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INTRODUCTION 

Amphiphilic block copolymers have been given 
great attention due to their ability to assemble 
into well-defined supramolecular architectures. 
In selective solvents the lyophobic blocks 
associate to minimize their interface with the 
solvent, while the lyophilic blocks remain 

solvated. This results in the formation of 
structures where the blocks are segregated in 
two regions, a dense desolvated core composed 
of the collapsed lyophobic chains and a swollen 
solvated corona surrounding the core.1,2 
Depending on composition, chain lengths of the 
blocks, and the self-assembly process, 
architectures with different size and 

ABSTRACT 

Numerical self-consistent field (SCF) lattice computations allow a priori determination of the equilibrium 

morphology and size of supramolecular structures originating from the self-assembly of neutral block copolymers 

in selective solvents. The self-assembly behavior of poly(ethylene oxide)-block-poly-ε-caprolactone (PEO-PCL) 

block copolymers in water was studied as a function of the block composition, resulting in equilibrium structure 

and size diagrams. Guided by the theoretical SCF predictions, PEO-PCL block copolymers of various compositions 

have been synthesized and assembled in water. The size and morphology of the resulting structures have been 

characterized by small-angle X-ray scattering, cryogenic transmission electron microscopy and multi-angle dynamic 

light scattering. The experimental results are consistent with the SCF computations. These findings show that SCF 

is applicable to build up roadmaps for amphiphilic polymers in solution, where control over size and shape are 

required, which is relevant for instance when designing spherical micelles for drug delivery systems 

KEYWORDS: Self-assembly, block copolymers, phase diagrams, modeling, drug delivery, 



2 

morphologies can be obtained.3–5 These 
structures find applications in many advanced 
scientific and industrial fields.5–10 

The ability to relate the copolymer composition 
to the self-assembly behavior, in order to finely 
control morphology and size is a central theme 
in the development of block copolymer self-
assembly field. This is most commonly done by 
experimental trial and error, which has two main 
drawbacks: first, it represents a high investment 
of time and resources; second, the features of 
the self-assembled structures can strongly 
depend on the adopted preparation 
procedure.11 The latter is related to the fact that 
block copolymer assemblies can get stuck in 
kinetic traps, which may remain stable in 
solution for long periods12,13 or continually 
evolve over time.11 However, it is difficult to 
predict and control the self-assembly of 
kinetically trapped structures, which can lead to 
even more exhaustive trial-and-error based 
approaches.  A solution to avoid the drawback of 
the experimental investigations is to rely on a 
theoretical method which enables  quantitative 
prediction of the desired equilibrium 
morphology and size, and then to use 
experimental approaches to obtain these 
equilibrium structures in solution.  

To explain why different copolymers adopt 
different architectures the packing parameter 
P14 is frequently used. The quantity P is defined 
as V/sL, where V is the volume of the lyophobic 
block, L is length and s the specific area occupied 
by one copolymer molecule at the core corona 
interface. However, it is not possible to directly 
relate block copolymer architecture to P, since 
the estimation of s and V requires the knowledge 
of the aggregation number, the core size and the 
solvent volume fraction inside the micelle. These 
values must be provided via experimental or 
computational methods. 

Analytical theories have been developed to 
describe the self-association of block 
copolymers, see refs15–17. The predictive power 
of such theories is, however, limited. For 
example the scaling models proposed by Zhulina 

and coworkers15,17can give reliable  predictions 
regarding size and aggregation number for 
spherical micelles, but for other morphologies 
they can only describe the scaling behaviour17. 

Full computer simulation methods such as 
molecular dynamics (MD) can provide precise 
information about the self-assembly behavior of 
block copolymers. However, the high 
computational cost of such methods does not 
allow systematic investigations on practical 
timescales. A powerful tool to obtain reliable 
thermodynamic and structural information, and 
predict the size and morphology of self-
assembled architectures is the Scheutjens-Fleer 
Self Consistent Field (SCF) theory1,18. In this 
model the polymers and the solvent are 
distributed over a lattice. The conformational 
space of the molecules is explored via a step-
weighted random walk to calculate the 
conformational entropy, while the enthalpy of 
the self-assembly process is modeled via a set of 
pair interaction parameters, also called Flory-
Huggins or χ parameters. The χ parameters 
describe the enthalpy variation upon contact 
between a pair of components of the system, 
and can be estimated theoretically or measured 
experimentally19,20. A mean-field approximation 
and full occupancy of the lattice (no vacuum sites 
in the lattice) are assumed1,18,21. Due to the low 
computational cost (typically at least 104 times 
faster than full computer simulations) SCF 
calculations provide a fast and effective way to 
perform systematic investigations. When the χ 
parameters are accurate and the coarse-graining 
of the copolymers reflects the flexibility of the 
blocks, the SCF computations can give 
quantitatively accurate predictions. 

In selective solvents amphiphilic 
macromolecules tend to arrange in such a way 
that the interfacial area s (see Figure 1) between 
the lyophobic block and solvent is minimized.  As 
the chains get closer, upon an increase of the 
aggregation number g, they start to feel each 
other’s steric repulsion. To reduce this repulsion 
the chains stretch toward the solvent, resulting 
in an increase of the corona thickness (Figure 1). 
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This stretching is unfavorable, acting as a 
stopping mechanism for the growth of the 
micelle.22 

The steric repulsions between the lyophilic 
chains are affected by the curvature of the 
interface between core and corona. In particular, 
a higher curvature leads to larger space available 
for the lyophilic chains. Therefore the steric 
repulsion is relatively small in spherical 
morphologies (Figure 1, a) and large for flat 
morphologies (Figure 1, b). The lyophobic chains 
in the core also experience stretching, related to 
the curvature of the interface, but in an opposite 
fashion. Getting closer to the center of the core 
the chains have less space available if the 
curvature of the interface is high. Therefore the 
lyophobic chains will stretch more in the 
spherical geometry (Figure 1, a) than in the flat 
one (Figure 1, b). The balance of three 
contributions: (i) reduction of the interfacial 
energy, (ii) chain stretching in the corona and (iii) 
chain stretching in the core, determines the 
equilibrium morphology, characteristic size and 
aggregation number of the self-assembled 
structure.17 

As this balance is complex and cannot be 
expressed in the form of an exact analytical 
solution, an approximate numerical approach, 
such as the SCF method (See SI for more details), 
is required to compute the equilibrium 
properties of block copolymer self-assembled 
architectures. 

In this work we used the SCF method to 
systematically investigate the self-assembly 
behavior of poly(ethylene oxide)-block-poly-ε-
caprolactone (PEO-PCL) block copolymers in 
water as a function of the length of the two 
blocks. The results of the computations have 
been used to build an equilibrium structure 
phase diagram and example concentration 
profiles for each morphology. The concentration 
profiles show how the volume fraction (ϕ) of 
each component varies as a function of the 
distance from the center (r) of the self-organized 
structure.  

Building a predictive framework for PEO-PCL 
copolymers is important in virtue of their great 
potential in the biomedical field6,23. These 
copolymers are easy to prepare from cheap 
precursors, and the available synthetic methods 
allow high control over composition and molar 
mass dispersity24,25. Drug delivery and 
biomedical imaging are among the most 
promising fields where PEO-PCL copolymers are 
allowed by regulation26. PEO-PCL self-assembled 
structures in water are characterized by an 
insoluble core composed of the hydrophobic PCL 
block, suitable for the encapsulation of 
hydrophobic compounds27,28, such as drugs, dyes 
and vitamins. The core is surrounded by a 
stabilizing PEO corona, which confers stealth 
properties to the structure, improving the 
cellular uptake29. For these applications in 
particular, a high level of control over shape and 
dimension of the self-assembled structures is 
required. For example, recently it has been 
shown how architectures with different 
morphologies possess different utility in biology 
and nanomedicine30–32. 

Many experimental and theoretical 
investigations about the self-assembly behavior 
of PEO-PCL and other PEO-based block 
copolymers have been performed in an attempt 
to relate (block) copolymer composition24,33–38 
and chain rigidity39–41 with the self-assembly 
behavior. It appears that given the multiplicity of 
factors affecting block copolymers self-assembly 
(blocks solubility, chain length, chain rigidity and 
eventually specific interactions like hydrogen 
bonding) the construction of predictive self-
assembly phase diagrams of such compounds 
needs to be performed on a case by case basis 
for each specific copolymer. Furthermore for 
PEO-PCL it is also clear that the preparation 
procedure has a drastic effect on the final 
morphology and size of the self-assembled 
aggregates of these copolymers, as discussed by 
Konishcheva et al. in a recent paper42. It will be 
shown that the outcome of our SCF 
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computations can provide useful insights to 
understand these results, in particular to 
understand weather a structure is at 
thermodynamic equilibrium or not. This 
information is important, as non-equilibrium 
structures can be characterized by a low colloidal 
stability and the tendency to evolve over time 
into more stable morphologies.  

Finally, following the results provided by our SCF 
computations we synthesized a set of PEO-PCL 
copolymers and experimentally explored their 
self-assembly behavior by Small-Angle X-ray 
Scattering (SAXS), Cryo-Transmission Electron 
Microscopy (cryo-TEM) and Multi-Angle 
Dynamic Light Scattering (MA-DLS). The 
experimental results are consistent with our 
predictions. This demonstrates the potential of 
our predict-synthesize-characterize framework, 
which can be further applied to many other 
copolymer-solvent systems. Furthermore, it 
facilitates the design of polymer assemblies with 
specific characteristics which will enable 
efficient strategies for the end-use of such 
polymers, e.g., encapsulation of hydrophobic 
compounds into PEO-PCL block copolymers. 

MATERIALS AND METHODS 

SCF computations 

The computations have been performed on 
lattices of three different geometries, spherical, 
cylindrical and flat. In each lattice, gradients are 
accounted for in only one direction. In the 
spherical geometry this provide a full description 
of the system. In the cylindrical geometry the 
gradient follows the direction perpendicular to 
the length of the cylinder. In the flat geometry it 
is perpendicular to the plane. Each lattice consist 
of 100 lattice layers in the direction of the 
gradient. The lattice size has been chosen such 
that a 50% decrease or a 50% increase in the 
number of layers does not affect the results of 
the computations. A coordination number of the 
lattice z=3 was used for all the geometries. In the 
flat geometry two mirrors are placed at the first 
and the last lattice sites to ensure periodic 
boundaries conditions. For spherical and 
cylindrical geometries a mirror was located at 
the last lattice layer and the first layer 
corresponds to the center of the lattice. In the 
lattice each solvent molecule (W) and ethylene 
oxide (A) monomer occupy one site, while 
caprolactone (B) monomer occupies two lattice 
sites. This is based on the fact that CL monomers 
have a molar mass and a molar volume which are 
roughly twice as large as that of EO. For example, 
a copolymer with the formula Me-EO45-CL16 is 
modeled as A45-B32 with equal size of the lattice 
sites for A and B. For all computations the 
values χWA = 0.4, χWB = 3 and χAB = 1, 

 

Figure 1. Schematic representation of a block copolymer in a spherical micelle (a) and a flat bilayer (b). The 

Interfacial area of the chains is noted in yellow. 
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reported by Lebouille et al. 43 have been used. It 
has been shown that these parameters well 
describe the PEO-PCL-Water system. The value 
of χAB = 1 has been chosen to account for water 
hydrogen-bonding to  the PEO chains.44,45 This 
mediates the interaction between the blocks and 
results in a high incompatibility.46 Each lattice 
site was set to the size of an EO monomer (𝜆𝜆=0.4 
nm). This value was estimated by applying the 
relation 

𝜆𝜆 = � 𝑀𝑀PEO𝜌𝜌 ∙ 𝑛𝑛PEO ∙ 𝑁𝑁AV�13 ,                      

where 𝜆𝜆 is the lattice size, 𝑀𝑀PEO is the molar 
mass of the PEO block, 𝑛𝑛PEO its degree of 
polymerization, 𝜌𝜌 its density and 𝑁𝑁AV the 
Avogadro’s number. 

All the copolymers in the computations are 
modeled as monodisperse. The synthesized 
polymers are modeled using their number 
averaged molar mass obtained by NMR (𝑀𝑀nNMR) 
analyses (Table 1). The equilibrium morphology 
and the aggregation numbers have been 
computed according to the method described in 
the SI (particularly equations S12 and S13) for 
copolymers composed of four different PEO 
blocks (n=17, n=30, n=38, n=45).The PCL block 
length (m) was varied from 2 to 100 with a step 
size of 2 monomeric units (4 lattice units). The 
obtained SCF results were used to build an 
equilibrium structure diagram.  

The equilibrium concentration profiles have 
been used to calculate the hydrodynamic radius 
(RH), according to the method proposed by 
Scheutjens et al. 47 based on the Debye-Bueche 
equation for permeability (See SI for details 
about the procedure). The resulting RH values 
have been used to construct size prediction 
diagrams.  

Materials 

Me-EO45 and ε-caprolactone (ε-CL) where 
purchased from Sigma Aldrich, fumaric acid (FA) 
from Fluka and absolute ethanol and acetone 
from Biosolve, the Netherlands. 

Synthesis and purification of the copolymers 

Three different PEO-PCL copolymers, namely 
Me-EO45-b-CL12, Me-EO45-b-CL35 and Me-EO45-b-
CL87 have been synthesized and purified, using a 
one-pot metal-free ring opening polymerization 
procedure and a new purification method, 
respectively, as reported previously 25. 

The number-averaged molar mass 𝑀𝑀nNMR of the 
synthesized copolymers was calculated by 1H 
NMR, carried out on a Varian 400 (400 MHz) 
spectrometer at 25 °C in deuterated chloroform. 
The molar mass dispersity Đ=Mw/Mn , were Mw is 
the weight-averaged molar mass, was 
determined from the molar mass distribution 
obtained by means of Size Exclusion 
Chromatography (SEC), using a Waters GPC 
equipped with Waters (model 510) pump and a 
(model 410) differential refractometer. A set of 
two mixed bed columns (Mixed-C, Polymer 
Laboratories, 30 cm, 40 °C) was used and THF 
was selected as eluent. The system was 
calibrated using narrow molar mass polystyrene 
standards, ranging from 600 to 7106 Da. 

Experimental design: preparation procedure of 
self-assembled structures 

It has been shown that copolymer assemblies 
can be dynamic, i.e. there is an exchange 
equilibrium between assembled and 
unassembled macromolecules.48–50 Due to this 
exchange out of equilibrium structures can 
evolve towards the thermodynamic equilibrium. 
If the solubility of the copolymer is very low this 
evolution becomes so slow that the structures 
can be considered as frozen.50 Hence, in the 
experimental design it is extremely important to 
select a preparation procedure which ensures 
the formation of assemblies close to the 
thermodynamic equilibrium. For PEO-PCL 
copolymers it has been shown experimentally 
37,42 (see figure S8 in the supplementary 
information for a visual comparison), that the 
final morphology can be dependent on the 
preparation procedure, leading to the 
coexistence of mesoscale and nanoscale 
aggregates of various morphologies.  
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The preparation process plays an important role, 
especially for objects with complex geometry as 
cylinders or hollow spheres. Two different kinds 
of approaches are usually followed to prepare 
self-assembled structures: bottom-up, when the 
polymer is molecularly dissolved in a good 
solvent and forced to assemble by a solvent 
switch42, and top-down, where a precursor 
phase is induced to rearrange in solution.51 

To prepare complex architectures with a 
bottom-up approach (e.g. solvent switch42) the 
chains need time to organize into a stable 

conformation. If the solvent switch is too fast the 
lyophobic chains tend to collapse forming 
spherical objects, as this is a faster way to reduce 
their interfacial area. These structures are 
metastable, and are not the most stable 
conformation that the system can adopt.13  

To prepare structures close to equilibrium via a 
top-down approach (e.g. thin film rehydration 
37,42) three conditions need to be fulfilled: first 
the chains need enough mobility to rearrange, 
meaning that the lyophobic blocks need to be 
above the glass transition temperature; second, 

 

Figure 2. Morphology phase diagram for PEO-PCL block copolymers in water at T=20 °C obtained by SCF. The dashed 

curves separate the stability regions for different morphologies. The composition of the copolymers are expressed 

in terms of mass (M) and block lengths (n and m). The region below the black dashed line indicates when the 

copolymer is soluble. The region between the black and the red dashed curve indicate the stability region for 

spherical micelles. The region between the red and the blue dashed curve cylindrical micelles are stable. The region 

above the blue dashed curve corresponds to the formation of vesicles or flat bilayers.  
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the reorganization must lead to the segregation 
of lyophilic and lyophobic chains into two 
domains. This segregation needs a driving force. 
Such a driving force may consist of the intrinsic 
incompatibility between the two blocks together 
with the tendency of the hydrophilic block to 
maximize contact with the solvent. Third the 
assemblies must be dynamic in order to reach 
the equilibrium value of g. In the case of PEO-PCL 
in solution at room temperature the presence of 
hydrogen-bonded water on the PEO chains44,45 
mediates the interaction between the blocks, 
resulting in a high effective incompatibility46. 
When the system is heated to promote film 
rehydration (see the preparation procedure 
adopted by Qi et al.37) the PCL chains gain 
mobility, but the PEO chains start to lose the 
hydrogen-bonded water and become insoluble. 
As a consequence the stabilizing effect of the 
PEO domains and the overall copolymer 
solubility are strongly reduced. This may result in 
the formation of out of equilibrium structures.  

One can deduce that a bottom-up approach 
should be preferred for copolymers with highly 
lyophobic blocks, or thermosensitive lyophilic 
blocks. A top-down approach can be suitable for 
copolymers made of highly incompatible blocks 
with low glass transition temperature and 
relatively high solubility.  

Our SCF model defines the equilibrium 
morphology and size of self-assembled 
structures as function of the copolymer 
composition (Figure 2 and 3). If the parameters 
used for the modeling are accurate, a 
comparison between experimental results and 
SCF computations can be used as a feedback 
loop to rationalize whether or not a certain 
procedure results in the formation of 
equilibrium self-assembled structures.  

Preparation of the self-assembled structures 

Depending on the expected morphology two 
different procedures have been applied to 
prepare the self-assembled structures. For PEO-
PCL spherical micelles it has been shown that 
after a fast solvent switch the formed structures 

are close to the thermodynamic equilibrium27,43. 
Thus for the copolymer Me-EO45-b-CL12, that 
according to our model should assemble into 
spherical particles, the nanoprecipitation 
method52, consisting of an instantaneous solvent 
switch, was used. A solution has been prepared 
dissolving 20 mg of Me-EO45-b-CL12 in 1 mL of 
acetone. Each solution was then filtered with a 
0.22 μm PTFE syringe filter, and 1 mL of the 
filtrate was quickly added to 9 mL of filtered 
deionized water. The solution was shaken by 
hand to ensure complete mixing. Other solutions 
have been prepared and analysed via MA-DLS to 
investigate the effect of the starting 
concentration on the final features of the 
assemblies. Details of this analysis are reported 
in SI. 

For polymers with long PCL blocks, such as Me-
EO45-b-CL35 and Me-EO45-b-CL87 a fast solvent 
switch could result in the formation of kinetic 
aggregates. To avoid this, their self-assembly 
were prepared via a slow solvent switch. First 1 
mL of a 50 mg·mL-1 solution of each polymer, 
previously filtered with a 0.22 μm PTFE syringe 
filter, was placed in a clean 20 mL vial with 
magnetic stirring bar. Subsequently, 9 mL of 

Figure 3. SCF size prediction diagram for Me-PEO-b-

PCL copolymers of different compositions. Data 

points from SCF are compared with the scaling 

behavior predicted for star-like micelles by Zhulina 

and Borisov.17  
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water was slowly added by means of a syringe 
pump at the speed of 0.05 mL·min-1 under 
vigorous stirring. The vial was capped to avoid 
acetone evaporation and the water addition was 
performed through a hole in the cap via a Teflon 
capillary. 

Characterization of the self-assembled 
structures 

A detailed description of the techniques and 
procedures used for the characterization of the 
self-assembled structures is reported in the 
supplementary information (SI).  

 

RESULTS AND DISCUSSION  

Morphology, size and radial concentration 
diagrams 

The SCF computations for the PEO-PCL 
copolymers are summarized into an equilibrium 
structure phase diagram (Figure 2), a size 
prediction diagram for spherical micelles (Figure 
3) and representative concentration profiles for 
the three different morphologies (spheres, 
cylinder and bilayers) are plotted in Figure 4. The 
equilibrium structure phase diagram (Figure 2) 
shows that as the relative mass of the PCL block 
increases with respect to the PEO block, the 
preferred morphology shifts from spheres, to 
cylinders, to bilayers. From the phase diagram it 
appears that the change in morphology does not 
occur at a fixed PCL/PEO mass ratio, as the 
regions for the different morphologies are not 
separated by straight lines (Figure 2).  

The size prediction diagram for spherical 
micelles reported in Figure 3 shows how the 
hydrodynamic size varies with block copolymer 
composition, covering a radius range between 
4.5 and 12 nm, by using variations of the PEO and 
PCL block molar masses. The same plots can be 
generated to predict the cross-sectional radius 
of cylindrical micelles, and the thickness of 
vesicles and flat bilayers (not reported here). The 
sizes calculated by SCF follow the scaling 
behavior predicted by Zhulina and coworkers15 

for star-like micelles (𝑅𝑅H~m3/5, with m 
indicating the number of CL units). 

The concentration profiles as a function of the 
distance from the center (r) of the morphology 
are given in Figure 4. These profiles illustrate the 
volume fraction of the various components from 
the inside of the morphologies towards the bulk 
solvent. Such density profiles have been used to 
quantify the core and corona sizes and the 
solvent fraction in both the core and the corona.  

Analysis of the self-assembled structures  

Following the SCF predictions reported in the 
phase diagrams we synthesized three different 
copolymers, each supposed to assemble into a 
different morphology, spherical micelles (Me-
EO45-b-CL12), cylindrical micelles (Me-EO45-b-
CL35), and bilayers (Me-EO45- b-CL87). The 
copolymers were characterized by NMR and SEC, 
and their assemblies in water were characterized 
by SAXS, cryo-TEM and MA-DLS. The results are 
summarized in Table 1 and details for each 
method are given in the supporting information.   

Spherical Micelles from Me-EO45-b-CL12  

The SCF results for Me-EO45-b-CL12 copolymers 
show that the preferred configuration in water is 
spherical micelles with a core radius of 4.5 nm, a 
corona thickness of 4.5 nm (total RH = 9 nm) and 
an aggregation number of 𝑔𝑔SCF = 231 (see SI for 
details about the calculation of 𝑔𝑔SCF) . The SCF 
results also show the average solvent volume 
fraction in the core and corona to be 0.05 and 
0.75 respectively. Due to the isotropy of the 
spherical micelle morphology, SCF essentially 
provides a full description of the molecular 
organization with makes up the self-assembled 
structures.  

Experimentally, the spherical morphology is 
confirmed via the cryo-TEM (Figure 5a) and SAXS 
(Figure 6). A good fit of SAXS scattered intensity 
data was obtained using a spherical core-shell 
form factor. 53 The core size was measured to be 
4±2 nm via cryo-TEM, while both the core size 
and overall particle radius were determined to 
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be 8 nm and 11 nm respectively from the SAXS 
data. The particles hydrodynamic radius was 
measured by MA-DLS which gave a values of 9 
nm. The SAXS analysis is also able to estimate the 
average solvent volume fraction in the coral and 
coronal domains. This can be evaluated via the 
electron length density values obtained by the 

fitting (1.036 ∙ 10−5 Å−2 for the core, 9.855 ∙
10−6 Å−2 for the shell) which resulted in values 
of 0.05 and 0.87, respectively (details of these 
calculations available in the SI). From the 
forward (𝑞𝑞 → 0) scattered intensity value it was 
possible to calculate the aggregation number 𝑔𝑔𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 225 for Me-EO45-b-CL12 (details of 
these calculations available in the SI), which is in 
close agreement with the SCF value of 231.  

Hence, the experimental data quantitatively and 
qualitatively agree with the theoretical SCF 
predictions, which validates the model and 
indicates that the micelles are in a low energy 
configuration.  

Cylindrical Micelles from Me-EO45-b-CL35  

For Me-EO45-b-CL35 copolymers the SCF 
calculations reveal the preferred configuration in 
water is obtained by adopting a cylindrical 
micelle geometry with a core radius of 8 nm, a 
corona size of 4 nm (total radius = 12 nm). The 

length of cylindrical micelles is determined by 
kinetic parameters which are not accounted for 
in the SCF simulations (in SCF the length of the 
cylinder is assumed to be infinite). However, if 
the length of the cylinders can be determined 
experimentally this information combined with 
the SCF simulations can be used to determine 
the total aggregation number of the structures. 
The SCF average solvent volume fraction in the 
core and corona is 0.05 and 0.74, respectively. 

The morphology of the Me-EO45-b-CL35 
copolymer assembly was again confirmed via 
cryo-TEM (Figure 5b) and SAXS analysis. The 
scattered intensity profile shows the typical 
features associated with the presence of 
cylindrical objects. At low q the scattered 
intensity gets proportional to q-1, as expected for 
cylinders. The intensity I(q) data were fitted to a 
flexible cylinder form factor54 (Figure 6, red 
curve) with cylinder cross sectional radius of 6±1 
nm and Kuhn length 60 nm. This indicates that 
the cylindrical micelles of PEO-PCL are quite 
flexible in solution, which is in contradiction to 
the cryo-TEM analysis. However, the cryo-TEM 
procedure involves confinement of the cylinders 
to a thin (usually of the order of 100-200 nm) film 
of water. In this regime, due to their high 

Table 1. Characteristics of the PEO-PCL diblocks synthesized in this study: a) number-averaged molar mass (from 

NMR); b) molar mass dispersity; c) morphology of the self-assembled structure in water at T=295K: S=Spherical, 

C=Cylindrical, B=Bilayer; d) size of the PCL core obtained by SCF; e) total hydrodynamic size from SCF; f) size 

measured by MA-DLS; g) size measured by SAXS; h) size measured by cryo-TEM. Experimental size data are provided 

with the respective standard deviation. 

Copolymer a)𝑴𝑴𝒏𝒏𝑵𝑵𝑴𝑴𝑵𝑵
(kDa) 

b) Đ c) Shape d) SCF 

core 

(nm) 

e) SCF 

(nm) 

f) MA-DLS 

(nm) 

g) SAXS 

(nm) 

h) cryo-TEM  

(nm) 

Me-EO45-b-CL12 3.3 1.08 S 4.5 1) 9 1) 9±1 1) 11±1 1) 4±2 

Me-EO45-b-CL35 6.0 1.34 C 7 2) 12 - 2) 6±1 2) 8±4 

Me-EO45-b-CL87 12.0 1.28 B 16 3) 28 - 3) 12±1 3) 14±9 

1) value refers to the radius of spherical micelle R; 2) value refers to the cylindrical micelle cross sectional radius P; 

3) value refers to the bilayers thickness H.  
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excluded volume, rods align to maximize their 
translational entropy55, assuming a straight 
configuration which may result in an apparent 
higher persistence length. However, the cryo-
TEM analysis show that the cylinders are not 
perfectly straight, but present small bending 
points spaced roughly 50-70 nm. This distance 
compares with the Kuhn length measured by 
SAXS. 

 A comparison of the experimental data with the 
SCF concentration profile (Figure 4) shows that 
the characteristic dimensions obtained by SAXS 
(P=6±1 nm) and cryo-TEM (P=8±4 nm) 

correspond to the size of the dense PCL core. 
This can be a consequence of the low contrast of 
the highly hydrated PEO coronal region.  

Bilayers from Me-EO45-b-CL87 

The SCF simulations for Me-EO45-b-CL87 
copolymers show that the preferred morphology 
in water is bilayer with a core thickness 16 nm 
and corona thickness of 6 nm (total thickness H 
=28 nm). In solution, bilayers are known to adopt 

 

Figure 4. SCF concentration profiles for the self-assembled structures of some of the synthesized copolymers. The 

plots show how the volume fraction (ϕ) of a certain component change as function of the distance from the center 

(r) of the structure. Predicted and experimentally measured sizes are depicted as vertical lines of different colors 
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either flat, curved or closed spherical (vesicles) 
morphologies.  

The SAXS scattered intensity data (Figure 6, black 
triangles) were modeled using a flat lamellae 
form factor56 (Figure 6, black curve), resulting in 

a thickness of 12±2 nm. At 𝑞𝑞 ≈ 2 ∙ 10−3 Å-1 
(Figure 6). It is interesting to note the 
contribution of small aggregates with sizes in the 
order of few tens of nm. These aggregates can be 
kinetic products originating from the 
preparation procedure. At lower 𝑞𝑞 values (𝑞𝑞 <

 

Figure 5. Cryo-TEM images of (a) EO45-b-CL12; images show spherical micelles with a radius of 4.5±1 nm. (b) Me-

EO45-b-CL35 ; images display cylindrical micelles with a cross sectional radius of 8±1 nm surrounded by minor ice 

contamination. (c,d) Me-EO45-b-CL87; on image c multiple leaf shaped bilayer, the dominant observed morphology, 

can be seen. At high magnification (c) an edge with thickness 14±9 nm can be observed. Further, in image (d) centre-

left a seemingly micellar packed spherical structure can be observed. Red arrows indicate some of the areas with 

darker contrast, attributed to the presence of crystalline domains. 
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10−3 Å-1, Figure 6), the intensity deviates from 
the typical behavior expected for flat objects 
(𝐼𝐼~𝑞𝑞−2). This is due to the contribution of the 
structure factor, indicating the tendency of the 
lamellae to form stacks. 

The cryo-TEM image shows the presence of both 
flat/curved bilayers (Figure 5c and d) and vesicles 
(Figure S7 in supplementary information). The 
flat bilayers have a membrane thickness of 14±9  
nm and are much larger and observed much 
more frequently than the vesicles. This explains 
the good fit of the SAXS data to the flat bilayer 
model as they will dominate the scattering 
profile.  

According to theory the vesicles configuration is 
favored over the planar as long as the number of 
polymers per surface area is smaller in the inner 
layer than in the outer one.57,58 In this case the 
curvature reduces the steric repulsion between 
the lyophilic chains, and no  edges are present. 

Me-EO45-b-CL87 forms mostly leaf shape bilayer 
due to the presence of crystalline domains, 

which prevent the bending of the structure into 
vesicles. The presence of crystalline material was 
investigated in solution via X-ray diffraction 
(XRD) and on a freeze-dried sample via 
differential scanning calorimetry (DSC). The XRD 
pattern (Figure S3 in SI ) shows diffraction peaks 
corresponding to a d-spacing of 4.2 and 3.8 nm, 
which is consistent with  PCL crystals.59 The DSC 
thermogram shows a clear melting peak with 
maximum at 56 °C (Figure S4 in SI) associated 
with the PCL crystals melting60. The morphology 
of our leaf-shaped bilayers also link to those 
observed for PEO-PCL single crystals prepared in 
dilute solutions of n-hexanol.36,61 From the cryo-
TEM image of the lamellar structures it is also 
possible to identify a zone with higher contrast, 
which can be attributed to the crystalline 
domains. The data suggest that a competition 
between self-assembly (formation of vesicles) 
and crystallization (formation of flat bilayers) can 
arise during the gradual solvent switch from 
acetone to water, which will be discussed in 
detail in a following publication.  

Finally, it seems that also for the leaf-shaped 
bilayers SAXS and cryo-TEM provide a 
measurement of the dense PCL core size, 
similarly to the case of worm-like micelles, as 
appears from the comparison with the SCF 
concentration profiles (Figure 4). 

CONCLUSIONS 

In this work we have shown that SCF 
computations enable reliable predictions for the 
self-assembly behavior of block copolymers in a 
selective solvent. These predictions, in the form 
of quantitative phase and size diagrams, allow 
the a priori design of copolymers into 
supramolecular architectures with tailored size 
and morphology. This represents a huge 
advantage, as time consuming experimental trial 
and error can be avoided. The SCF predictions 
also provide a framework to understand 
whether a self-assembled structure is in 
thermodynamic equilibrium or not. This is 
extremely important, as out of equilibrium 
structures can be unstable over time.  

 

Figure 6. SAXS scattered intensities as function of 

the wave vector q for (blue squares) Me-EO45-b-CL12, 

(red dots) Me-EO45-b-CL35 and (black triangles) Me-

EO45-b-CL87 copolymers in water at concentration of 

5 mg·mL-1. Fits of form factors for lamellae, cylinders 

and (core + shell) spheres are plotted as the solid 

curves. 
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PEO-PCL block copolymers corresponding to the 
ones used for the SCF predictions have been 
synthesized with a one pot solvent free and 
metal free method reported previously, in order 
to have high biocompatibility and control over 
molar mass (dispersity). The self-assembly 
behavior of these copolymers was investigated 
by means of a wide range of complementary 
characterization methods, i.e., SAXS, cryo-TEM 
and MA-DLS. 

The theoretically predicted and measured 
morphology and size of self-assembled 
structures copolymers are in agreement. It has 
been shown that it is possible to obtain spherical 
nanoparticles with hydrodynamic radii ranging 
from 5 to 17 nm using block copolymers 
obtained by PEO initiators with different average 
molar mass, and we provided a size diagram 
which enables particle size predictions as a 
function of the copolymer composition.  

We observed that crystallization and self-
assembly can simultaneously occur for Me-EO45-
b-CL87 copolymer. This shows that the possibility 
of crystallization must be taken into account to 
control the self-assembly process of copolymers 
containing semi-crystalline polymeric units.  

The SCF computations have been compared with 
experimental and literature data of morphology 
showing good agreement. This shows that SCF is 
a very powerful tool for both making reliable 
predictions about the equilibrium properties and 
guiding the interpretation of experimental data 
concerning self-assembled block copolymers 
structures. 

The predict-synthesize-characterize platform 
proposed here represents a toolbox for 
designing and making on-demand self-
assembled structures for a wide range of 
applications, particularly for drug delivery and in 

vivo bio imaging. 
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