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In situ monitoring of block copolymer self-assembly through con-
trolled dialysis with light and neutron scattering detection 
Martin Fauquignon,* Lionel Porcar, Annie Brûlet, Jean-François Le Meins, Olivier Sandre, Jean-
Paul Chapel, Marc Schmutz, and Christophe Schatz* 

ABSTRACT: Solution self-assembly of amphiphilic block copolymers (BCs) is typically performed by solvent to water ex-
change. However, BC assemblies are often trapped in metastable states depending on the mixing conditions, such as the 
magnitude and rate of water addition. BC self-assembly can be performed under near thermodynamic control by dialysis 
which accounts for a slow and gradual water addition. In this communication we report the use of a dialysis cell specifically 
designed to continuously monitor by dynamic light scattering and small-angle neutron scattering the morphological 
changes of PDMS-b-PEG BCs during THF to water exchange. The complete phase diagrams of equilibrium structures can 
then be established. Spherical micelles first form before evolving to rod-like micelles and vesicles, decreasing the total 
interfacial area of aggregates in response to increasing interfacial energy. The dialysis kinetics can be adapted to the time 
scale of self-assembly by modifying the membrane pore size. The approach described herein should be relevant in polymer 
self-assembly and in supramolecular chemistry in general to better understand the interplay between thermodynamics and 
kinetics in aggregate formation. 

Amphiphilic block copolymers in solution can generate a 
variety of self-assembled structures depending on block 
length and chemical composition.1–4 Compared to surfac-
tants which self-assemble into equilibrium micellar struc-
tures, BC assemblies are often trapped in long-lived meta-
stable states due to slow polymer chain dynamics associ-
ated with large molecular weight, hydrophobicity or glass-
iness of polymers.5–12 As a consequence, relaxation mecha-
nisms such as chain insertion/expulsion and micelle fu-
sion/fission are considerably weakened for BC systems.6,13 
BC self-assembly can be facilitated by dissolving the block 
copolymer in a good solvent for both blocks before adding 
a selective solvent, mainly water, that is good for one block 
and poor for the other. The resulting aggregate morpholo-
gies are related to the water content and polymer concen-
tration, which can be depicted by phase diagrams obtained 
through turbidity, microscopy observations14,15 and more 
recently by computer simulation.16,17 A recurring issue with 
the solvent exchange method is the equilibrium state of BC 
aggregates, which depends not only on the final water con-
tent but also on the magnitude and rate of the water 
jump.14,18–20 In order to promote the formation of equilib-
rium morphologies, as expected for phase diagrams, water 
should be added slowly and gradually, by analogy with the 
conditions used for annealing in bulk studies.21 A fast and 
large water jump can lead to kinetically arrested morphol-
ogies, which is the basis to form BC nanoparticles by the 
so-called flash nanoprecipitation technique.22,23 Mixing ho-
mogeneity is another important parameter to obtain BC 
aggregates with uniform morphology and size, as shown 
from antisolvent crystallization studies.24 In order to 
achieve slow and homogeneous mixing conditions, the 
mixing process should preferably rely on solvent interdif-
fusion rather than convection.25 Microfluidic technology 

based on the principle of flow focusing26 allows for such 
mixing conditions, but is inherently limited to short time 
scales of self-assembly (< 10 s), which is insufficient for 
some BC systems to reach their equilibrium morphology.25 
For example, the equilibration of BC vesicles may require 
several minutes depending on the composition of the sol-
vent mixture.14,18,25 Compared to microfluidic techniques, 
dialysis, which also relies on the principle of solvent inter-
diffusion, remains the simplest approach to achieve near-
equilibrium BC self-assembly without time-scale re-
strictions.27–29 However, the evolution of BC structures dur-
ing dialysis cannot be monitored in real time under stand-
ard conditions using dialysis bags or tubings unless sam-
ples are collected for further analysis. Yet, this approach 
suffers from a few limitations: i) morphology changes oc-
curring over narrow ranges of solvent composition can be 
overlooked, ii) aging of collected samples prior to analysis 
is inevitable, iii) sampling disrupts dialysis equilibrium. 
In this study, we propose for the first time to perform ki-
netic monitoring of BC self-assembly during solvent ex-
change using a dedicated dialysis cell designed for in situ 
time-resolved light and neutron scattering (Figure 1A). The 
main objective of the communication is to highlight the 
capabilities of the approach, which is complementary to 
fast mixing methods like stopped-flow with a SAXS/SANS 
detection30 previously used to study nonequilibrium mor-
phological transition kinetics in BC self-assembly31,32 or 
equilibrium chain exchange kinetics.6,33 Polydimethylsilox-
ane-block-polyethylene glycol (PDMS-b-PEG) copolymer 
forming vesicles upon THF exchange with water was used 
as model BC systems. The self-assembly properties of 
PDMS-b-PEG BCs alone or with lipids has been reported in 
previous works. 34,35  By giving flexibility to the self-assem-
bly process, the rubbery PDMS block facilitates



 

 

Figure 1. (A) Exploded view of the dialysis setup used for continuous kinetic monitoring of BC self-assembly: ① Lateral reservoirs 
containing water (2 x 250 mL), ② Measurement cell containing the BC solution in THF (V = 5 mL), ③ Quartz windows (thickness 
= 2 mm), ④ Reservoir stirring, ⑤ Cell stirring, ⑥ Custom-cut ultrafiltration disc in regenerated cellulose of defined porosity (x 
2). ⑦ Conductivity probe. All plastic parts are made in solvent-resistant PEEK. (B) Configuration of the remote DLS (top) and 
SANS (bottom) detection. (C) Tr-DLS and Tr-SANS mapping of the dialysis of PDMS27-b-PEG17 at 5 g/L in (deuterated) THF 
against (deuterated) water: hydrodynamic sizes (top) and SANS spectra (bottom) as function of the water fraction. The scattering 
contribution due to solvent fluctuations alone was systematically subtracted from the SANS spectra (Figure SX). 

 

vesicle formation under near-equilibrium conditions.  
The BC solution in THF was introduced into the scatter-
ing cell, which was separated from two water-containing 
reservoirs by cellulose membranes (Figure 1A). The scat-
tering cell and reservoirs were continuously stirred to al-
low homogeneous solvent interdiffusion. Importantly, 
the cell design allowed the BC concentration to be kept 
constant throughout the dialysis, unlike what is typically 
achieved with dialysis bags. The addition of 1 mM NaCl in 
water allowed to monitor the progress of dialysis by con-
ductivity (Figures S1A-S1B). By varying the membrane po-
rosity, the complete solvent exchange can be achieved in 
less than 10 hours (membrane of 100 kDa) or up to more 
than 20 hours (membrane of 10 kDa) (Figure S1C). The 
data presented herein were obtained with PDMS27-b-
PEG17 (hydrophilic mass fraction, f = 31%) using a 10 kDa 
membrane for which the water exchange rate is less than 
0.1%.min-1, i.e, relatively low to favour BC self-assembly 
close to thermodynamic equilibrium (Figure S1D).14,18 
Data collected with other copolymer compositions and 

membrane porosity are provided in the supplementary 
material and will be discussed later. 
A nanoparticle size analyzer combining time-resolved 
DLS (Tr-DLS) and in situ remote optical probe (VASCO 
KIN, Cordouan Technologies)36 was used for kinetic 
monitoring of the dialysis (Figure 1B and S2). By provid-
ing valuable information about the size and size-disper-
sity of BC aggregates, Tr-DLS gives a first insight into the 
pathway of vesicle formation. For low water volume frac-
tions (fw < 25%), DLS measurements were poorly resolved 
due to almost complete contrast matching of the PDMS 
blocks in deuterated THF (nPDMS = 1.407, nTHF = 1.405). 
The first detectable structures were 10 nm-diameter ag-
gregates, most likely micellar aggregates, which devel-
oped in solution for 25% < fw < 50%.  A second population 
of 100 nm-diameter aggregates appeared spontaneously 
at fw = 55%. Thereafter, micelles grew and tended to fuse 
with the larger aggregates before the end of dialysis, 
which was stopped after 22 hours, corresponding to fw = 
80%. 
 



 

 
Figure 2. (A) Variation of neutron scattering intensities averaged at low q (0.0025-XXX Å-1) and middle q (XXXX-0.058 Å-1) with 
water volume fraction. The variation in light scattering intensity (q = 0.0026 Å-1) is also given for comparison. The three main areas 
of interest are annotated (see text). (B) Main results derived from SANS spectra fitting plotted as function of the water volume 
fraction: i) volume ratios of the aggregate morphologies, ii) characteristic sizes of BC aggregates, iii) Solvation rate of PDMS blocks 
in BC assemblies, expressed as the volume fraction of THF-d8 remaining in the core of aggregates (see supporting information). 
C) CryoTEM analysis of the dialyzed BC solution at defined water volume fractions. 

 



 

Solvent exchange was monitored under similar condi-
tions by time-resolved small angle neutron scattering 
(Tr-SANS) to determine aggregate morphology (Figure 
1B). Tr-SANS measurements were performed on the D22 
beamline at Institut Laue-Langevin (ILL, Grenoble). 
Incident neutrons of 6 Å and a sample-to-detector dis-
tance of 17.6 m yielded a range of scattering vectors (q) 
from 0.0025 Å-1 to 0.058 Å-1. The time intervals for data 
collection were set to 15 min with 5 min of accumulation 
time allowing three samples to be followed at the same 
time (Picture S1). Typical SANS spectra obtained during 
dialysis are reproduced in Figure 1C where the color shift 
highlights the structural changes in BC self-assembly. At 
the low q-end, the upturn of the scattering intensity for 
fw < 10% stems from fluctuations in the solvent composi-
tion, which are exacerbated by the presence of the copol-
ymer, as could be verified by running the dialysis without 
the copolymer (Figure S3). The variation in scattering in-
tensity during dialysis, after subtraction of the solvent 
contribution, provides a qualitative yet informative in-
sight into BC self-assembly (Figure 2A). For very small 
water fractions (fw < 10%) the intensity remained low as 
also observed by light scattering (LS), consistent with the 
presence of free copolymer chains or small micelles. 
Then, the intensity in the mid-q region increased sharply 
for 10 % < fw < 40% (region ), which was attributed to 
PDMS desolvation leading to BC self-assembly (Figure 
2B). The jump in the low-q intensity profile at fw = 10% 
confirms that a change in BC morphology has occurred. 
However, the structures formed in the region  must be 
quite small since the LS intensity remained low (Figure 
2A). The transition to larger structures actually occurred 
at 50% < fw < 65% (region ), where the low-q and LS 
intensities increased concomitantly. For fw > 65% (region 
), the large increase in intensity at low q and the small 
increase in intensity in LS suggests a change in aggregate 
shape rather than size. 
SANS spectra were fitted with SasView software using a 
combination of the smallest number of form factors 
(sphere, cylinder, vesicle) to introduce as few fitting pa-
rameters as possible (Figure 2B). Only for fw < 10% the 
spectra could not be adequately fitted due to the too low 
scattered intensity (Figure 2A). However, small spherical 
micelles (R= 5 nm) could be well detected by cryoTEM at 
low water contents (fw = 8%), as shown in Figure 2C. 
Then, short cylindrical micelles of almost constant size 
(R = 3-5 nm, L = 15 nm) were fitted in a wide range of 
water fractions, i.e. between 10% and 50%, where PDMS 
blocks is gradually desolvated. Cylinders appear to be ra-
ther polydisperse, both in size and shape, as seen by cry-
oTEM (Figure 2c). For fw > 50% the system enters a criti-
cal zone characterized by a steep elongation of cylinders 
into rod-like micelles, the length of which could be de-
termined by SANS up to 150 nm using this specific con-
figuration (Figure 2B and Figure S5). However, cryoTEM 
shows that rod micelles reached much greater lengths, in 
the micron range for fw > 65%. At the same time, the first 
vesicles developed in solution, the proportion of which 

gradually increased with fw at the expense of the rods. It 
can be noticed that the vesicle radius decreased slightly 
from 40 nm at fw = 65% to 30 nm at fw = 80%.  
When the dialysis was stopped after 22 hours (fw = 80%), 
the BC solution contained 60% vesicles and 40% rod-like 
micelles. The solution was stored for “maturation” during 
40 days at room temperature, followed by DLS and then 
reanalyzed by SANS and CryoTEM. Only vesicles of 
slightly smaller radius (R = 20 nm) were detected by 
SANS (Figure S7B) and confirmed by cryoTEM (Figure 2C 
and S12). The DLS monitoring of the “maturation” pro-
cess is marked by the slow and progressive fusion of the 
two populations into a single population attributed to the 
vesicles (Figure S7A). This suggests that the dynamics of 
the system is preserved at fw = 80% to allow vesicle fission 
contributing to the equilibration of the vesicle size.18,37 
The overall self-assembly mechanism of PDMS27-b-
PEG17 upon solvent-to-water exchange is in agreement 
with previous studies where the spherical micelles  rod-
like micelles  vesicles sequence has been reported for 
various amphiphilic block copolymer systems.14,19,25 It is 
consistent with an increase of the interfacial tension of 
the core-forming PDMS as the solvent polarity increases. 
Micellar aggregates of spherical shape first form (fw < 
10%) to minimize the total interfacial area, which in turn 
leads to the core chain stretching as the particles grow. 
When the entropy penalty associated to the stretching is 
too high, aggregates must adopt another geometry to re-
lax the stretching, which contributes to decrease the 
overall free energy of the system.14,38 As a result, aggre-
gates of reduced curvature (i.e., higher packing density) 
are successively formed with increasing water content : 
rod-like micelles for fw > 10% and vesicles for fw > 60%. 
Inverted BC structures previously reported39,40 cannot 
form further beyond the vesicular structure due to the re-
duced mobility of BC chains at high water contents.14 
The continuous monitoring of solvent exchange using 
LS/SANS/cryoTEM revealed some important aspects: i) 
The critical water fraction at which micellization takes 
places (fw < 10%) is in the same range as that obtained for 
PS-b-PAA copolymers containing high molar mass PS 
blocks, thus emphasizing the strong hydrophobic nature 
of PDMS blocks.14 No jump in scattering intensity could 
be associated to the micellization step due to the too low 
micelle size and isorefractive conditions in the case of LS 
detection. ii) The variation of SANS intensity at low q al-
lows to identify breaks at fw = 50% and 65% (Figure 2A) 
associated to the formation of rod-like micelles and vesi-
cles, respectively. It coincides with small discontinuities 
found in the variation of the PDMS solvation (red arrows 
in Figure 2B), thus indicating that morphological transi-
tions are driven by the hydrophobicity changes of the 
PDMS core. The THF fraction remaining in the vesicle 
membrane at the end of the dialysis is about 20% which 
appear to be sufficient to allow vesicle size equilibration, 
probably through fission pathways. iii) The steep elonga-
tion of cylinders into rod-like micelles coincides with the 
formation of the first vesicles. 



 

 
Figure 3. CryoTEM images of the PDMS27-b-PEG17 copolymer solution at fw = 80% illustrating the most probable transition 
pathway from rod-like micelles to vesicles (scale bar = 100 nm) (top). Highlighting of the areas of interest (bottom). Three 
different stages can be distinctly observed from left to right: i) membrane formation at the micelle end-caps, ii) membrane 
bending, iii) membrane closure.  

 

Clearly, rod-like micelles must be precursors of the vesi-
cles. The possible mechanism by which this change in 
morphology occurs is shown in Figure 3 where cryoTEM 
images obtained at fw = 80% depict the flattening of the 
rod ends into lamella, followed by the gradual bending of 
lamella into vesicles, as previously reported theoretically 
and experimentally.19,41–44  iv) Equilibration of BC vesicles 
at fw = 80% is a slow process, even for low molecular 
weight BCs containing flexible blocks like PDMS, proba-
bly due to the low chain exchange rate at high water con-
tent and strong repulsive interaction among BC aggre-
gates.45 The achievement of a unique vesicular morphol-
ogy several days after the end of dialysis precludes that, 
in many situations, BC self-assembly has reached its final 
steady state. 
The shorter PDMS23-b-PEG13 copolymer (f = 32%) pre-
sents similar morphological changes but the volume frac-
tion of vesicles at the end of dialysis was slightly higher 
than with the previous BC composition (Figure S17). The 
vesicle dispersity was also lower, as can be seen from the 
well-defined oscillations in the mid-q region.  
Finally, the influence of the dialysis kinetics on the self-
assembly mechanism was studied with PDMS27-b-PEG17 
using a 100 kDa membrane. In such conditions, 80% of 
THF was exchanged in less than 8 hours (Figure S1C). The 
most striking change was the formation of vesicles at fw = 
25% compared to fw = 65% previously observed with a 10k 
Da membrane, evidencing that the solvent exchange ki-
netics strongly impacts the self-assembly pathway (Fig-
ure S13). The difference in water exchange rate between 
the two membranes is especially important at the begin-
ning of the dialysis when the osmotic pressure difference 
between the cell and the reservoirs was maximal (Figure 
S1D). The dynamics of the polymer chains is also maximal 
at the beginning of the dialysis when the THF fraction is 

high.18,20,45 Both these conditions probably favor the early 
BC self-assembly into vesicles following a different path-
way among the multiple metastable states that can exist 
in the free energy landscape of a BC system.19,46,47 Modi-
fying the membrane porosity is therefore a simple way to 
perform self-assembly under kinetic or thermodynamic 
control which can be of interest for many polymer and 
colloidal systems. In order to form close-to-equilibrium 
structures, the perturbation rate must be as low as possi-
ble at each stage of the self-assembly. 
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