent, and 𝛼𝛼 is the angle between the axis of the ellipsoidal structure and 

scattering vector. We assume the ellipsoids are randomly oriented to obtain: 

F2(𝑞𝑞) = ∫ F2(𝑞𝑞,𝛼𝛼)𝜋𝜋/2
0 sin(𝛼𝛼)𝑑𝑑𝑑𝑑        (5) 

A polydispersity factor, Σ, based on a Schulz distribution function of the equatorial size of 

micellar core was introduced in the model fitting to effectively describe the micelle sizes. 47 

 

 

               
 
Figure 5. The geometric parameters of core-shell ellipsoid model shown in (a) 3D ellipsoid with 
circular equator (b) yz plane cross section of the prolate ellipsoid.  
 

SANS fits for systems with different L/D ratios at 10 wt% are displayed in Figure 6; 

fitting results from other concentrations are in the Supplementary Information (Figure S5). The 



16 
 

obvious correlation peaks in the curves for L/D 75/25, 80/20, 85/15, 90/10, and 95/5 systems 

necessitate the inclusion of a structure factor; we utilized a polydisperse hard-sphere structure 

factor with Percus-Yevick closure to account for the contribution of interparticle interference to 

the scattering intensity 48.  This gives an additional fitting parameter, the volume fraction of hard 

spheres (φi) which describes the nonoverlapping region occupied by hard spheres. Although the 

micelles are not strictly spheres, the polydisperse hard-sphere structure factor is often applied in 

scattering studies of more complex assemblies, such as SAXS studies of α-crystallin 49 and 

SANS studies of a variety of block copolymer assemblies 4. 

In general, the fits (Figure 6) agree well with the scattering profiles at low q and mid q, 

while diverging at high q due to the presence of larger-scale aggregates in our system, which we 

have previously observed via USANS and confocal microscopy 31 but which are not included in 

the micellar model used here. 50 Because data at q < 0.01 are likely to be affected by the presence 

of large microscale structures, they were not included in the fitting analysis. We have previously 

analyzed these large structures in more detail with USANS and confocal microscopy 31. 
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Figure 6. Representative fits of SANS spectra for PLA-PEO-PLA triblock copolymer gels at 10 
wt% with different L/D ratio to the core-shell ellipsoid model. 
 
 
            Detailed SANS fitting parameters for PLA-PEO-PLA copolymer systems with different 

stereochemistry of the PLA blocks at concentrations of 5, 8, and 10 wt% are summarized in Table 

2 and Table S1. The parameters describing the micelle shape and size do not depend strongly on 

concentration for each L/D system. This is consistent with previous studies of PLA-PEO-PLA gels 

with different PLA lengths than studied here and L/D ratios of 50/50 and 100/0 4.  For 10 wt% 

polymer solutions, maximum Requat is observed for triblock copolymers with intermediate L/D 

ratios (57.6 Å for 75/25 and 57.3 Å for 80/20), while the lowest Requat value (44.2 Å) is found at 

an L/D ratio of 95/5. PLA-PEO-PLA series with L/D 50/50 and 100/0 at 10 wt% have the Requat in 

between compared to that for intermediate L/D and higher L/D ratios (90/10 and 95/5). With these 
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parameters, a core volume can be calculated, allowing us to generate a three-dimensional image 

of the micelles. For some samples, we believe the crystalline domains in the PLA core region leads 

to ellipsoids with large Xcore values; previous studies of similar types of PLA-PEO-PLA 

copolymers in water have also shown micelles with anisotropic shapes such as disks.4,27 A 

visualization of the core-shell ellipsoid micelles, generated using Matlab, is shown in Figure S6.  

We previously found a non-monotonic trend in the storage modulus of these gels with L/D 

ratio,30  where gels with an intermediate L/D ratio displayed a higher G’ than the 50/50 or 100/0 

gels, and the highest moduli were obtained for L/D ratios in the range of 75/25 to 85/15. We 

hypothesized that the behavior of G’ with L/D ratio was due to a competition between an increase 

in the time for PLA endblocks to pull out of micelles as the L/D ratio is increased and PLLA 

crystallization occurs, and a decrease in the number of bridging chains for micelles with crystalline 

PLA domains, as formation of bridges may be hindered by crowded crystalline PLA domains.  

Although we cannot directly obtain information about the fraction of bridging chains or 

the timescale for PLA endblock pull-out from SANS data, we can make some estimates of how 

these parameters will vary in these series of polymers, based on structural parameters obtained 

from SANS. Theories of associative polymers suggest that the timescale for endblock pull-out 

from micelles should be related to the strength of interaction between hydrophobic blocks. A 

stronger interaction between hydrophobic blocks will likely also lead to larger aggregation 

numbers. 51 Micelles of the polymers at intermediate L/D ratios of 75/25, 80/20, and 85/15 do 

indeed have a higher aggregation number than the 50/50, 90/10, 95/5, and 100/0 polymers. 

Polymers in this range also form gels with the highest storage modulus. Thus, the trend in 

aggregation number with L/D ratio is consistent with our expectations from rheology. 

However, as discussed above, there must be another factor impacting the rheology, as the 
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the aggregation number and overall micelle size for L/D 90/10 and 95/5 are smaller than the 50/50 

and 100/0 samples, while these samples also display a higher storage moduli than the 50/50 and 

100/0 systems. 30 We had hypothesized that the fraction of bridging chains would also be an 

important factor. While we cannot calculate this directly, theories of associative micellar gels 

suggest a higher fraction of bridging chains when the intermicellar distance is smaller, until the 

fraction of bridging chains reaches a limiting equilibrium value at close spacings. 52,53 We do in 

fact find a decreased d-spacing (dsc) for intermediate L/D ratios, as estimated from the peak position 

for the 10 wt% samples 30. This value of the d-spacing is derived from the peak position and thus 

averages over all orientations of the micelles present in the gels. We can estimate the distance 

between the edge of the PEO shells of the micelles in the equatorial direction for the 10 wt% 

samples, which we term dmicelle, as dmicelle = dsc - 2Rtot,eq. We note that this is only an estimate, but 

it represents the smallest distance that a bridging chain would need to span between micelles and 

thus gives insight into the probability that a given system will have more or less bridging chains. 

The decreased d-spacing together with the larger dimension of the micelles in the equatorial 

direction, Rtot,eq, at these L/D ratios leads to a smaller distance between the edge of PEO shells in 

the gels with intermediate L/D ratios as compared to the 50/50 and 100/0 systems (Table 3). 

Therefore, we may expect formation of more intermicellar bridging chains in gels at intermediate 

L/D ratios, which contribute to greater elasticity of these associative gels as compared to the 50/50 

and 100/0 gels, consistent with our previous hypothesis on the origin of the rheological trends we 

observed. 30 In addition, we are unable to obtain the distance between PEO shells from the polar 

direction due to much larger geometric parameters. The PEO shells of neighboring core-shell 

ellipsoids are physically in contact and interacting along the polar direction in this case.



20 
 

 

Table 2. Parameters of micelle in core-shell ellipsoid model of PLA-PEO-PLA systems with 
different L/D ratios at 10 wt%. 
 

 L/D 50/50 L/D 75/25 L/D 80/20 L/D 85/15 L/D 90/10 L/D 95/5 L/D 100/0 

Parameter        

core 

Requat (Å) 48.1 ± 0.2 57.6 ± 0.2 57.3 ± 0.1 53.1 ± 0.1 51.2 ± 0.1 44.2 ± 0.1 50.6 ± 0.1 

Xcore 5.64 ± 0.05 4.40 ± 0.04 4.02 ± 0.02 4.87 ± 0.04 3.71 ± 0.02 4.68 ± 0.03 5.14 ± 0.04 

Rpolar  (Å) 271.3 ± 3.5 253.4 ± 3.2 230.3 ± 1.6 258.6 ± 2.6 190.0 ± 1.4 206.9 ± 1.8 260.1 ± 2.6 

shell 

dequat (Å) 18.1 ± 0.2 20.9± 0.2 20.7 ± 0.1 20.7 ± 0.2 12.8 ± 0.1 14.8 ± 0.1 19.8 ± 0.2 

Xshell 8.04 ± 0.12 5.19 ± 0.08 5.21 ± 0.06 4.74 ± 0.08 6.09 ± 0.08 4.90 ± 0.09 6.01 ± 0.08 

dpolar  (Å) 145.5 ± 3.8 108.5 ± 2.7 107.8 ± 1.8 98.1 ± 2.6 78.0 ± 1.7 72.5 ± 1.9 119.0 ± 2.8 

micelle 
Rtot,eq (Å) 66.2 ± 0.4 78.5 ± 0.4 78.0 ± 0.2 73.8 ± 0.3 64.0 ± 0.2 59.0 ± 0.2 70.4 ± 0.3 

Rtot,pol  (Å) 416.8 ± 7.3 361.9 ± 5.9 338.1 ± 3.4 356.7 ± 5.2 268.0 ± 3.1 279.4 ± 3.7 379.1 ± 5.4 

Σ 0.35 0.31 0.31 0.31 0.25 0.31 0.36 

φi 0.138 0.180 0.212 0.262 0.260 0.239 0.138 

Nagg 312 491 404 414 269 208 355 

 
                                                                                  
 
Table 3. Equatorial distance between the outer shells of two micelles, dmicelle, of PLA-PEO-PLA 
systems with different L/D ratios at 10 wt%. 
 
 

Sample  d-spacing 
(Å) dmicelle 

S 50/50 356 224 

S 75/25 350 193 

S 80/20 345 189 
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S 85/15 314 166 

S 90/10 253 125 

S 95/5 241 123 

S 100/0 323 182 

 

To validate the micellar parameters obtained by fitting, the parameters can be quantitatively 

compared to the chain contour length L and end-to-end distance red. Calculations of these 

parameters are described and given in the Supplementary Information (Table S2). In general, the 

equatorial thickness of PEO shell is comparable to the end-to-end distance of PEO block in a theta 

solvent, indicating that the PEO chains in the shell are coiled. By contrast, the radius of the core 

at the equator is closer to the contour length of PLA block, indicating the PLA chains are in a 

stretched conformation. This may be due to the formation of PLA crystals in the core. The mobility 

of the PLA block segments on both sides of PEO block in ABA architectures is lower compared to 

that of the PLA block in PLA-PEO diblock copolymers. The inhomogeneous PEO shell will thus 

interfere with the formation of a uniformly spherical hydrophobic domain to a greater degree for 

triblock copolymers, which possibly promotes the stretched arrangement of PLA blocks and the 

formation of ellipsoidal core with partially crystalline domains.  

At a lower concentration of 2 wt%, the core-shell sphere, sphere, and core-shell ellipsoid 

model all did not provide satisfactory fitting profiles, particularly in the mid-q range. However, a 

simple ellipsoid model generated fits with good agreement (Table 4). The overall scattering 

intensity for the ellipsoid model with orientation 54 is given by: 

I(𝑞𝑞) = scale
𝑉𝑉

P2(𝑞𝑞,𝛼𝛼) + background        (6) 

where  
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P(𝑞𝑞,𝛼𝛼) = ∆𝜌𝜌𝑉𝑉 3(sin𝑞𝑞m−𝑞𝑞m cos 𝑞𝑞m)
(𝑞𝑞m)3

         (7) 

and   

m = �𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 sin2𝛼𝛼 + 𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 cos2𝛼𝛼�
0.5

       (8) 

The fitting results obtained further support the soundness of micellar parameters obtained for L/D 

systems at higher concentrations utilizing the core-shell ellipsoid model. The equatorial and polar 

radii of micelles with the simple ellipsoid model at 2 wt% are both comparable to those for systems 

at higher concentrations and follow the trends described above.  

 

Table 4. Parameters of micelle in ellipsoid model of PLA-PEO-PLA systems with different L/D 
ratios at 2 wt%. 
 

 L/D 50/50 L/D 75/25 L/D 80/20 L/D 85/15 L/D 90/10 L/D 95/5 L/D 100/0 

Requat (Å) 82.5 ± 0.1 84.6 ± 0.1 85.9 ± 0.1 82.9 ± 0.1 62.7 ± 0.1 59.9 ± 0.1 76.4 ± 0.1 

Rpolar  (Å) 484.4 ± 2.6 380.7 ± 0.6 379.4 ± 0.5 361.3 ± 0.5 265.7 ± 0.6 279.9 ± 0.7 439.3 ± 1.5 

Σ 0.31 0.35 0.29 0.32 0.32 0.33 0.35 

φi 0.092 0.180 0.234 0.247 0.260 0.250 0.119 

 
 
 

5. Conclusions 

We present a SANS study of hydrogels and aqueous solutions of PLA-PEO-PLA block 

copolymers with L/D ratios of the PLA block varying from 50/50 to 100/0. The effect of PLA 

block stereochemistry on the nanoscale assembly of copolymer micelles is examined. Correlation 

peaks are observed for all the copolymers at higher concentrations. Lowering the concentration 

causes the transition from correlation peaks to shoulders for most of copolymers except for 

triblocks with L/D ratios of 85/15, 90/10, and 95/5. In addition, the peak position for these 



23 
 

samples does not vary with concentration. This suggests inhomogeneity in these gels, with local 

regions where strongly-associating micelles may be more closely-spaced. The high q features we 

observe via a Kratky plot suggest the use of an ellipsoidal form factor model for the micelles. 

The structural parameters obtained for different L/D systems from model fitting show high 

aggregation numbers for systems with L/D ratios of 75/25, 80/20, and 85/15, consistent with a 

strong interaction between PLA chains in these systems. A smaller overall micelle size and 

intermicellar distance was observed for the 90/10 and 95/5 systems. Both of these trends are 

consistent with our rheological data from previous studies, which showed a high storage modulus 

for samples at intermediate L/D ratios, which we hypothesized to be due to both a longer 

endblock pull-out time for PLA chains and a greater fraction of bridging chains. These findings 

provide insight into the use of stereochemistry as means of tuning both the nanoscale assembly 

and mechanical properties in amphiphilic block copolymers.  
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