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Probing the Dynamic Self-Assembly Behaviour of Photoswitchable 
Wormlike Micelles in Real Time  
Elaine A. Kelly,a Judith E. Houstonb and Rachel C. Evans*c  

Understanding the dynamic self-assembly behaviour of azobenzene photosurfactants (AzoPS) is crucial to advance their use 
in controlled release applications such as drug delivery and micellar catalysis. Currently, their behaviour in the equilibrium 
cis- and trans-photostationary states is more widely understood than during the photoisomerisation process itself. Here, we 
investigate the time-dependent self-assembly of the different photoisomers of a model neutral AzoPS, tetraethylene glycol 
mono(4ʹ,4-octyloxy,octyl-azobenzene) (C8AzoOC8E4) using small-angle neutron scattering (SANS). We show that the 
incorporation of in-situ UV-Vis absorption spectroscopy with SANS allows the scattering profile, and hence micelle shape, to 
be correlated with the extent of photoisomerisation in real-time. It was observed that C8AzoOC8E4 could switch between 
wormlike micelles (trans native state) and fractal aggregates (under UV light), with changes in the self-assembled structure 
arising concurrently with changes in the absorption spectrum. Wormlike micelles could be recovered within 60 seconds of 
blue light illumination. To the best of our knowledge, this is the first time the degree of AzoPS photoisomerisation has been 
tracked in-situ through combined UV-Vis absorption spectroscopy-SANS measurements. This technique could be widely used 
to gain mechanistic and kinetic insights into light-dependent processes that are reliant on self-assembly.  
 

Introduction 
It has long been known that the self-assembly properties of 

surfactants can be tuned by adjusting the pH, temperature and 
salinity of the solution.1–3 A more attractive way to alter the self-
assembly is to simultaneously modulate both the polarity and 
geometry of the surfactant by incorporation of a light-sensitive 
moiety in the structure.1 Such optical manipulation is 
advantageous as it allows a system with a constant chemical 
composition to be maintained, without additives. Light offers 
several benefits such as good spatial and temporal resolution, 
as well as tuneable wavelength and intensity. 

Azobenzene is the preferred light-responsive chromophore 
as its photoisomerisation is robust and fully reversible, without 
any photochemical side reactions such as dimerisation or 
scission.4 Azobenzene photosurfactants (AzoPS) combine the 
physicochemical properties (surface activity, micelle formation 
etc.) of surfactants with the light-responsivity of azobenzene.  
Rapid isomerisation between trans- and cis-forms results in 
different polarities and geometries for each isomer.5,6 This 
variation in the properties upon exposure to light has been used 
to destabilise photofoams on demand7 and to reversibly change 

the flow characteristics in a microfluidic device.8 Several 
fundamental trends have been established: (1) upon irradiation 
with UV light, AzoPS can form predominantly cis 
photostationary states (PSS) in good yield.4 (2) An assembly of 
majority trans-isomers can be recovered with blue light 
irradiation, with an assembly of 100% trans-isomers only being 
attainable via thermal relaxation.6,9 UV-Vis absorption 
spectroscopy is a powerful tool to track the photoisomerisation 
process and characterise the proportion of cis- and trans-
isomers in solution, as each presents a different optical 
fingerprint.9,10 (3) The cis-form, owing to its increased polarity, 
also has a higher critical micelle concentration (CMC) than the 
trans-isomer.11  

As AzoPS become increasingly used in emerging 
technologies,12–15 it is crucial that their dynamic self-assembly 
behaviour under photoisomerisation be understood. However, 
while the self-assembly behaviour of the cis- and trans-PSS at 
equilibrium has been reported for several AzoPS structures,16–19 
few studies follow the isomerisation process and self-assembly 
changes in-situ. Tabor et al. used time-resolved (TR)-SANS to 
track the structural changes of three carbohydrate-based AzoPS 
over time.20 They observed that upon UV irradiation, and 
depending on the concentration regime, either a total loss of 
micellar structure, a decrease in aggregation number or a 
change in the micellar dimensions can occur. Lund et al. used 
TR-small-angle X-ray scattering to study the kinetics of micelle 
dissolution and reformation of the cationic AzoPS, AzoTMA, (4-
butyl-4ʹ-(3-trimethylammoniumpropoxy)-phenylazobenzene) 
at concentrations close to the CMC.21 It was found that AzoTMA 
could transition between monomers and aggregates in 
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timescales of less than a few seconds, without the formation of 
premicellar clusters. 

Neutral AzoPS structures are less investigated compared to 
their cationic counterparts and have been used in fewer 
applications.4,22  However, they have the benefit of a lower 
CMC, as well as being suitable for applications where a charged 
surfactant is undesirable. Here, we investigate the light-
dependent self-assembly of a simple, neutral tetraethylene 
glycol AzoPS, tetraethylene glycol mono(4ʹ,4-octlyloxy, octyl-
azobenzene) (C8AzoOC8E4, Figure 1a) around the CMC. We 
integrate in-situ UV-Vis absorption spectroscopy with SANS to 
determine the extent of photoisomerisation in real time. By 
correlating this knowledge to the scattering profile we gain an 
understanding of the dynamic changes in the micellar structure 
as a result of photoisomerisation.  To the best of our knowledge 
this is the first study of AzoPS to employ in-situ UV-Vis 
absorption spectroscopy for SANS measurements.  

Experimental 
Materials 

Tetraethylene glycol mono(4ʹ,4-octlyloxy, octyl-azobenzene) 
(C8AzoOC8E4) was synthesised following a slight modification of 
previously reported literature procedures.23,24 A detailed 
description of the synthetic procedure and structural 
characterisation can be found in the Electronic Supplementary 
Information (ESI). 

Methods 

Ex-situ UV-Vis absorption spectra were recorded on a Perkin 
Elmer Lambda 35 spectrometer with a slit width of 0.5 nm. 
Measurements were carried out in quartz cells with a 1 cm path 
length. 

The experimental set-up for simultaneous UV-Vis 
absorption-SANS measurements is shown in Figure 1b. The 
device setup includes an Ocean Optics FX UV-Vis spectrometer 
with preconfigured wavelength range of 200-850 nm, 25 μm 
slits and lenses for enhanced sensitivity, Ocean Optics DH-2000-
DUV lamp with shutter (190-2500 nm) and Oceanview software. 
Fibre optic cables were positioned perpendicular to the 
direction of the neutron beam. The cell holder was adapted 
from an Ocean Optics adjustable collimating lens holder. For 
light irradiation, high power, mounted light emitting diodes 
(LEDs), blue (36.4 µW, 450 nm) and ultraviolet (57.7 µW, 365 
nm) were purchased from Thorlabs, Inc.  

Small-angle neutron scattering experiments were 
performed using the KWS-2 instrument in the Jülich Centre for 
Neutron Science (JCNS) at the Heinz Maier Leibnitz Zentrum 
(MLZ) in Garching, Germany.25 The measurements were 
performed using sample-to-detector distances of 2, 8 and 20 m 
and a neutron λ of 5 Å (Δλ/λ = 10%), to optimise the q-range of 
0.002-0.4 Å-1 and the beam flux. These data were converted to 
absolute scale (cm-1) through reference to the scattering from a 
secondary standard sample (Plexiglas).  

 
Figure 1. (a) Molecular structure of the AzoPS, C8AzoOC8E4. (b) Schematic overview and 
photograph of the setup used for an in-situ UV-Vis absorption spectroscopy-SANS 
experiment with LED (UV or blue) light irradiation. 

Static measurements were performed on each sample before 
irradiation with UV light (trans-dominant native state), under 
UV light (cis-dominant state) and under blue light (the 
recovered trans-dominant state).   

Time-resolved scattering profiles and UV-Vis absorption 
spectra were collected under irradiation with UV light and blue 
light for the trans-cis and cis-trans isomerisation processes, 
respectively. Each isomerisation took 10-15 min. SANS data 
were initially recorded over 15 s intervals and combined post-
measurement into 60 s intervals. The scattering patterns were 
averaged over at least 5 cycles to improve statistics. In-situ UV-
Vis absorption spectra were recorded every second. UV-Vis 
spectra were compared across each SANS averaging cycle to 
ensure no deterioration of the sample had occurred. It was 
found that the final absorption spectrum, after several hours of 
photoisomerisation cycles, was identical to the initial one 
(Figure S1, ESI). Due to the high absorption coefficient of the 
AzoPS (ε = 12,300 L mol-1 cm-1), sample concentrations were 
limited to 0.2 mM to avoid saturation of the detector.  

SANS Data Modelling. Wormlike micelles (WLM) are typically 
characterised in terms of their contour length, L, Kuhn length, 
b, and cross-sectional radius, RCS (Figure 2).  

 
Figure 2. Schematic representation of a wormlike micelle and its associated physical 
parameters: contour length, L, Kuhn length, b, and cross-sectional radius, RCS. 
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The scattering function, (S(q, L ,b)), of a semi-flexible chain with 
a uniform scattering length density and elliptical cross-section, 
taking excluded volume effects into account, is used here to fit 
the scattering profiles of WLM and is given by:26,27 
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where w(qRg) is an empirical crossover function, nb = L/b and 
fcorr(q) is a correction factor added by Chen et al. to correct 
unphysical errors occurring at certain L/b ratios.27 Further 
details of fcorr(q), w(qRg), SDebye(q, L, b) and u(q, L, b) can be found 
in the work of Pederson et al.26 and Chen et al.27 This form factor 
is normalised by particle volume, averaging over all possible 
orientations of the flexible cylinder. 

Provided that the length scales of L and RCS are well-
separated, the high q scattering intensity from the cylindrical 
cross-section of the WLM can be separated from that of the 
semi-flexible wormlike chain as given by:28 

< 𝑃(𝑞, 𝑐) >= 𝑃_K(𝑞, 𝐿(𝑐), 𝑏)𝑃K`(𝑞, 𝑅K`)    (2) 

where <P(q, c)> is the full micellar form factor, c is the 
concentration, PWC is a form factor, in this case, S(q, L, b), used 
to fit the semi-flexible chain as outlined above in Eq. 1, and PCS 
is the form factor describing the cross-sectional radius of the 
WLM. Analysis of the scattering intensity in the high q region 
can be separated out in this manner as the local cylindrical 
cross-section is generally unaltered with changing surfactant 
concentration (WLM tend to grow 1D along their length) and 
inter-micellar interactions are also screened on this local level. 
PCS(q) is described by an elliptical cylinder model in this work, 
with a scattering intensity given by:29,30 

𝑰(𝒒) =	𝟏
𝒗 ∫𝒅𝝍∫𝒅𝝓∫𝒅𝝆(𝜽,𝝓,𝝍)𝑭

𝟐(𝒒,𝜶,𝝍)𝐬𝐢𝐧(𝜽)𝒅𝜽  (3) 

where: 
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                                   (4) 
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θ and 	𝜙 define the orientation of the axis of the cylinder, ψ and 
α define the orientation of the major axis of the ellipse with 
respect to the vector q, J1 is the Bessel function of first order 
and r is the cylinder radius. 
 The scattering from fractal-like aggregates was modelled 
according the following equation:31 

𝐼(𝑞) = 	𝜙𝑉3�87�(𝜌3�87�	 −	𝜌�8��2L�)�𝑃(𝑞)𝑆(𝑞) + 𝑏𝑘𝑔  (6) 

where in this case, 𝜙 represents the volume fraction of the 
spherical building block particles comprising the fractal-like 
aggregate, Vblock is the volume of a single building block, ρblock 

and ρsolv. are the scattering length densities of the spherical 
building blocks and solvent, respectively. P(q) and S(q) are the 
scattering from the randomly distributed spherical blocks and 
the interference from such blocks arranged in fractal-like 
aggregates (Equations 7-9). 

𝑃(𝑞) = 𝐹(𝑞𝑅�)�       (7) 
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where ζ is the correlation length, R0 is the radius of the building 
block, Г(x) is the gamma function of argument x, and DF 
represents the fractal dimension. All model fittings were carried 
out using the SASview 4.0.1 software.30 

Results and discussion 
Central to the ability to relate the self-assembly behaviour of 
AzoPS to the extent of photoisomerisation in real-time is the 
existence of different optical fingerprints for the cis- and trans-
isomers. Figure 3 shows the UV-Vis absorption spectra of 
C8AzoOC8E4 (0.065 mmol L-1) in both the cis- and trans-PSS, and 
the native trans-form. The more thermodynamically stable 
trans-isomer (by ~50 kJ mol-1)6 can be recognised from the 
π→π* band at 332 nm. Photoisomerisation to the cis-isomer 
upon UV irradiation is confirmed by a change of the π→π* 
absorption wavelength from 332 to 308 nm, with a concurrent 
decrease in intensity, along with the appearance of a new 
absorption band (n→π*) at 445 nm.9 The degree of 
isomerisation from trans to cis C8AzoOC8E4 is 61% (Eq. S1, ESI). 
The trans-isomer can be recovered by irradiation with blue light, 
yielding an assembly of 90% trans-isomers. 

 
Figure 3. C8AzoOC8E4 isomerises between cis- and trans-forms upon irradiation with UV 
or blue light, respectively, with each having a characteristic absorbance spectrum. (a) 
Chemical structures of the cis- and trans-isomers (b) UV-Vis absorption spectra of 
C8AzoOC8E4 (0.065 mmol L-1 in H2O) under UV (pink line) and blue (blue line) irradiation 
and after storage in the dark (black line). 

The scattering profiles and corresponding absorption 
spectra obtained from combined in-situ UV-Vis absorption 
spectroscopy and SANS measurements of C8AzoOC8E4 (0.2 
mmol L-1) are shown in Figures 4 and 5. This concentration was 
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chosen to maximise the scattering count rate, without 
exceeding the maximum absorbance possible for UV-Vis 
absorbance spectroscopy. This concentration is above the CMC 
of both the cis- and trans-states (CMCtrans = 0.11 mmol L-1; 
CMCcis = 0.13 mmol L-1) with C8AzoOC8E4 appearing fully soluble 
at this concentration. 

C8AzoOC8E4 initially presents a scattering profile 
characteristic of wormlike micelles, with varying slopes for the 
decay across the entire q range (Figure 4a). This assignment is 
supported by the rheological behaviour of the surfactant. 
C8AzoOC8E4 was found to have a high viscosity and exhibited 
non-Newtonian shear-thinning behaviour (Figure S9, ESI). This 
is consistent with the formation of wormlike micelles.32–34 These 
asymptotic regions correspond to the different length scales of 
the physical parameters of the WLM (L, b, RCS). At low q the 
scattering profile is distinguished by the self-avoiding random 
walk of the semi-flexible chain, characterised by a decay of 
approximately q-2.26,28 In the mid q-region (~0.011 Å-1), where 
shorter length scales are probed, a decay of q-1 can be observed. 
This correlates to scattering of rods or cylinders, reflecting the 
stiffness of the wormlike chain.26,28 Scattering at higher q values 
corresponds the local cross-section. As aforementioned, the 
scattering from the cross-sectional radius at high q can be 
separated from that of lower q. The bottom scattering profile in 
Figure 4a (60 s UV irradiation) is fit in this manner, by 
deconvoluting the data into two contributions, one from the 
overall semi-flexible chain of the WLM (flexible elliptical 
cylinder model fitted from 0.002 – 0.1 Å-1) and one 
corresponding to the more rigid constituent cylinders (elliptical 
cylinder model fitted from 0.1 – 0.35 Å-1). This approach could 
be used for the first three scattering profiles (60 - 180 s of UV 
illumination), after which a transition to a fractal-like aggregate 
was observed (Figure 4b). With increasing UV irradiation time, 
the q-1 region at ~0.011 Å-1 diminishes, ultimately resulting in a 
smooth decrease in scattering intensity that decays as q-2.6 in 
the low- and mid-q regions from 420 seconds onwards. qn 
scalings with 2 > n > 3 in this region are commonly ascribed to 
fractal aggregates.31 Due to the transitionary nature of these 
scattering profiles, these fits are cautiously assigned and the 
physical parameters resulting from them will not be discussed 
in detail. (Table S2, ESI) The intermediate scattering profiles at 
240 and 300 s could not be well described by either the WLM or 
fractal model fitting approaches, suggesting that the most 
significant micellar rearrangements occur within this time 
frame.  The analogous SANS plots in terms of absolute 
scattering intensity are available in the Supporting Information 
(Figure S3, ESI). 
 The observed changes in the micelle structure correspond 
well with changes in the UV-Vis absorption spectra, where the 
π→π* band decreases in intensity during the first 180 s of 
irradiation, blue-shifts during 240–300 s irradiation, before 
finally maintaining intensity and wavelength from 360 s 
onwards. This implies that there is no significant lag time, and 
that variations in the aggregate structure arise concurrently 
with molecular isomerisation. The photoisomerisation reaction 
follows first order kinetics (Figure 3c, inset) with a rate constant 
of 8.6  ´ 10-3 s-1, as commonly observed for azobenzene 

systems.12,23,35 This implies that the AzoPS solution was not so 
strongly absorbing as to result in diffusion-limited  
photoisomerisation kinetics, as has been reported in some 
cases.20  

 
Figure 4. Self-assembly behaviour of C8AzoOC8E4 in D2O (0.2 mmol L-1) upon trans-cis 
photoisomerisation. (a) SANS scattering profiles as a function of UV irradiation time. 
C8AzoOC8E4 transitions from wormlike micelles to fractal-like aggregates. Fits to the 
flexible elliptical cylinder model are indicated by a solid black line, the elliptical cylinder 
model by a dashed line and fractal model by a dotted line. The scattering curves have 
been offset for clarity. The solid black lines indicate the slopes in each q regime. (b) 
Schematic representation of the wormlike micelle to fractal aggregate transition. (c) In-
situ UV-Vis absorption spectra upon UV-irradiation. Inset shows the first order reaction 
kinetics associated with the photoisomerisation. 

The scattering profiles and corresponding absorption 
spectra for the reverse isomerisation under blue light are shown 
in Figure 5. C8AzoOC8E4 was found to form WLMs in all cases. 
With increasing irradiation time, C8AzoOC8E4 transitions from 
long ribbon-like WLMs to WLMs consisting of elliptical cylinders 
of a lower eccentricity (Table S1, ESI). This development is 
marked by a change in the low q slope from q-2 to q-1.8 and from 
240 s onwards, a return of the plateau at ~0.011 Å-1. As this 
plateau becomes more pronounced, deconvolution of the 
scattering profile into fits from two model contributions, as 
previously outlined, is required. The analogous SANS plots in 
terms of absolute scattering intensity are available in the 
Supporting Information (Figure S4, ESI). 
 It is apparent that changes to the self-assembled AzoPS 
structure occur quite rapidly, with variations in the scattering 
profiles occurring on the same time-scale as changes in the UV-
Vis absorption spectra. Despite the similarity of the first 
scattering profile in Figure 5a (60 s, blue light) with the final one 
of Figure 4a (540 s, UV light), a flexible elliptical cylinder model 
was inadequate to describe the former scattering profile (Figure 
S3, ESI). This indicates that after only 60 s of illumination with 
blue light, the majority cis-AzoPS solution can be returned to 
WLM. The cis-trans photoisomerisation reaction also follows 
first-order kinetics, with a rate constant of 4.7 ´ 10-3 s-1 (Figure 
4c, inset). No further changes to the absorption spectra are 
observed after 540 s of either UV or blue light irradiation, 
indicating that the cis- and trans-PSS are reached. The degree of 
isomerisation was found to be 58% and 86% for the cis- and 
trans-PSS respectively (Figure S2, ESI). These values are in good 
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agreement with those obtained previously from static 
measurements at concentrations below the CMC (Figure 3b). 

 
Figure 5. Self-assembly behaviour of C8AzoOC8E4 in D2O (0.2 mmol L-1) upon cis-trans 
photoisomerisation. (a) SANS scattering profiles as a function of blue irradiation time. 
C8AzoOC8E4 transitions from ribbonlike wormlike micelles to elliptical cylinder wormlike 
micelles. Fits to the flexible elliptical cylinder model are indicated by a solid black line 
and to the elliptical cylinder model by a dashed line. The scattering curves have been 
offset for clarity. (b) Schematic representation of the wormlike micelle transition. (c) in-
situ UV-Vis absorption spectra upon UV-irradiation. Inset shows that reverse 
isomerisation also proceeds via first reaction order kinetics. 

The changes in the self-assembled structure upon 
photoisomerisation can be explained by the difference in polarity 
and geometry between trans- and cis-isomers. Cis-azobenzene 
incorporates a kink in the otherwise linear C8AzoOC8E4 

structure, disrupting its ability to form WLM. There are some 
fundamental similarities between WLM and fractal aggregates. 
WLM are treated as a semi-flexible chain consisting of many 
locally rigid cylinders. Likewise, fractals can be considered as 
comprised of many self-similar constituent parts. The packing 
parameter, P, for C8AzoOC8E4 is 0.42 (Section 6, ESI), with values 
of 1/3 < P < 1/2 being typical for the formation of cylinders.36,37 
It appears that C8AzoOC8E4 has a preference to self-assemble 
into cylindrical aggregates, which, upon incorporation of a 
“bent” azobenzene core (and the associated change in polarity), 
prefer to manifest themselves as fractals rather than wormlike 
micelles. This is further supported by the fact that the scattering 
intensities are on the same order under both illumination 
conditions. (Figure S4, ESI). Due to the difference in CMC 
between cis- and trans-isomers it would be expected for more 
monomers to be present for the assemblies formed under UV 
light compared to under blue light. As the scattering intensity 
remains roughly similar it can be concluded that the effective 
size of the scattering bodies is comparable for both the WLM 
and fractal aggregates.38  

The degree of isomerisation can be used to explain this 
behaviour. As only 58% cis-isomers are formed upon 
photoisomerisation, it does not take long to return to a majority 
trans-isomer state and preferential WLM formation (60 s blue 
irradiation, 53% trans-isomers.). Similarly, the number of cis-
monomers in solution would be expected to be quite small 
compared to a solution with a higher degree of isomerisation. 

This is striking as photoisomerisation can therefore be 
considered as only a minor disruption to the AzoPS solution, but 
also significant enough to completely change the morphology of 
the micellar aggregates. This highlights the sensitivity of the 
self-assembly process to changes in the delicate hydrophobic-
hydrophilic balance and geometry of the molecule. The trends 
observed here were found to persist at equilibrium (Figure S5, 
ESI) and at higher C8AzoOC8E4 concentrations of 1 mM (Figure 
S6, ESI), with WLM and fractal aggregates detected for the 
trans- and cis-PSS, respectively.  

Conclusions 
In this study we have shown using a model AzoPS, C8AzoOC8E4, 
that the integration of UV-Vis absorption spectroscopy with 
SANS measurements can provide mechanistic and kinetic 
insights into its photoisomerisation and self-assembled 
structure. Combining these techniques in this way allows the 
dynamic behaviour of the surfactant, which is often over-
looked, to be emphasised. Upon irradiation with UV light, 
C8AzoOC8E4 undergoes a wormlike micelle to fractal transition 
at concentrations above the CMC in D2O. This is a promising 
result as single component photoswitchable wormlike micelle 
systems are rarely reported, with smart wormlike micelle 
systems having vast potential as on-demand rheology 
modifiers.39,40 Wormlike micelles could be recovered with as 
little as 60 s of blue irradiation (36.4 µW), with extended 
illumination times resulting in WLMs of a lower cylindrical 
eccentricity. This study also highlights the robustness of the 
azobenzene chromophore. It was found that the AzoPS could 
reversibly cycle between cis- and trans-isomers without 
deterioration over several hours. This combined UV-Vis/SANS 
approach could be extended to many other systems to allow 
monitoring of their self-assembly process, as the only 
requirement is the presence of a characteristic absorption 
spectrum. This technique would be of particular value to 
dynamic, non-equilibrium processes such as the controlled 
release of small molecules from self-assembled aggregates, e.g. 
drug delivery, micellar catalysis. 
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