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Hypothesis: A key question in the kinetics of surfactant self-assembly is whether exchange of unimers or 
fusion/fission of entire micelles is the dominant pathway. In this study, an isomerizable surfactant is used to 
explore fundamental out-of-equilibrium kinetics and mechanisms for growth and dissolution of micelles.
Experiments: The kinetics of cationic surfactant 4-butyl-4’-(3-trimethylammoniumpropoxy)-phenylazobenzene 
was studied using molecular dynamics simulations. The fusion and exchange processes were investigated using 
umbrella sampling. Equilibrium states were validated by comparison with small-angle X-ray scattering data. The 
photo-isomerization event was simulated by modifying the torsion potential of the photo-responsive group to 
emulate the trans-to-cis transition.
Findings: Micelle growth is dominated by unimer exchange processes, whereas, depending on the conditions, 
dissolution can occur both through fission and unimer expulsion. Fusion barriers increase steeply with the 
aggregation number making this an unlikely pathway to equilibrium for micelles of sizes that fit with the 
experimental data. The barriers for unimer expulsion remain constant and are much lower for unimer insertion, 
making exchange more likely at high aggregation. When simulating photo-conversion events, both fission and a 
large degree of unimer expulsion can occur depending on the extent of the out-of-equilibrium stress that is put 
on the system.
1. Introduction

The self-assembly processes of surfactant molecules are critical in 
many applications, such as detergency [1], food preparations [2], new 
drug delivery systems [3] and biochemical protocols [4]. Knowledge of 
the kinetics of self-assembly is thus important for many technological 
applications, but so far most of the work related to this has been focused 
on conventional surfactants [5].

One of the key questions is whether morphological changes in micel-
lar systems, such as growth and dissociation, are dominated by unimer 
exchange between the micelles and solvent or by fusion/fission of en-
tire micelles. The theory of step-wise growth of micelles by Anians-
son and Wall [6,7], which assumes that all morphological changes in 
micelles occur via unimer exchange is so far the most developed theoret-
ical framework to describe the dynamic processes in micellar systems. 
The theory is based on the Becker-Döring equations, which assume 
that nucleation processes can be modelled only with step-wise addi-
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tion/removal of the unimers [8,9]. This theory is generally accepted for 
describing the fast processes that equilibrate the micellar aggregation 
number after an initial destabilization of the system, but it also assumes 
that a change in the number of micelles must be the result of a complete 
formation/dissolution of micelles from/to their unimer state.

Fusion and fission events, however, should also be considered as 
candidates in micelle equilibration [10–14]; for example, Pool and Bol-
huis suggested a replication mechanism for micelle formation whereby a 
growing micelle can split to give two resultant aggregates that can con-
tinue to grow [15]. Several other computational studies have also found 
fusion and fission events to play important roles in micellar kinetics for 
a range of different types of surfactants, especially when the system is 
far from equilibrium [16–22].

Among the vast chemical library of scaffolds, the class of light-
responsive surfactants are of particular interest for their ability to 
transition between different aggregation states without the involve-
ment of external environmental factors like temperature, solvent, pH 
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Fig. 1. The chemical structure of 4-butyl-4’-(3-trimethylammoniumpropoxy)-
phenylazobenzene (AzoTMA) is illustrated along with the trans-to-cis isomer-
ization that occurs upon illumination at specific wavelengths.

etc. Such control can be very useful in many applications, ranging 
from environmental cleanup to targeted drug delivery [23]. 4-butyl-4’-
(3-trimethylammoniumpropoxy)-phenylazobenzene (AzoTMA), whose 
chemical structure is drawn in Fig. 1, is a representative of photo-
responsive surfactants that was optimized to maximize the shift of 
the critical micellar concentration (CMC) upon exposure to light [24]. 
AzoTMA has previously attracted attention for its ability to tune the 
surface tension [25], and to make photo-controllable foams [26] and 
lipid-surfactant systems [27]. Nonetheless, the motivation for studying 
the aggregation kinetics of this particular surfactant goes well beyond 
its intrinsic interest for technological applications. In fact, at a more fun-
damental level, AzoTMA offers an ideal playground to investigate the 
interplay between surfactant polarity and aggregation dynamics with-
out changing the chemistry of the system. This is possible thanks to the 
evidence that photo-sensitive surfactants undergo a fast and reversible 
change in their structural hydrophilic-lipophilic balance, which can 
lead to large deviations in the micellar shape and aggregation number 
[28]. AzoTMA trans-to-cis isomerization occurs upon illumination with 
UV-light [29]. While the trans isomer is non-polar, the cis-configuration 
has a large dipole moment across the azo-linkage, and the AzoTMA 
structure is near to be optimal for maximizing variation of surface 
tension upon the trans-cis conversion [24]. The CMC of the AzoTMA 
surfactant in pure water has been found to vary from 1.9 mM for the 
dark adapted state to 2.8 mM in the UV-illuminated state [30], although 
perfect conversion could not be achieved at experimental conditions. 
In presence of a chaotropic agent, like in a 17% DMF solution, the 
CMC has been found to vary from 9.3 mM to close to 14 mM upon 
UV-illumination.

Unlike for well-investigated conventional amphiphiles [31,10], to 
date there are only a few computational studies on photo-controllable 
surfactants. Notable examples that have all been published quite re-
cently are studies on the interaction of photo-switchable azobenzene 
surfactants with DNA in the context of controlling DNA packaging [32,
33], the effect of photo-switching on reverse micelles of an azobenzene-
surfactant [34], and also the effect of the micellar environment on the 
photo-isomerization event in a single surfactant [35].

Most events of micelle kinetics are considered to be too rare for 
observation using all-atom molecular dynamics (MD) simulations, and 
so studies have mostly been limited to studying the initial fast ag-
gregation of unimers. By combining molecular dynamics simulations 
with enhanced sampling methods such as umbrella sampling, how-
ever, rare events such as fusion/fission and unimer insertion/expulsion 
in fully formed micelles can also be studied. In this work, we have 
used this approach to investigate the aggregation dynamics of AzoTMA. 
The aggregation kinetics and effects of photo-isomerization on photo-
884

controllable micellar systems are particularly interesting due to their 
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potential to form states that are far from equilibrium, and to the authors’ 
knowledge this paper constitutes the first attempt at studying these 
processes with molecular dynamics. The use of simulations to study 
photo-controllable surfactants also allow full control over the photo-
isomerization process by eliminating the possibility of observing effects 
that actually arise from the experimental conditions such as incomplete 
illumination volume and concurrent heating of the system. Previous re-
search has rather focused on design and proof of concept of macroscopic 
control [36,26,25,24,37,28], and experimental conditions are usually 
restrained in their possibilities to investigate the microscopic kinetics 
of structural evolution of these responsive systems. Here we show that 
by using a combination of molecular dynamics together with valida-
tion of the structures towards experimental small angle X-ray scattering 
(SAXS) data, we can elucidate the mechanisms that are at work in these 
systems. The results provide insight into the different kinetic processes 
that can occur upon isomerization of photoresponsive surfactant mi-
celles which should be considered in applications involving these types 
of assemblies.

The kinetics of AzoTMA was previously investigated by Lund et al. 
using time-resolved SAXS [30]. To validate the structure of the equili-
brated aggregates, we have done direct comparisons of the structures 
obtained from the simulations with the experimental SAXS data from 
that study. Computed spectra were obtained by calculating the scatter-
ing intensity as a function of the modulus of the momentum transfer 
vector, 𝑄, using the explicit-solvent method of Hub and coworkers 
[38,39]. The aggregation kinetics was explored by simulating the trans-
surfactant, where the different mechanisms for micellar growth were in-
vestigated by performing umbrella sampling of the fusion event and the 
single surfactant exchange. Finally, the kinetics of the photo-conversion 
of equilibrated micelles were explored by simulating the trans-cis tran-
sition for different percentages of isomerization and the results were 
compared with the experimental data. Two different solvent conditions 
were tested: pure water and 30% dimethylformamide (DMF) solution, 
where the latter will cause a reduction in the hydrophobic effect and 
thereby a higher CMC value. From the results we can identify unimer 
exchange as the dominant process for micellar growth, whereas a re-
duction in the aggregation number as observed upon isomerization of 
the surfactant can be caused by either unimer expulsion or micellar fis-
sion depending on the amount of out-of-equilibrium stress put on the 
system.

2. Methods

2.1. System and simulation details

The OPLS-AA force field [40] was used to parameterize all the 
molecular moieties present in the simulations, which were performed 
with GROMACS version 2018.4 [41]. The molecular model in all our 
simulations employs the all-atom OPLS force-field to describe the so-
lute moieties and DMF [42], and the TIP4P model for water [40]. The 
molecular models for AzoTMA were built starting using conventional 
OPLS rules for atom types and charge groups. The cis-, trans- confor-
mations are taken into account by the torsional potential at the –N=N– 
moiety. The topologies are provided as Supplementary information. The 
leap-frog algorithm with a time-step of 2 fs was used for the integration 
of the equations of motion. Bond stretching involving hydrogen atoms 
were constrained by the LINCS algorithm [43]. All systems were simu-
lated in the isothermal-isobaric ensemble at a constant temperature of 
300 K and a pressure of 1 Bar, using the CSVR thermostat [44] and the 
Parrinello-Rahman barostat algorithms [45]. The particle mesh Ewald 
(PME) was used to calculate the long-range electrostatics, while short-
range non-bonded interactions were cut off at 1.0 nm, and periodic 
boundary conditions applied in all directions. Coordinates were saved 

every 10 ps.
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2.2. Simulations of aggregation from dispersed state

For simulations of initial aggregation of AzoTMA, molecules corre-
sponding to a concentration of 205 mM were placed randomly in two 
different box sizes of 9x9x9 and 11x11x11 nm3, respectively. The boxes 
were then solvated with water and bromide ions were added to neu-
tralize the systems. The fully assembled systems were then relaxed by 
steepest descent minimization, followed by equilibration in the NVT 
ensemble for 200 ns to stabilize the temperature at 298 K and then 
in the NPT ensemble for 200 ns to stabilize the pressure to 1 bar. For 
simulations of initial aggregation in the presence of different percent-
ages of DMF, random placement of AzoTMA molecules was followed 
by the random insertion of a number of DMF molecules corresponding 
to 17%, 30% and 50% into the empty space of the box before solva-
tion and placement of ions; otherwise the same procedure as previously 
described was followed. A detailed description of the computational 
protocol can be found in Appendix A, with Table A.1 describing the 
setup for the two different simulated systems.

2.3. Umbrella sampling simulations for fusion of micelles

Umbrella sampling was performed on the fusion/fission event of 
two micelles and on the fusion/fission of one monomer and one mi-
celle, also referred to as a single molecular exchange event. The starting 
micelles were selected from the simulations of the initial aggregation 
from a random state or from the simulations of the fusion of larger mi-
celles which were equilibrated as described in sections 2.4, A.2 (with 
Table A.2 giving an overview of the different equilibrated micelles), 
and A.3. A detailed overview of where the different micelles used in 
the umbrella sampling simulation were acquired from can be found in 
Table A.3. Starting configurations for the micelles in the different win-
dows of the simulation were generated by placing the center of mass 
(COM) of the micelles progressively further together followed by energy 
minimization and position restrained temperature and pressure equili-
bration. This procedure has been described in detail in Appendix A. For 
the monomer-micelle fusion, the starting structures were generated by 
placing the center for mass of the free surfactant molecule progressively 
towards the COM of the micelle with the TMA-group facing away from 
the COM of the micelle, followed by the same minimization and equili-
bration procedure as above. Sampling windows were chosen such that 
the window spacing was 0.1 nm up to 2 nm COM separation and 0.2 nm 
beyond 2 nm of COM separation for the simulation of micelle-micelle 
fusion. For the monomer-micelle fusion simulations, the window spac-
ing was 0.1 nm at all separations. Molecular dynamics simulations with 
the COM constrained were performed using an harmonic potential of 
1000 kJ mol−1 nm−2 for 10 ns for each window, where the first ns was 
discarded from the analysis. Further simulation times are not found to 
change the results outside the margin of error of the umbrella simula-
tions. The weighted histogram analysis (WHAM) method in GROMACS 
as implemented by Hub et al. [46] was used to analyze the trajectories, 
and the histograms were checked for sufficient overlap to be able to 
give convergence. Statistical error was calculated using the bootstrap-
ping technique with 100 bootstraps.

2.4. Simulation of fusion event and formation of equilibrated micelles of 
specific aggregation numbers

To generate structures of higher aggregation number than what was 
achieved during the initial aggregation simulations, the fusion event 
was simulated by choosing sampling windows at the left side of the 
peak of the free energy curves as found in section 2.3. A normal pro-
duction run without the umbrella constraints was then run to give the 
equilibrated, fused aggregate, as detailed in A.2. For the simulations 
of the single micelles in water, the cubic box sizes were 10x10x10, 
11x11x11, 12x12x12 and 15x15x15 nm3 for the aggregation number 
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15, 30, 60 and 120 respectively (corresponding to concentrations of 24 
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mM, 37 mM, 57 mM and 59 mM, respectively). Completion of fusion of 
the P=30, 60 and 120 aggregates was evaluated as when the radius of 
gyration (𝑅𝑔) of the fused micelle had stabilized, which can be seen in 
Fig. A.10. The degree of mixing was indicated by the separation of the 
center of mass of the surfactants originating from the two different mi-
celles, (𝑑). Micelles that were fused and considered adequately mixed 
(𝑑 < 𝑅𝑔) were considered to be equilibrated.

2.5. Trans-cis switching simulations

The trans-cis photo-isomerization event was simulated by modify-
ing the torsional potential of the C–N=N–C group by introducing an 
energy barrier at the trans-state where the dihedral angle is 180◦, ap-
proximating the energy of the excited state as described by Heinz et al.
[47]. As seen from Fig. A.13 the change in geometry of the molecules 
occurs within the first picoseconds, while the relaxation of the system 
takes about 10 ps, both observations in accordance with what was found 
previously [47]. Different quantum yields were simulated by choosing 
AzoTMA-molecules at random in the appropriate percentage and apply-
ing the modified potential only for those molecules.

2.6. Comparison with small angle X-ray scattering data

The small angle X-ray scattering data was collected by Lund et al. 
at the ID02 instrument at the European Synchrotron Radiation Facil-
ity (ESRF) for a previous experimental study on the AzoTMA micelle 
kinetics [30]. AzoTMA with a bromide counterion had been synthe-
sized as described in reference [26]. The surfactant was dissolved in 
Millipore water to give a concentration of 14.6 mM. Two-dimensional 
scattering patterns were measured in 10 frames of 20 ms both for the 
AzoTMA sample and for a pure water sample with a fast read-out, low-
noise CCD detector (FReLoN) at an X-ray wavelength of 0.995 Å at a 
sample–detector distance of 3 m. The images were normalized and az-
imuthally averaged to obtain the one-dimensional curves of intensity 
as a function of the scattering vector, 𝑄 = 4𝜋

𝜆
sin(𝜃∕2), where 𝜃 is the 

scattering angle and 𝜆 is the X-ray wavelength. This was followed by 
averaging of curves from different frames and subtraction of the water 
background from the AzoTMA sample measurement to yield the final 
scattering curve presented here.

The predicted scattering patterna of the simulated aggregates were 
calculated using the explicit-solvent method of Hub and coworkers 
[38,39]. This method accounts explicitly for the hydration and the 
displacement of water by the micelles, which is in contrast to other 
methods using the Debye equation where such parameters would need 
to be fitted. Solely a scaling of the calculated curve is necessary to com-
pare with the experimental data, since the intensity of the experimental 
data will scale with the concentration of micelles. Because our calcula-
tions are based on single micelles we cannot account for the interactions 
between particles, which cause certain distances between micelles to be 
preferred. These interactions give rise to interference patterns in the 
low Q regions of the scattering. In analytical modelling this can be ac-
counted for in systems of low polydispersity by multiplication of the 
analytical form factor with an apparent structure factor that is indepen-
dent of the form factor. We have similarly used an apparent structure 
factor simply to illustrate that the calculated scattering pattern can also 
fit the low Q data. The structure factor will not affect the scattering 
arising from the intramicellar structure as these length scales are much 
smaller than the length scales of intermicellar interactions.

3. Results and discussion

3.1. Characterization of trans-AzoTMA micelles at thermodynamic 
equilibrium

Fig. 2 shows snapshots of the structures the trans-AzoTMA micelles 

at different values of the aggregation number 𝑃 , after preparation as 
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Fig. 2. The structure of the trans-AzoTMA aggregates formed by different numbers of molecules. Panel A shows a snapshot of the moieties taken from the simulations, 
with aggregation number indicated in the different columns. The ions located within 1 nm of the micellar surface have been included in the visualisation. Panel B 
and C shows the asphericity parameter and anisotropy, respectively, calculated over a certain time of the simulation with the running average over every 500 ps 
shown by the orange line. (For interpretation of the colous in the figure(s), the reader is referred to the web version of this article.)
described in section 2.4 and summarized in Table A.2. In all cases, the 
overall shape is qualitatively spheroidal. For a more quantitative mea-
sure of the micellar shape, the asphericity and relative shape anisotropy 
were evaluated over time for the different aggregates as shown in Pan-
els B and C of Fig. 2. The calculated asphericity fluctuates between 0 
and 0.4 nm2 in the picosecond timescale for the smaller aggregates, 
with average values of 0.1 ± 0.05 nm2, 0.14 ± 0.07 nm2 and 0.15 ±
0.07 nm2 for the aggregates of 15, 30 and 60 molecules respectively, 
while the 𝑃 = 120 exhibits larger fluctuations with an average value 
of 0.4 ± 0.2 nm2. These low values for the asphericity show that all 
smaller trans-AzoTMA micelles are on average very close to a spherical 
structure. On the contrary, the larger 𝑃 = 120 aggregate tends towards
more ellipsoidal structures. All the micelles also have a very low rela-
tive shape anisotropy, varying in all cases below 0.02, showing that the 
micelles are essentially spherical.

In an attempt to quantify the degree of order of the AzoTMA 
molecules in the micelles, histograms of the angle between the vector 
drawn from the AzoTMA headgroup to the end of the tailgroup of the 
molecule and the vector drawn from the headgroup of the molecules 
to the center of mass of the micelle was calculated for the different 
micellar aggregates. The found distributions are shown in Fig. B.14. 
The distribution of angles narrows and moves closer to 0◦as the aggre-
gation number increases; in particular the distribution becomes more 
defined and always below 90◦when increasing from 30 to 60 molecules. 
The distribution does, however, have a tail going to 90◦, showing that 
some molecules are indeed located parallel to the surface of the P=120 
micelle. Another measurement of micellar order is the radial distribu-
tion function (RDF) for each of the different moieties composing the 
AzoTMA molecule going from the center of the micelle (Fig. B.15). 
The RDFs broadly confirm that on average the molecules are oriented 
with the tail group towards the center and the headgroups facing out-
wards. However, the distributions are quite wide, especially for the 
hydrophobic part, so that we have a significant amount of the tailgroup 
distributing into the headgroup region.

Although micelles of different size may be present in the experimen-
tal samples, especially as transient species during initial aggregation, at 
886

specific thermodynamic conditions certain shapes are likely to be pre-
dominant over the others. In order to identify if this is the case also 
for trans-AzoTMA, we compared the aggregates at different 𝑃 obtained 
from simulations with experimental SAXS data. The top left of Fig. 3
shows the experimental SAXS spectrum of AzoTMA from [30].

The right of Fig. 3 shows the comparison of scattering pattern cal-
culated from the simulated micelles of different aggregation number 
with the experimental data. It is quite clear that the SAXS spectrum 
calculated from the 𝑃=120 aggregate alone fits much better the experi-
mental data than the other aggregates within the length scale resolution 
of the simulation, which corresponds to a Q-range going down to ap-

proximately 0.04 Å
−1

. Thus, we can assume this to be an excellent 
model for the micelles found in the experimental sample. The calculated 
scattering pattern also describes the high Q scattering much better as 
compared to the analytical homogeneous core-shell models previously 
used for the same system [30]. This suggests that the packing disor-
der, as opposed to an ideal segregation between a hydrophobic core and 
a hydrophilic shell used in the analytical modelling, is a characteristic 
structural feature of the micelles.

In the absence of significant inter-particle interactions, we can nor-
mally use the intensity extrapolated at Q=0 to determine the molecular 
weight of the individual aggregates and thereby the aggregation num-
ber if the density of the molecules is known. However, the AzoTMA 
micelles have a high charge density due to the positively charged head-
groups, which results in strong inter-particle repulsion. This causes the 
particle scattering to be modulated by scattering interference between 
aggregates at the low Q values, so that the I(Q=0) values cannot be 
accurately determined from the experimental data. Similarly, our cal-
culations which are based on single micellar units cannot be expected 
to replicate the low Q data due to the lack of information about inter-
particle distances. However, as discussed above, we do see significant 
differences in the structure and packing of micelles of difference ag-
gregation number, so we can still see which micelles most accurately 
reproduce the intermediate and high Q SAXS data. The Hayter-Penfold 
structure factor, as used in the previous analytical modelling of the ex-
perimental data [30], was multiplied with the SAXS intensity calculated 

from the 𝑃=120 simulation using Jscatter [48] and is shown as the 
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Fig. 3. Experimental SAXS data for trans-AzoTMA micelles in water solution (14.6 mM) as taken from [30] compared with the scattering pattern calculated from 
simulations of AzoTMA at different aggregation numbers P. Dashed and dotted blue and green lines represent the scattering patterns calculated from the respective 
structures (P=15, 30, 60 and 120) at two different timepoints in the simulations. The full orange line for P=120 represents the calculated data multiplied with the 
Hayter-Penfold structure factor to account for inter-particle repulsion. The top left of the figure illustrates the typical structural information one can extract from the 
different Q-ranges, where the Q-values are reciprocal to the real space dimensions.

Fig. 4. a) Plot of the average aggregation number as a function of time from the starting point of randomly dispersed AzoTMA molecules in solution for two 
differently sized systems with the same concentration of molecules (90 and 234 molecules in 9 nm and 11 nm cubic boxes respectively). b) Plot of the average 
aggregation number as a function of time of aggregation of 90 molecules in a 9 nm cubic box with charges and where the headgroup and ion charges are removed 
and returned causing further aggregation of the initial clusters. c) Plot of the average aggregation number over time for a Hamiltonian hybrid particle-field molecular 
dynamics simulation of coarse-grained trans-AzoTMA, mapped as shown in the inset, starting from an randomly dispersed state of 500 surfactants. d) Scattering 
patterns calculated from a micelle of 118 molecules obtained in the simulation in c) which was backmapped to the all-atom representation without (orange dashed 
line) and with added structure factor (blue full line) compared with the experimental data (error bar plot in grey).
orange line in Fig. 3 to illustrate that it can also give a reasonable ex-
planation of the low Q data when structure arising from inter-particle 
repulsion is taken into account. The structure factor will only affect the 
scattering at the low Q range (corresponding to real space distances of 
more than 20 nm) which is anyway inaccessible from our simulations, 
and is thus only added to the best fitting data of the accessible range 
887

for illustrative purposes.
3.2. Micellar kinetics of trans-AzoTMA in water

We simulated the aggregation of trans-AzoTMA starting from an ini-
tial configuration of randomly dispersed molecules in water. Fig. 4a 
shows the average aggregation number as a function of time, at a 
concentration of 205 mM. Simulations were repeated changing the to-

tal size of the system without changing the concentration, to rule out 
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Fig. 5. a) The potential of mean force for fusion of micelles with aggregation number P. Legend refers to aggregation number before fusion. The right sides of 
the curves have been fitted to a screened repulsive potential. b) The potential of mean force of exchange of single molecule into micelles of different aggregation 
number P. Legend refers to aggregation number before insertion of molecule. The right sides of the curves have been fitted to a screened repulsive potential. c) The 
variation of the activation energy for fusion or exchange (insertion of one molecule) as a function of the aggregation number of the involved micelles, with linear 
fits to data. d) The activation energy for insertion or expulsion of a single molecule as a function of the aggregation number of the remaining micelle, with linear 

fits to data.

potential finite-size bias in the results. The aggregation into small ag-
gregates is initially very fast, occurring within the first 20 ns. After this, 
there are few free monomers left in solution and big increases in the 
aggregation number depend on fusion of the smaller units. The aggre-
gation number seems to stabilize at an average of 12 molecules after 
the first 100 ns. This is similar to what has been reported in molecular 
dynamics studies of other charged surfactants, [49,50], where their ini-
tial aggregation also occurs within the first 10-20 ns and then seemingly 
stops at aggregation numbers much lower than the expected ones. This 
is in stark contrast with uncharged and zwitterionic surfactants, where 
complete aggregation of all molecules was observed to happen within 
the first 50 ns [49,50]. It was also found for SDS that there was a large 
potential barrier for fusion of the initially aggregates [49]. Similarly 
here, we expect that an energy barrier of similar magnitude was pre-
venting fusion of the small aggregates. By removing the net charge on 
the head-group and counter-ions, all 90 AzoTMA molecules that were 
simulated in the box aggregated into a single micellar unit within 15 
ns, as shown in Fig. 4b. The formed micellar aggregate remained sta-
ble after returning the charges to the system. Coarse-grained molecular 
dynamics simulations with smoothed potentials such as Hamiltonian 
hybrid particle-field molecular dynamics [51,52] can be used to over-
come the required kinetic activation, and to produce fully equilibrated 
micelles (Fig. 4c). Picking a 𝑃=118 aggregate from a simulation of 500 
coarse-grained AzoTMA molecules and backmapping it to the all-atom 
structure also yields a scattering pattern that fits well to the experi-
mental data (see Fig. 4d). This computational experiment also shows 
that the nature of the kinetic barrier slowing down the aggregation pro-
cess is enthalpic, and heavily influenced by the electrostatic repulsion 
among the charged head-groups.

The growth of fully formed micelles from small micellar clusters may 
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occur according to two mechanisms: either by progressive depletion of 
smaller systems by single molecule exchange, or by direct fusion of two 
micelles. We performed different sets of umbrella sampling simulations 
to evaluate the energy barrier for these two processes, as reported in 
Fig. 5. The energy barriers for both the fusion and the insertion of sin-
gle molecules are dominated by the repulsive potential arising from the 
interaction between the charged headgroups. This is evidenced by the 
fact that the right side of the potential energy curves in Fig. 5a and b 
all conform to a screened repulsive potential of the type that is deduced 
in Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [53,54]. The ef-
fective Debye length (𝜆𝐷) found from fits of the curves to this type of 
potential is found to be around 1.5 nm for the approach of two micelles 
in the fusion event. This corresponds very well to the nominal concen-
tration of the electrolytic surfactant. Working in the absence of a salt, 
we notice a slight increase in the values of 𝜆𝐷 with increasing the size 
of the micelles (1.45 ± 0.01 nm, 1.48 ± 0.01 nm and 1.56 ± 0.02 nm, 
for P=7, 15, and 30, respectively). This can be rationalized in terms of 
a progressive decrease of freely mobile charges upon aggregation of the 
surfactants, with counter-ions also binding to the micellar surface.

After reaching the maximum energy, which occurs when the head-
group surfaces are touching in the case of fusion, the headgroup rear-
range to surround the hydrophobic tailgroups, and the free energy drops 
until the newly fused micelle has reached the equilibrium density. As 
seen from Fig. B.16, fusion occurs as the large, exposed hydrophobic 
patches on these small aggregates come into close contact, thereby not 
requiring otherwise major reorganization of the molecules to keep the 
headgroups toward the solvent.

For fusion, as reported in Fig. 5a, the free energy barrier is very high 
even for the smallest aggregation number tested, with a barrier of 22.1 
kJ/mol found for the smallest micelles of 7 trans-AzoTMA molecules. 
The fusion rate constant can be estimated from the free energy func-

tion up to the energy maximum as described by Kawada et al. [49] and 
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for the 𝑃=7 aggregates is found to be 3457.7 M−1s−1, so that for the 
system simulated here we would expect fusion events to occur on the 
millisecond timescale. The activation energy for fusion increases lin-
early with a slope of 2.7 kJ mol−1/P with the size 𝑃 of the micelles 
(Fig. 5c), making it increasingly difficult for fusion to occur. From the 
extrapolation of the trend in Fig. 5c, the fusion of two aggregates of 60 
molecules to form the 𝑃=120 micelle compatible with the SAXS data 
would have an energy barrier of 162 kJ/mol. With such high energy 
barrier one would not expect fusion to be an important pathway in the 
equilibration of micelles of large aggregation numbers. Fusion of the 
very small aggregates, as in the case of 7 molecules, however, remains 
a likely mechanism in the initial pre-micellar cluster formation. Such 
events are indeed observed in the initial aggregation (Fig. 4); for exam-
ple, the formation of the largest resultant micelle from this simulation 
is the result of fusion between a 𝑃=7 and a 𝑃=8 aggregate.

The obtained potential energy curves for the exchange process can 
be seen in Fig. 5b. The stabilization energy of the exchange process is 
measured as the global energy minimum; the energy increases again 
at very short distances due to the penetration of the charged AzoTMA 
headgroup into the hydrophobic core of the micelle. The activation en-
ergy for the insertion of one AzoTMA molecule (ranging from 5.9 ±
0.3 to 10.1 ± 0.4 kJ/mol) is significantly smaller than that for fusion 
of two aggregates, and as seen from Fig. 5c it depends only weakly on 
the aggregation number with a fitted slope of 0.11 kJ mol−1/P. How-
ever, the exchange process consists of the expulsion from a micelle as 
well as the insertion of a unimer to a different micelle, so we need to 
consider both these processes. From Fig. 5d, we see that while the acti-
vation energy of expulsion (35 ± 1 kJ/mol) is much higher than that of 
insertion, it is still lower than that of most fusion/fission processes, and 
it shows essentially no dependence on the aggregation number. This 
means that expulsion remains a possibility regardless of the state of the 
system. Since the probability of an expulsion event will also depend on 
the number of AzoTMA molecules present rather than the number of 
micelles, expulsion events are expected to occur much more frequently 
as the micelles become larger.

Together, the results from the free energy calculations indicate that 
the main mechanism for equilibration after initial nucleation of the 
pre-micellar clusters is exchange of single molecules for the system of 
trans-AzoTMA in water. Weak variations with increasing P of the energy 
barriers for unimer in/out exchanges contrast with the marked increases 
of both the fusion and fission barriers. This suggests that the relative 
rate of fusion/fission processes as compared to unimer exchanges will 
rapidly vanish with increasing P. Altogether, one concludes that unimer 
exchanges are predominant in the equilibration of the largest micelles. 
In the case of growth kinetics, this therefore supports the kinetic the-
ory of Aniansson and Wall [6] that the kinetics can be assumed to be 
step-wise for very large micelles. Importantly, however, in generaliz-
ing these results, one must consider that if the equilibrium aggregation 
number is very small, fusion would be expected to play a larger role in 
the growth processes. This is also in line with the calculations of Dormi-
dontova [14] on polymer micelles showing that the barriers for fusion 
increase significantly as compared to unimer exchange with increas-
ing size. The equilibrium aggregation number is therefore an important 
consideration when studying micellar kinetics as this will majorly affect 
the expected dominating mechanism.

3.3. Photo-isomerization of trans-AzoTMA micelles

The percentage of cis- molecules after photo-isomerization under 
constant UV light of dark adapted AzoTMA was previously found to be 
84% [25]. Experimentally, it is accordingly possible to explore a broad 
range of cis/trans conversion ratio going from the dark-adapted state to 
the UV (photo)stationary state. Therefore, we performed a range of sim-
ulations where different percentages of randomly chosen trans-AzoTMA 
surfactants in the equilibrated 𝑃=120 micelle in water were converted 
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to cis-AzoTMA using the switching potential as described in section 2.5. 
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The structures immediately following the isomerization events can be 
seen in Fig. 6.

Splitting of the micelle occurs within the first 100 ns of relaxation 
when isomerizing more than 68% of the molecules. For the 68% iso-
merization, the 𝑃=120 micelle has not completely undergone fission 
within the 100 ns, but shows an elongated structure that split into two 
micelles within the next 30 ns. The higher isomerization percentage is 
imposed, the faster the splitting occurs, as it can also be seen in Fig. 7b. 
The fission events follow gradual elongation of the micelles. In all these 
cases, the 𝑃=120 aggregate splits into two aggregates, not necessarily 
similar in size; from Fig. 7b and c we see that for the systems where 
more that 84% of the molecules were switched to the cis-isomer we 
gain two aggregates of very different anisotropy and asphericity param-
eters. From the asphericity, we see from Fig. 7c that one aggregate is 
above one suggesting an elongated particle and one is close to zero and 
therefore a quite spherical particle. We could not see any significant 
difference in the relative amounts of cis- and trans-isomers between the 
micelles that have undergone fission. Thus the different “packing pa-
rameters” or potential segregation between the two different isomers 
does not seem to play any role in the fission process or the resultant 
structure of the micelles. It is the overall reduction in the hydrophobic-
ity of the isomer mix that favors smaller aggregates to re-balance the 
forces from the interface and repulsion between the headgroups, and 
the fast out-of-equilibrium transition causes the formation of quite poly-
disperse resultant structures. As discussed by Dormidontova, although 
fission into equal aggregates may be more thermodynamically favor-
able, fission with expulsion of a smaller micelle will have a higher rate 
constant and is therefore kinetically favored [14].

None of the micelles resulting from isomerization of the 𝑃=120 mi-
celle fit well with the experimental data. Fig. 8a shows two examples, 
where we can see that the resulting larger micelle from the 76% iso-
merization is too small whereas the 52% isomerization gives a SAXS 
pattern that is very similar to that of the original trans-micelle, which is 
slightly too large. A possible explanation for that is that the very rapid 
fission process observed in the simulations is likely followed by a longer 
period of re-equilibration and regrowth of the split micelles via molec-
ular exchange. This bears similarities to experimental observations of 
block polymer micelles undergoing cylinder-to-sphere [55] or sphere-
to-sphere transitions where the experimental data clearly show a fission 
process into sub-micelles followed by molecular exchange process that 
leads to final equilibrium structure.

Interestingly, 68% isomerization of the smaller 𝑃=90 trans-AzoTMA 
micelle does not undergo splitting, yielding a mixed cis-trans-micelle 
that fits very well the experimental SAXS data, as can be seen in Fig. 8b. 
From the RDF reported in Fig. B.17a, we can deduce that the overall 
structure of the micelle is not so different from the original all-trans-
aggregate. Many of the cis-molecules present align in a more skewed 
orientation with respect to the direction from the center of mass to 
the surface of the micelle, to keep the tail groups close to the original 
positions in the all-trans-aggregate. The shape of the micelle remains 
spheroidal, close to spherical, as indicated by the asphericity parameter 
and anisotropy as shown in Fig. B.17b and c, while the average radius 
of gyration is actually slightly larger (2.0 nm) compared to the original 
trans-micelle (1.9 nm), suggesting a small decrease in the density of the 
molecules.

3.4. Mechanisms for micellar dissolution upon photo-isomerization

At experimental conditions, we can imagine the changes in aggre-
gation number observed during the isomerization event to be the result 
of one of two different processes. Firstly, it can be thought to occur 
through fission, as observed for our system, followed by re-equilibration 
of the new micelles by unimer exchange. This is in many ways simi-
lar to the micelle formation mechanism suggested by Pool and Bolhuis 
based on their molecular simulations [15] and the mechanism for out-

of-equilibrium kinetics suggested by Dormidontova [14]. Secondly, the 
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Fig. 6. The time evolution of the P=120 aggregate after different % of trans-AzoTMA molecules were switched to the cis-configuration.

Fig. 7. a) The average aggregation number over the time following the isomerization event for different degrees of isomerization of the P=120 aggregate. b) and 
c) display the anisotropy and asphericity parameter, respectively, calculated for the aggregates formed 100 ns after isomerization of different percentages of the 
AzoTMA-molecules to the cis-configuration.
isomerization might be followed by the dissolution of micelles through 
release of the less hydrophobic cis-unimer to the solution until the 
equilibrium aggregation number is reached for each micelle. In simula-
tions the molecules are all instantaneously isomerized to the cis-state, 
whereas at experimental conditions the photo-illumination will last for 
a certain time and thus the number of molecules that are isomerized will 
be gradually increasing over time. In the simulations, or potentially in 
the conditions of a very short and intense laser pulse, the system will 
be pushed to a high energy state very fast without any time to equili-
brate in the process. In the case of a gradual increase in the amount of 
cis-isomers during light illumination, however, the micelles could have 
time to equilibrate during the isomerization event. These two different 
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scenarios could therefore yield very different kinetics.
One possible way to promote the second mechanism, where we 
have release of unimers, is to increase the hydrophilic/lipophilic bal-
ance of the surfactants, thus significantly raising the CMC. One method 
for tuning the CMC, also used by Lund et al. in their study [30], is by 
having a percentage of a chaotropic agent such as DMF in the aque-
ous solution. Fig. B.18 depicts simulations of trans-AzoTMA molecules 
aggregating from an initial random distribution in solutions of differ-
ent volume fraction of DMF. In solutions of 50% of DMF, the AzoTMA 
molecules do not show significant aggregation - during MD runs we 
could only observe transient formation of aggregates up to 5 molecules, 
which anyway dissolve within few nanoseconds. To fully conclude that 
no aggregation occurs in 50% DMF, we also re-solvated the aggregates 

found from the control simulation in pure water in a 50% DMF solu-
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Fig. 8. a) SAXS data from AzoTMA micelles exposed to UV in water solution (14.6 mM) as taken from [30] compared with the scattering calculated from simulations 
of a) a P=63 AzoTMA micelle where 76% of the molecules were isomerized to the cis-state (full line) and a P=120 micelle with 52% isomerized (dashed line), and 
b) of a P=90 AzoTMA micelle where 68% were isomerized to the cis-state and simulated for 100 ns.

Fig. 9. a) The time evolution of the number of unimers and micelles in solution after trans-cis isomerization of the two aggregates (𝑃 ≈ 60) of AzoTMA in 30% DMF. 
The dark blue, full line shows the number of free unimers, while the lighter blue, dashed line shows the number of micelles. b) The time evolution of the number of 
unimers and micelles after trans-cis isomerization of 68% and 84% of the two aggregates (𝑃 ≈ 60) of AzoTMA in 30% DMF. The full lines show the number of free 
unimers, while the dashed lines show the number of micelles. c) The process of elongation of a micelle as seen in the simulation after the isomerization of 100% of 
molecules in AzoTMA aggregates dissolved in the 30% DMF solution. The elongation leads to monomer release at the stretched ends of the aggregate.
tion at the point indicated by the arrow in Fig. B.18, finding that the 
aggregates dissolved within 100 ns. The 30% DMF solution shows ag-
gregation resulting in only a few very small stable aggregates and some 
free AzoTMA molecules. The reduced kinetic stability is confirmed from 
the occasional expulsion or intake of single molecules into the aggre-
gates observed within the simulation times. To test the stability of the 
fully formed micelles, the 𝑃=120 micelle was then re-solvated into the 
30% DMF solution, mimicking an abrupt change in solvent. During a 
275 ns-long simulation, the micelle quickly became more elongated un-
til it finally split into two practically equally sized aggregates of 61 and 
59 molecules (Fig. B.18b) after 125 ns, after which these aggregates 
remain for the next 150 ns. This further supports the reduced size of 
the trans-AzoTMA aggregates in the 30% DMF solution, caused by the 
reduction of the interfacial tension between the exposed hydrophobic 
parts of the micelle and the solvent. The reduced interfacial tension 
causes an increase in micellar shape fluctuations which increases the 
probability of “weak zones” where the micelle can fragment, as also 
observed by Maillet et al. [17].

Photoisomerization of the all-trans-AzoTMA in this 30% DMF solu-
tion gives quite drastic changes in the aggregation. The two micelles 
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present in solution before the switch (taken from the simulation in 
Fig. B.18b at 200 ns) quite quickly start to split, as seen from the in-
crease in micelles from two to three in Fig. 9a. The rupture of the 
micelle is accompanied by a large release of free unimers in solution, as 
seen from the large increase in the number of unimers from Fig. 9a. 
Specifically, the micelles become more elongated following the iso-
merization event and monomer release happens at the ends of these 
elongated aggregates, as illustrated in Fig. 9c. Interestingly, we observe 
that only the cis-isomers are released from the micelles when only a per-
centage of the molecules are isomerized (Fig. 9b). This is in agreement 
with the less hydrophobic character of the cis-conformation, in which a 
neat electrostatic dipole transversal to the N=N bond is present. Most of 
the monomers that are released into solution remain as unimers, only 
forming transient dimers or trimers. In the simulations of 68% photo-
isomerization in the 30% DMF, we also only observe unimer exchange 
of cis-AzoTMA and no fission/fusion (Fig. 9b).

The destabilization and increase of the concentration of free sur-
factants after isomerization in the DMF solution gives evidence that 
monomer release plays an important part in the mechanism of the 
trans-to-cis induced morphological changes that occur in the AzoTMA 
systems. However, since fission is observed both for the water systems 

that are far from the CMC and in the case of 100% isomerization in 
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30% DMF, it seems that fission can be an important route for equili-
bration for systems that have been photo-illuminated to yield a very 
fast out-of-equilibrium transition, a condition experimentally accessible 
only for surfactants with a very high quantum yield. For lower isomer-
ization percentages in 30% DMF, we only observe release of unimers. 
This seems the more likely scenario for systems that convert intrinsi-
cally in a longer time-scale, or that are under conditions giving slow 
isomerization rates.

4. Conclusions

In this study we have elucidated different mechanisms for micellar 
kinetics in a photoresponsive AzoTMA surfactant system. Using surfac-
tants with an azobenzene light-sensitive group is particularly relevant 
due to its popularity, which stems from the ease with which it can be 
incorporated into different chemical architectures and the stable and 
simple photochemistry [36]. AzoTMA has specifically been optimized to 
give a large shift in the value of the CMC upon photo-illumination [24], 
making it a good candidate for studying micellar aggregation and dis-
solution. The growth kinetics from an initially random state starts by 
the nucleation and formation of small, pre-micellar aggregates. As the 
aggregates become bigger, the fusion of two aggregates becomes in-
creasingly more unlikely due to the high electrostatic repulsion between 
the clusters. Thus, the micellar kinetics becomes increasingly dominated 
by exchange kinetics rather than fusion as the exchange has both a 
lower energy barrier and have higher probability in numbers. Since the 
final validated aggregation number is at around 120 molecules, almost 
all of the growth must occur via exchange of unimers as the fusion of 
aggregates above 30 molecules is not possible. This is in line with the 
classical model of Aniansson and Wall [6] where relaxation is assumed 
to be dominated by unimer exchange. Fusion, on the other hand, is not 
found to be an important growth mechanism for the AzoTMA micelles 
unless the system is very far from equilibrium where micelles are small 
(≈ 5% of the final aggregation number), which is in line with the previ-
ous results of Dormidontova [14].

In the case of a disruption of the equilibrates micelle by an isomer-
ization event, however, two different mechanisms were identified. In 
the case of a rapid shift into a state far from equilibrium, the micelles 
relax via both fission and release of unimers. This resembles the auto-
catalytic replication mechanism suggested by Pool and Bolhuis [15] as 
well as the fusion/fission + unimer exchange mechanism suggested by 
Dormidontova [14] where fission is found to be important for efficient 
re-equilibration of micelles under conditions where the equilibrium ag-
gregation number has been decreased. When the shift from equilibrium 
is not as dramatic, as imagined in many experimental conditions where 
the isomerization will occur gradually over longer stretches of time, 
the micelles can relax through unimer release solely. This could help 
explain how some kinetic phenomena are mainly observed through 
molecular dynamics simulations, where the conditions are fully con-
trolled in contrast to the lab experiments.

Fission was observed in different situations, that schematically re-
sulted from a fast destabilization of the micelle producing out-of-
equilibrium distributions and/or orientations of the molecules (via sud-
den trans- to cis- conversion, or DMF addition). Combined with a high 
Coulombic repulsion, a transient elongation of the destabilized clus-
ters of surfactants relaxed by splitting into two fragments. This path-
way was followed despite the high energy barrier for fission of the 
near-equilibrium assemblies. Interestingly, the time scale (100 ns) of 
triggered fission was of the order of magnitude of the formation time 
of micellar clusters, but much shorter than exchanges of the ionized 
unimers and micelle fusion events. This shows that the initial fast re-
laxation from the light-induced out-of-equilibrium state may follow a 
significantly different pathway than near-equilibrium kinetics, based on 
unimer exchange.

This study has given insight into the question of micelle kinetics 
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under different out-of-equilibrium conditions. These conditions are not 
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easily studied in the laboratory, thus molecular dynamics can provide 
details that are not obtainable with other available methods, including 
identification of different mechanistic pathways as well as calculation of 
thermodynamic parameters. Obtaining free energy values for exchange 
and fusion/fission from experimental measurements is difficult, thus 
computational techniques are very important in the study of micelle 
kinetics [56]. Other molecular dynamics studies have successfully stud-
ied the micelle kinetics of various surfactant systems [15,19,57–61], 
and the relevance of this technique to study mechanistic pathways in 
colloidal systems is continuously increasing with the improvements 
in computational efficiency and techniques [10]. The use of a pho-
tosensitive surfactant allowed us to study realistically relevant out-
of-equilibrium conditions. Consideration of the micelle kinetics is im-
portant when optimizing the surfactant systems for a specific appli-
cation [5,62]. The kinetics of photosensitive surfactants are of high 
interest due to their broad range of self-assembly tunability and their 
potential applications in technologies such as drug delivery systems, 
catalysis systems, diagnostics, and biosensors [37]. While photorespon-
sive surfactants have been investigated computationally in other con-
texts [32–35,63], this paper provides, to the authors knowledge, the 
first computational study that focuses on the micelle kinetics and mech-
anistic pathways of assembly and dissolution in these systems. We have 
also illustrated how this can be combined with experimental SAXS mea-
surements to validate the micellar structures and ensure that we are 
investigating a system that is close to the experimental system.

The work presented here provides a basis for further investigations 
of how this and similar photoresponsive system will act in relation to 
their various applications. This includes investigating optimal kinetic 
conditions for controlled uptake/release of solute where investigations 
of the micelle properties have already been done for some conventional 
surfactant systems [64,65] and the kinetics in the presence of a external 
surface where photoresponsive surfactants have the potential to cre-
ate photocontrollable foams and emulsions. Herdes et al. have already 
started investigating the interfacial behavior of photoactive surfactants 
computationally using a coarse-grained model [63]. Photoresponsive 
surfactant is also very relevant in mixture with other self-assembling 
molecules such as phospholipids [27], polymers [66–68] and DNA 
[69,70], which are even more complex to extract molecular detail and 
kinetic mechanisms from due to the range of structures and interactions 
that can occur in the systems, thus making it even more important to 
investigate the specific pathways.
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Appendix A. Computational protocols and setup

A.1. Initial aggregation from dispersed state

AzoTMA molecules were placed in a random configuration into 
the empty simulation box using the GROMACS program insert-
molecules. The box was then solvated with TIP4P [40] water using 
the GROMACS program solvate and Bromide ions were added to 
charge neutralize the system using the GROMACS program genion. 
The fully assembled system was then relaxed by steepest descent mini-
mization (< 1000.0 kJ mol−1 nm−1). This was followed by equilibration 
of the system by performing a position restrained simulation of 200 ps 
in the NVT ensemble to stabilize the temperature at 298 K with the 
CSVR thermostat followed by a 200 ps simulation in the NPT ensem-
ble to stabilize the pressure to 1 bar with Parrinello-Rahman barostat. 
The production simulation were started as a continuation of the NPT-
simulations without the position restraints on AzoTMA molecules. The 
particle mesh Ewald (PME) was used to calculate the long-range elec-
trostatics, while short-range nonbonded interactions were cut off at 1.0 
nm, and periodic boundary conditions applied in all directions. A table 
listing the system configurations and simulation times for the different 
simulations is given below.

Individual micelles could be the extracted from the simulation using 
a python script that identified aggregates of AzoTMA molecules and 
wrote out the corresponding coordinates to a separate file.

For the simulation where the charges on the AzoTMA molecules 
were removed, the configuration of Simulation 1 in Table A.1 at 100 ns 
was used. The topology was changed so that the charges on the Br− ions 
were removed and the charges on the AzoTMA trimethylammonium 
atoms were changed to give a dipolar charge group. The simulation 
without charged molecules was run as a continuation from the 100 ns 
simulation for 20 ns. The original AzoTMA topology was then reintro-
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duced and the simulation was continued for another 50 ns.

Table A.1

System configurations for simulations of the initial ag

Simulation
name

Number of AzoTMA
molecules/Br ions

Sides of
cubic box(nm)

Simulation 1:
Pure water

90 9.0

Simulation 2:
Pure water

234 11.0

Simulation 3:
17% DMF

15 9.0

Simulation 4:
30% DMF

15 9.0

Simulation 5:
50% DMF

15 9.0
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A.2. Simulations of assembled micelles

For the simulations of AzoTMA micelles at different aggregation 
numbers given in Fig. 2, micelles of the specific aggregation num-
bers were extracted from other simulations; an overview of where the 
different micelles were taken from can be seen in Table A.2. The mi-
cellar structure was re-solvated in the new simulation box using the 
GROMACS program solvate, followed by charge neutralization the 
system of the system again with Br− ions using the GROMACS program
genion. The assembled system then went through minimization and 
equilibration in the exact same way as described in section A.1 before 
starting the production runs. A table listing the system configurations 
and simulation times for the different simulations is given below.

The micelles arising from simulation of the fusion event as described 
in Section 2.4 stabilized quickly, albeit with the necessary equilibration 
time needed increasing with the size of the aggregate, as can be seen 
from Fig. A.10.

A.3. Umbrella sampling simulations

The micelles from Section A.2 we used to create the starting config-
urations for the umbrella sampling simulations. For the sampling of the 
fusion/fission event where the reaction coordinate is the distance be-
tween the centers of mass of the two approaching micelles, duplicates 
of the micelle used (aggregation number of 7, 15 or 30) were placed in 
the center of a cubic box. The micelles were first placed at the maximal 
distance away from the center of the box in the z-direction and then it-
eratively moved closer by 0.05 nm up to 2 nm distance and then 0.1 nm 
to generate each window for the umbrella sampling, giving a difference 
of 0.1 nm in the center of mass difference between windows in the range 
0 to 2 nm, and 0.2 nm after. The configuration underwent energy mini-
mization after each displacement, and the following energy minimized 
configuration was used to generate the next window. The cubic boxes 
were then filled with water and the neutralizing ions using the same 
procedure of solvate and genion in GROMACS as described in the 
previous sections. This was then followed by energy minimization and 
position restrained NVT and NPT equilibration as also described in the 
previous section. In the case of fusion between a single molecule with 
a micelle fusion, the same procedure for generating starting configura-
tion as above was used with the TMA-group facing away from the COM 
of the micelle in the initial configuration, and this was followed by the 
same minimization and equilibration procedure as above. The spacing 
between windows in these cases were 0.1 nm in the full range of dis-
tances. The system configurations for the different umbrella simulations 
are given in Table A.3.

The production umbrella sampling simulations were then run with 
an harmonic potential and force constant of 1000 kJ mol−1 nm−2 for 
10 ns whereby the first ns was discarded for each window generated. 
Analysis of the results were performed using the weighted histogram 
analysis method (WHAM) as implemented in GROMACS [46]. Overlap 
of the resulting histogram was checked, and if any gap was observed 

additional simulations at the distance between the non-overlapping 

gregation from a dispersed state.

Number of
water molecules

Number of
DMF molecules

Simulation
time (ns)

22313 0 182

39123 0 188

20998 963 200

15992 1701 300

11636 2835 300

https://github.com/Cascella-Group-UiO/Publications
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Table A.2

System configurations of assembled micellar structures for equilibration.

Simulation
name

Micelle origin
Sides of cubic
box (nm)

Number of AzoTMA
molecules/Br ions

Number of
water molecules

Number of
DMF molecules

Simulation
time (ns)

P15
Simulation 1
of Table A.1

10.0 15 32984 0 64

P30
Fusion simulation of
2 micelles of P=15

11.0 30 43677 0 80

P60
Fusion simulation of
2 micelles of P=30

12.0 60 56176 0 80

P120
Fusion simulation of
2 micelles of P=60

15.0 120 109773 0 130

DMF30P120 Simulation P120 15.0 120 72842 7695 275

Fig. A.10. Radius of gyration over time. For P=30, 60 and 120 the radius of gyration is higher at the start of the simulation as the micelles are fusing together.

Table A.3

System configurations for umbrella sampling simulations.

Simulation
name

Micelle origin
Sides of cubic
box (nm)

Number of AzoTMA
molecules/Br ions

Number of water
molecules

2xP7
Simulation 1
in Table A.1

13.0 14 72889

2xP15
Simulation 1
in Table A.1

15.0 30 111781

2xP30
Simulation P30
in Table A.2

17.0 60 162356

P15+1
Simulation 1
in Table A.2

10.0 16 32962

P30+1
Simulation P30
in Table A.2

12.0 31 56883

P60+1
Simulation P60
in Table A.2

14.0 61 88807
windows were performed to correct this. The histograms for each of 
the umbrella simulations can be seen in Fig. A.11 which along with the 
smooth function for the free energy which was obtained confirms the 
overlap of the histograms. The statistical error was calculated using the 
bootstrapping technique with 100 bootstraps (Fig. A.12).

A.4. Photo-isomerization simulations

After applying the modified potential for 20 ps, production MDs sim-
ulations were run according to the same procedure as described in the 
Methods section for the systems described in Table A.4. For the sim-
894

ulations in pure water, the end configuration of simulation P120 of 
Table A.2 was used whereas for the ones with DMF the end configu-
ration of simulation DMF30P120 of Table A.2 was used.

Appendix B. Additional simulation results

B.1. Structural characterization of micelles of different aggregation number

See Figs. B.14 and B.15.

B.2. Aggregation of randomly dispersed trans-AzoTMA in water
See Fig. B.16.
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Fig. A.11. Histograms obtained from the umbrella sampling windows of the fusion/fission event for micelles of aggregation number, P, a) 7, b) 15, and c) 30, and 
for the single molecule exchange for the micelles of P+1 aggregation number for P equal to d) 15, e) 30 and f) 60.

Fig. A.12. Comparison of the curves obtained for the potential of mean force for fusion for different simulation times for the a) 2xP7, b) 2xP15 and c) 2xP30 
umbrella sampling simulations.

Fig. A.13. a) The dihedral angle of the azo-group as a function of time after the modified potential has been switched on. Colored curves represent individual 
dihedrals while the black curve is the average at each timepoint. b) Total energy of the system as a function of time after the modified potential has been switched 
895

on.
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Table A.4

System configurations of trans-to-cis switching simulation.

Isomerization
percentage

Sides of cubic box after
NPT equilibration (nm)

Number of
trans-AzoTMA

Number of
cis-AzoTMA

Number of
water molecules

Number of
DMF molecules

Simulation
time (ns)

100 15 0 120 109773 0 100
92 15 10 110 109773 0 100
84 15 19 101 109773 0 100
76 15 29 91 109773 0 100
68 15 38 82 109773 0 130
60 15 48 72 109773 0 100
52 15 58 62 109773 0 100
100 15 0 120 72842 7695 100
84 15 19 101 72842 7695 100
68 15 38 82 72842 7695 100

Fig. B.14. Histogram of the order parameter taken over all molecules in aggregates of AzoTMA of different size over 1 ns.

Fig. B.15. Radial distribution function from the center of mass of the micelles of the different group of the molecule as indicated by the figure for the differently 
sized micelles.
896

Fig. B.16. Snapshots from the fusion of two clusters of 7 and 8 molecules into a cluster of 15 molecules as observed in the aggregation simulation.
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Fig. B.17. Structure of the P=90 micelle with 68% isomerization of molecules. a) Radial distribution function from the center of mass of the micelles of the different 
group of the molecule as indicated by the figure for the micelle (full line). Dotted, transparent line shows the full-trans- P=90 micelle for comparison. b) The 
asphericity parameter and c) anisotropy of the isomerized P=90 micelle calculated over a certain time of the simulation.

Fig. B.18. a) Plot of the average aggregation number as a function of time from the starting point of randomly dispersed AzoTMA molecules in solution for systems 
with 15 AzoTMA molecules with different volume fractions of DMF in the solvent. DMF was also added to the control with no DMF after 300 ns.b) Plot of the 
average aggregation number as a function of time as 30% DMF is added to a micelle of aggregation number of P=120. The micelle first elongates before fissioning 

into two micelles.

B.3. RDF of P=90 micelle with 68% isomerization of molecules

See Fig. B.17.

B.4. Effects of DMF on aggregation of trans-AzoTMA

See Fig. B.18.

B.5. Calculations of asphericity and anisotropy

The asphericity parameter 𝑏 is calculated from the principle mo-
ments, 𝜆, as:

𝑏 = 𝜆2
𝑧
−

(
𝜆2
𝑥
+ 𝜆2

𝑦

)

2
(B.1)

where 𝜆2
𝑧
≥ 𝜆2

𝑦
≥ 𝜆2

𝑥
.

The relative shape anisotropy 𝜅2 is calculated as:

𝜅2 = 3
2

𝜆4
𝑥
+ 𝜆4

𝑦
+ 𝜆4

𝑧(
𝜆2
𝑥
+ 𝜆2

𝑦
+ 𝜆2

𝑧

)2 − 1
2

(B.2)

Appendix C. Supplementary material

Supplementary material related to this article can be found online 
897

at https://doi .org /10 .1016 /j .jcis .2023 .05 .057.
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