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Viscoelastic fluids whose rheological properties are tunable with light have the potential to deliver significant impact in fields 
relying on a change in flow behavior, such as in-use tuning of combined efficient heat-transfer and drag-reduction agents, 
microfluidic flow and controlled encapsulation and release. However, simple, single-component systems must be developed 
to allow integration with these applications. Here, we report a single-component viscoelastic fluid, capable of a dramatic 
light-sensitive rheological response, from a neutral azobenzene photosurfactant, 4-hexyl-4’butyloxymonotetraethylene 
glycol (C6AzoOC4E4) in water. From cryo-TEM, small-angle X-ray scattering and rheology measurements, we observe that the 
photosurfactant forms an entangled network of wormlike micelles in water, with a high viscosity (28 Pa·s) and viscoelastic 
behaviour. UV irradiation of the surfactant solution creates a less dense micellar network, with some vesicle formation. As 
a result, the solution viscosity is reduced by four orders of magnitude (to 1.2 ´ 10-3 Pa·s). This process is reversible and the 
high and low viscosity states can be cycled several times, through alternating UV and blue light irradiation. 

Introduction 
Smart viscoelastic fluids have the ability to change their 
rheological properties on-demand.1–8 These fluids have 
industrial applications in drag-reduction9–11 and efficient heat-
transfer12–14 and could deliver innovation in biomedicine (e.g. 
controlled encapsulation,15–18 drug delivery,19,20 tissue 
engineering21–23) and materials templating.24–27 Viscoelastic 
fluids can be created using surfactants which self-assemble into 
an entangled micellar network above a critical concentration. As 
the self-assembly process is very sensitive, depending on the 
formulation, the micellar network and its related rheological 
properties can be disrupted by changes to the local 
environment, such as solution pH,6 temperature,4,7 salinity1,28,29 
or redox potential.3 However, these stimuli are often non-
specific, can require invasive perturbation of the fluid, often 
alter the solution composition and may be slow to trigger a 
response. A more elegant way to perturb the micellar network 
is to use light. As a stimulus,  light is a highly effective sas it can 
be applied selectively, rapidly and remotely, and the 
wavelength, intensity and spatial localisation can be precisely 
controlled. The only requirement for use is that the viscoelastic 
fluid absorbs light. 

There are two main approaches to creating 
photorheological fluids. First, and most commonly used, is the 

incorporation of a light-sensitive additive into a system already 
known to present viscoelastic behaviour.1,2,30–34 This method 
requires the creation of multicomponent formulations, 
generally a cationic surfactant, a salt, and light-responsive 
additive(s). It therefore overlooks the key benefit of light as a 
stimulus – its simplicity and preservation of a constant solution 
composition. The second, and less common approach is to 
create an entangled micellar network from a surfactant that is 
inherently light-responsive. Single-component systems are 
desirable as extra components may limit the compatibility of 
the photorheological fluid for a given application. For example, 
the need for a salt-based solution could lead to issues with salt 
deposition, surface fouling and solution salt depletion.35–37  

Single-component photorheological fluids can be created by 
incorporating an azobenzene chromophore into a surfactant 
structure. Azobenzene photosurfactants (AzoPS) retain the 
intrinsic photoisomerisation response of the azobenzene unit, 
switching from the linear, hydrophobic trans-isomer to the 
bent, more hydrophilic cis-isomer upon application of light of 
the correct frequency.38–41 The trans-isomer can be recovered 
upon irradiation at longer wavelengths or gentle heating. This 
leads to stark differences in the self-assembly behaviour for 
each isomer, which can propagate to changes in bulk solution 
properties, including viscoelasticity and viscosity. There have 
been limited examples of photorheological fluids based on 
AzoPS to date. Peng et al. reported a polyethylene glycol-based 
AzoPS that could reversibly reduce its viscosity from either 2000 
to 10 Pa·s (50 wt% in water) or 45 to 4 Pa·s (30 wt% in water) 
upon UV irradiation.42 This behaviour was attributed to the 
formation of lyotropic liquid crystal (LLC) phases (hexagonal or 
lamellar, respectively), which were disrupted to an isotropic 
phase upon photoisomerisation. Using lower surfactant 
concentrations, Song et al.  reported a single-component 
photorheological fluid based on an ionic, gemini  azobenzene 
surfactant (C12-Azo-C12).43 Reversible switching between low 
(~0.01 Pa·s) and  high (733.8 Pa·s) viscosity states was observed 
for a 60 mM (3.9 wt%) aqueous AzoPS solution, using UV and 
blue light, respectively. Here, we report a neutral AzoPS, 
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C6AzoOC4E4, (4-hexyl-4’butyloxymonotetraethylene glycol 
azobenzene, Figure 1a) which, in aqueous solution at low 
concentration (48 mM, 2.5 wt%), can reversibly switch its 
viscosity four orders of magnitude, between a non-viscous 
(1.2 ´ 10-3 Pa·s) solution and a viscous (28 Pa·s) viscoelastic 
state, upon UV and blue light irradiation, respectively. To the 
best of our knowledge, this is the first report of a single-
component photorheological fluid created using a neutral 
AzoPS at low concentrations. Neutral surfactants offer the 
benefit of lower toxicities and a lower critical micelle 
concentration compared to their charged counterparts, 
meaning that less material is required for a given use.  

Experimental 
Synthesis 

The synthesis of the C6AzoOC4E4 was achieved through 
modifications of previous literature procedures and has been 
reported elsewhere.41 Full experimental details are available in 
the Electronic Supplementary Information (ESI). 

Rheology 

Rheology measurements were performed on an Anton Paar 
MCR 302 rheometer. Samples were measured at 25 °C using a 
cone-plate geometry (50 mm diameter, 1° cone angle, 0.101 
mm gap). An amplitude sweep was performed to ensure that 
the samples were in the linear response regime. Frequency 
sweeps to determine the storage (G’) and loss moduli (G”) were 
measured at a 1% strain rate. Fits to a Maxwell Model (see Eq. 
S2 and S3, ESI) were performed using the software package 
RepTate. 

Birefringence 

Photographs were taken of C6AzoOC4E4 (2.5 wt% in water) 
between crossed polarisers, before and after 90 min UV 
irradiation. Irradiation was performed using either UV (365 nm, 
3.7 mW cm-2 at 4 cm from source) or blue light (465 nm, 
1.3 mW cm-2 at 4 cm from source) LEDs in a custom built light-
box. 

UV-Vis Absorption Spectroscopy 

UV-Vis absorption spectra were recorded on either a Perkin 
Elmer Lambda 35 spectrometer with a slit width of 0.5 nm or a 
Perkin Elmer Lambda 750 spectrophotometer using wavelength 
scan with a resolution of 1 nm at a scan speed of 1 nm/s and a 
slit width of 2 nm. Measurements were carried out in quartz 
cells with a 1 cm path length. All samples were prepared in 
deionised water. 

Chemical Structure Modelling Engine 

Three-dimensional (3D) models of chemical structures were 
created using the PerkinElmer Informatics software Chem3D. 
The algorithm is based on modified molecular mechanics, which 
consider bond stretching, angle bending, internal rotation and 
van der Waals interactions. While this is not a full-scale 
molecular mechanics engine, it produces a reasonable 
estimation of the molecular conformation 

Cryo-TEM 

Samples were vitrified using a Thermofisher Vitrobot in a 
controlled environment (4 °C, 100% relative humidity). Trans-
dominant samples were prepared under ambient light while cis-
dominant samples were irradiated with UV light for 90 min prior 
to vitrification. A small volume (2.5 µL) of AzoPS solution 
(0.5 wt% in water) was deposited on a Quantifoil 1.2/1.3 holey 
carbon film. The sample was blotted for 2.5 s and plunged into 
liquid ethane to form the vitrified specimens. Specimens were 
stored in liquid nitrogen (-196 °C) until imaging. The vitrified 
specimens were imaged with a ThermoFisher Krios G3i at 300kV 
acceleration voltage, using a Falcon 3 camera.   

Small-angle X-ray Scattering 

Synchrotron SAXS measurements were performed on the 
BioSAXS beamline B21, Diamond Light Source, Harwell, United 
Kingdom. B21 operates in a fixed sample to detector distance 
(4.014 m) with X-ray beam energy E = 12.4 keV giving a q-range 
of 0.031-3.8 nm-1. Samples were loaded into PCR well plates in 
an automated sample changer. Samples (30 μL) were then 
delivered into a temperature-controlled quartz capillary and 
exposed for 3 s, collecting 60 frames at 20 °C. Data were 
collected using a Pilatus Dectris 2M detector. The background 
was manually subtracted using ScÅtter. All model fitting was 
performed using SASview (4.2.2).44 

Results and Discussion 
We first probed the photoisomerisation of C6AzoOC4E4 in water 
using UV-Vis absorption spectroscopy and found that it 
reversibly isomerises between 84% cis and 95% trans 
photostationary states (PSS) upon illumination with UV (365 
nm) and blue (465 nm) light, respectively (Figure 1b). Samples 
were irradiated until no further changes were observed in the 
absorption spectra. It should be noted that it is not possible to 
obtain 100% conversion from the trans- to the cis- isomer due 
to the overlap of their respective absorption spectra, with cis 
and trans-dominant PSS formed instead (see ESI for PSS 
calculations). A 100% trans-isomer solution is recovered upon 
gentle heating at 60 °C. It was observed by eye that 2.5 wt% 
aqueous solutions of C6AzoOC4E4 in the native trans-state result 
in a gooey solution (ESI, Video S1) which changes to a watery 
fluid after UV illumination (ESI, Video S2). Steady-state shear 
and oscillatory rheology measurements were performed to 
quantify these observations. Before UV illumination, in the 
native trans-state, C6AzoOC4E4 is a non-Newtonian fluid with a 
high viscosity (>10 Pa·s) which demonstrates shear-thinning 
behaviour (Figure 2a).  After UV irradiation (2.5 hours), the 
C6AzoOC4E4 solution behaved as a low viscosity (0.0012 Pa·s), 
Newtonian fluid, with a difference in zero-shear viscosity of 4 
orders of magnitude compared to the native-trans solution. UV-
Vis absorption spectra recorded after rheology measurements 
confirmed that the sample remained in the cis-PSS over the 
course of the experiments (ESI, Figure S1). The non-Newtonian 
shear-thinning behaviour observed before UV illumination is 
characteristic of entangled chains disentangling and aligning 
themselves with the applied shear.7,45,46 There is no suggestion 
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of entanglement present for the cis-PSS solution due to the low 
viscosity and lack of shear-dependent behaviour. When viewed 
under crossed-polarisers, birefringence can be observed for the 
native trans-state solution (Figure 2b). This strongly indicates 
the presence of wormlike micelles (WLM), the alignment of 
which under shear results in flow birefringence.8,47–50 After UV 
irradiation, no flow birefringence was observed, implying a 
change in the micellar structure and disappearance of WLM 
(Figure 2b).  

The dynamic behaviour of C6AzoOC4E4 before UV 
illumination (native trans-state) was probed using oscillatory 
shear measurements. Figure 2c shows viscoelastic behaviour, 
signified by a crossover from between the storage (G’) and loss 
(G”) moduli (from G’ < G” to G’ > G”) as a function of angular 
frequency (w), and the fits to a Maxwell model (see ESI Section 
5, Eq. S3-S5 for details). A Cole-Cole plot further confirms this 
viscoelastic, Maxwellian behaviour. Deviation from the model 
 

 

Figure 1. (a) Molecular structure of C6AzoOC4E4 in the trans and cis isomeric forms and 
photographs of C6AzoOC4E4 (2.5 wt%, 48 mM in water) before and after UV irradiation. 
(b) UV-Vis absorption spectra of C6AzoOC4E4 (0.065 mM) in the native trans-state (black), 
after UV irradiation (30 sec) and formation of the cis-PSS (red) and after blue light 
irradiation (3 min) and formation of the trans-PSS (blue). 

at high frequencies is common and is attributed to fast 
relaxation processes such as Rouse or ‘breathing’ modes.45,51–53 
The crossover frequency (wc) is inversely related to the 
relaxation time (tR) of the solution, with a value of 28 s obtained 
here.53 For a Maxwell fluid, the zero-shear viscosity, h0, is given 
by h0 = G0tR,53 which results in a value of 28 Pa·s in this case. 
This is four orders of magnitude higher than the solution 
viscosity after UV irradiation (1.2 ´ 10-3 Pa·s). For comparison, 
the viscosity of water at 25 °C is 8.9 ´ 10-4 Pa·s. After UV 
illumination of C6AzoOC4E4 and formation of the low viscosity, 
non-Newtonian fluid, the possibility of recovering the initial 
high viscosity, viscoelastic behaviour was investigated. The cis-
PSS C6AzoOC4E4 solution was irradiated with blue light (2 hours) 
to obtain the trans-PSS. Repeat steady-state and oscillatory 
shear measurements demonstrate that the initial viscosity and 
viscoelastic behaviour is fully recovered with blue light. (Figure 
2a, ESI, Figure S2). Moreover, it was possible to reversibly cycle 
between low and high viscosity states by alternating UV and 
blue-light illumination (Figure 2d). 

The self-assembled structures formed by trans- and cis-
C6AzoOC4E4 were investigated using cryo-transmission electron 
microscopy (cryo-TEM) and small-angle X-ray scattering (SAXS). 
Figures 3a and 3b show representative cryo-TEM images of 
C6AzoOC4E4 (0.5 wt% in H2O) before and after 90 minutes of UV 
irradiation. Further cryo-TEM images are available in the ESI 
(Figure S4). Figure 3a shows the formation of a densely 
entangled network of elongated wormlike micelles for trans-
C6AzoOC4E4, in line with what would be expected based on the 
observed high viscosity, shear-thinning behaviour, flow 
birefringence and viscoelasticity.7,45,46,48 WLMs are cylindrical 
micelles which grow uniaxially along their length with increased 
surfactant concentration. The shape of the micelles formed by 
surfactants can be predicted using the packing parameter, P = 
V/a0l, where V is the volume of the hydrophobic surfactant tail, 
a0 is the equilibrium area of the surfactant head group and l is 
the length off the hydrophobic surfactant tail.54 In this case, 
cylindrical structures are predicted for trans-C6AzoOC4E4, 
consistent with WLMs (P = 0.4, 1/3 < P < 1/2 is indicative of 
cylinder formation, ESI, Table S2).54,55 From the cryo-TEM 
images, the diameter of the WLMs is estimated to be 47.1 ± 
7.2 Å, roughly twice the value of the hydrophobic tail length of 
C6AzoOC4E4 (24.9 Å, ESI, Table S2). This indicates that the cross-
sectional radius of the cylindrical micelles is one surfactant 
monomer. From the cryo-TEM images, the length of the WLM is 
estimated to be on the order of nm - µm. The SAXS profiles of 
native-state C6AzoOC4E4 (0.5 wt%, 2.5 wt%) decay as q-1 in the 
low q region, which indicates that cylindrical scattering bodies 
are present across this concentration range (Figure 3c).45,56,57  
Figure 3b shows cryo-TEM images of C6AzoOC4E4 (0.5 wt%) after 
90 minutes irradiation with UV light. A visibly different network 
with a significantly lower density and fewer entanglements than 
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Figure 2. Photorheological characteristics of C6AzoOC4E4 (2.5 wt% in water). (a) Variation of viscosity (h) with increasing shear rate in the native state (navy filled circles), 
after UV irradiation (red open squares) and after blue-light irradiation (blue open circles). Photographs show a tilted petri-dish containing C6AzoOC4E4 before (left) and 
after (right) UV irradiation. (b) Photographs of the flow birefringence of C6AzoOC4E4 in the native state (top) and the lack of birefringence after 90 min UV irradiation 
(bottom). (c) Variation of storage (G’, blue filled circles) and loss (G”, blue open circles) moduli and complex viscosity (|h*|, open squares) with angular frequency. Black 
lines are fits to a Maxwell model. Inset: A Cole-Cole plot traces a semi-circle with a radius equal to the crossover frequency (wc) (d) Reversible cycling of the solution 
viscosity with alternating blue light and UV illumination, indicated by the blue and pink sectors, respectively.

that of the trans-isomer solution can be observed, with looping, 
branching and vesicle formation present. The packing 
parameter for cis-C6AzoOC4E4 is calculated to be 0.46 (ESI, Table 
S2), approaching the limit of cylinder formation and onset of 
vesicle formation (1/2 > P> 1). The individual threads here have 
a diameter of 43.2 ± 9 Å.  

In general, for small-angle scattering the position of the first 
scattering minimum is correlated to the radius of the scattering 
bodies in solution.58–60 Here, the first minima shift to higher q 
after UV irradiation (from 0.078 to 0.1 Å-1) indicating that 
cylinders with a smaller radius are formed. There is not a 
significant difference in the shape of the scattering profiles 
before and after UV illumination, suggesting that on the length 
scales probed by SAXS (2 – 200 nm) the shape of the self-
assembled structures is similar, with all decaying as q-1, 
indicative of cylindrical scattering bodies. (Figure 3c). All 
scattering profiles could be fitted using cylindrical models. 
Trans-C6AzoOC4E4 was best described using a cylinder model 
(dotted line, Figure 3c, radius: 55 Å, polydispersity: 0.12) at 0.5 
wt% and a flexible cylinder model (solid line, Figure 3c, radius: 
59.5 Å, polydispersity: 0.2; Kuhn length: 677.4 Å, polydispersity: 
0.12) at 2.5 wt%. This change from cylinder to flexible cylinder 

model is consistent with the presence of wormlike micelles, 
which grow uniaxially along their length with increased 
concentration. After UV irradiation, at 0.5 wt% cis-C6AzoOC4E4 
could only be described using an elliptical cylinder model 
(dashed line, Figure 3c, radius: 28.9 Å, axis ratio: 7.4), which, 
qualitatively, is not drastically different from a regular cylinder 
with a distribution for the radius, as found for the trans-state at 
this concentration. At 2.5 wt%, cis-C6AzoOC4E4 was described 
best by a flexible cylinder model, with a smaller radius than the 
trans-form (solid line, Figure 3c, radius: 41.5 Å; Kuhn length: 
175.7 Å). No model or structure factor contribution was found 
that considered the interference maxima at ~0.1 Å. Therefore, 
for clarity, model fittings have only been shown to 0.09 Å. 
Comparisons of the fits obtained using different cylinder models 
to the scattering profiles can be found in the ESI (Figure S3). All 
structural parameters obtained from model fitting can be found 
in the ESI (Table S3). These conclusions can also be reached 
from examination of the cryo-TEM images, where on the tens 
of nm scale, the self-assembled structures appear similar 
(threadlike). The most significant differences between the 
micellar networks seem to emerge outside the observation 
window of a SAXS measurement, on the scale of nm- µm.  
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Figure 3. Structural analysis of C6AzoOC4E4 (0.5 wt% in water unless indicated). Cryo-TEM images in (a) the native trans state and (b) after 90 minutes UV irradiation. The scale bar 
represents 150 nm. The solid white arrows indicate artefacts of the vitrification process, while open arrows indicate vesicles. Insets show 3D structure of the AzoPS monomer in the 
trans and cis isomeric forms, generated using the 3-D modelling software Chem3D. (c) SAXS profile of C6AzoOC4E4 before (0.5 wt%, red circles, 2.5 wt%, purple circles) and after 
(0.5 wt%, blue circles, 2.5 wt%, green circles) UV illumination. The short black line indicates a decay of -1. Fits to the data are indicated by a dotted line (cylinder model), a dashed 
line (elliptical cylinder model) and a solid line (flexible cylinder model). (d) Pictorial representation of an entangled micelle network, a single wormlike micelle and its constituent 
cylinders comprised of surfactant monomers and a vesicle. 

As the nanostructure in Figure 3b corresponds to a solution with 
a viscosity close to that of pure water with no shear-thinning 
behaviour, taking into consideration the cryo-TEM images, 
packing parameter predictions and SAXS profiles, the change in 
flow behaviour must be attributed to a change in the degree of 
entanglement between the wormlike micelles, rather than a 
dramatic change in the self-assembled structure (e.g. a 
complete WLM to spherical transition). The linear, planar trans-
isomer can pack effectively, with possible p-p stacking between 
azobenzene units and H-bonding between the ethylene glycol 
units of neighbouring head groups. These interactions would 
favour longer chain lengths and less branching for this more 
hydrophobic isomer. In fact, the ability of the trans-AzoPS to 
pack effectively has been shown to result in highly-organised 
structures at high concentrations, such as lyotropic liquid crystal 
phases.41,42 Upon photoisomerisation to the bent, non-planar, 
more hydrophilic cis-isomer, this packing ability is inhibited. A 
disruption in packing and self-assembly behaviour upon 
photoisomerisation has been previously reported for 
azobenzene derivatives, generally attributed to a change in 
molecular geometry and polarity.40–42,61 In this case, the offset 
in packing ability is expected to lead to an increased number of 
kinks, twists and branching in the cis-dominant solution, as 
observed in Figure 3b. The resulting lower-density network 
allows for greater force dissipation than the extremely 
entangled network observed for the trans-dominant solution. 

For the cis-dominant solution, the presence of vesicles, joints 
and branching within the micellar network would allow sliding 
along the WLM length, preventing the formation of the highly 
entangled network that results in a correspondingly high 
viscosity and viscoelastic behaviour. Often, the mechanism 
attributed to responsive, rheological behaviour is a clear change 
in packing behaviour upon application of a stimulus e.g. a 
wormlike to spherical transition1,2,43 or a substantial shortening 
of WLMs and subsequent reduction in relaxation time.8,31 The 
results here emphasise that the behaviour of the micellar 
network on a larger scale (e.g. presence of branching, degree of 
entanglement) is also a key parameter for controlling the 
rheological behaviour.  

Conclusions 

In conclusion, we have demonstrated that a neutral AzoPS, 
C6AzoOC4E4, can be used to create a simple, salt-free, light-
responsive fluid, at reasonably low concentrations in water (2.5 
wt%), with a viscosity and viscoelasticity that can be reversibly 
controlled using light. Here, a viscosity difference of four orders 
of magnitude is achieved before and after UV irradiation, with 
the initial high-viscosity state recoverable with blue light 
illumination. Cryo-TEM images and SAXS data suggest the 
formation of a densely entangled network of wormlike micelles 
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for the native trans-isomer solution, in agreement with the 
observed birefringence and shear-thinning behaviour. 
Interestingly, upon UV irradiation the long cylindrical micelles 
persist (with some vesicle formation), albeit with a different, 
looser network structure (branching, kinks, twists present). This 
result can be used to inform the design of further rheological 
fluids, based on merely disrupting the network structure, rather 
than drastically changing the self-assembled structure formed 
by the constituent surfactant molecules. C6AzoOC4E4 shows 
promise in applications that require a dramatic switch in flow 
behaviour e.g. alternating between drag-reduction and efficient 
heat-transfer capabilities for heating and cooling applications.13 
In particular, applications based on stimuli-responsive materials 
require that the switch between properties be significant, such 
as the four order of magnitude difference in viscosity achieved 
here. Exciting, future research opportunities lie in integrating 
simple, photorheological fluids, like C6AzoOC4E4, with 
microfluidic device technology, and sensing and controlled-
release applications. 
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1. Synthesis and Characterisation 

Materials 

Sodium nitrite (NaNO3, ≥99.0%), anhydrous potassium carbonate (≥99.0%), potassium iodide 
(KI, 99.0%), sodium hydride (60% w/w in mineral oil), tetraethylene glycol (99%), hydrochloric 
acid (HCl, conc. 37%), ethanol (HPLC grade), tetrahydrofuran (THF, HPLC grade), 
dichloromethane, acetone and were purchased from Sigma Aldrich. 4-hexylaniline (90%) was 
purchased from ChemCruz. Sodium hydroxide (NaOH, ≥97%) and chloroform (>99%) were 
purchased from Fisher Scientific and phenol (>99.0%) was purchased from BDH Chemical 
Ltd. England. 1,4-dibromobutane (>98%) was purchased from Alfa Aesar. All reagents and 
solvents were used as received unless otherwise stated.  

Methods 

The synthesis of the C6AzoOC4E4 was achieved through three steps: (1) the preparation of a 
hydroxyl precursor, 4-hexyl-4′-hydroxylazobenzene; (2) modification of the above to a 
bromoprecursor, 4-hexyl-4′-(2-bromo)butyloxy azobenzene, via an SN2  reaction; (3) addition 
of the neutral tetraethylene glycol head group to yield the final product, C6AzoOC4E4. 

(1) Synthesis of C6AzoOH (4-hexyl-4’-hydroxyl azobenzene) 

In a 100 mL round-bottom flask, 4-hexylaniline (3.85 mL, 20 mmol) was dissolved in an 
acetone: water mixture (1:1, 50 mL) and HCl (37.5%, 0.048 mol, 4 mL) added. The resulting 
orange solution was placed in an ice bath and kept at 0 °C. Sodium nitrite (20 mmol, 1.38 g) 
was dissolved in distilled water (20 mL), cooled (1-2 °C) and added dropwise to the acidic 
alkylaniline solution. The orange solution was left to stir over ice for 5 min, to allow for 
diazonium salt formation. The solution was placed in the freezer until required. Separately, 
NaOH (20 mmol, 0.8 g), Na2CO3 (20 mmol, 2.12 g) and phenol (20 mmol, 1.88 g) were 
dissolved in distilled water (50 mL) and cooled until the solution temperature reached 1-3 °C. 
To this basic solution, the acidic diazonium salt solution was added dropwise, maintaining a 
temperature below 8 °C. An aqueous NaOH solution (6.5 mL, 2.5 mmol L-1) was added 
dropwise to the basic phenol solution along with the acidic diazonium salt solution, in order to 
maintain a final pH of 10. The resulting yellow precipitate was filtered and washed with cold 
water. C6AzoOH was recovered in the form of a yellow powder. 
1H NMR: (CDCl3, 400 MHz, 25 °C): δ = 0.91 (t, J = 8 Hz, 3H), 1.34 (m, 6H), 1.68 (m, 2H), 2.67 
(t, J = 9 Hz, 2H,), 5.06 (s, 1H.), 6.98 (d, J = 7 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 
7.2 Hz, 2H), 7.88 (d, J = 8.4 Hz, 2H) ppm. 
13C NMR: (CDCl3, 100 MHz, 25 °C): δ = 14.1, 22.6, 28.9, 31.3, 31.7, 35.9, 115.8, 122.5, 124.8, 
129.1, 146, 147.2, 150.9, 158.2 ppm. 

FTIR: ν = 3547 (w), 3292 (b), 2956 (s), 2916 (s), 2849 (s), 1646 (w), 1586 (s), 1478 (C-H, s), 
1404 (, s), 1290 (s), 1142 (s), 830 (s) cm-1. 

Mass Spectrometry (CH3Cl, m/z: APCI+): Exact mass calculated: 282.1732 [M], exact mass 
obtained: 281.1659 [M-H]+. 

Melting Point: 86.9 – 88.8 °C. 

Yield: 74% 
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(2) Synthesis of bromoprecursor C6AzoOC4Br (4-hexyl-4’(4-bromo)alkoxy 
azobenzene):  

C6AzoOH (1 eq., 10 mmol, 2.82 g), was dissolved in acetone (25 mL). 1,4 di-bromobutane (2 
eq., 20mmol, 2.39 mL), K2CO3 ( 2 eq., 20 mmol, 2.76 g) and KI (0.1 eq., 1 mmol, 0.17 g) were 
added and the resulting dark red solution was stirred under reflux at 65 °C for 2 days with 
monitoring via thin layer chromatography (TLC, 9:1 cyclohexane: ethyl acetate). When the 
reaction reached completion, acetone was removed via rotary evaporation and the product 
dissolved in dichloromethane (DCM, 20 mL) and washed with water to remove the co-salt. 
DCM was removed via rotary evaporation and C6AzoOC4Br was recovered as an orange solid 
upon recrystallisation from ethanol. 
1H NMR: (CDCl3, 400 MHz, 25 °C): δ = 0.92 (t, J = 8 Hz, 3H), 1.35 (m, 6H), 1.68 (m, 2H), 2.06 
(m, 4H), 2.7 (t, J = 6.6 Hz, 2H), 3.47 (m, 2H), 4.11 (t, J = 6 Hz, 2H) 7.03 (d, J = 8.8 Hz, 2H), 
7.29 (d, J = 8.2 Hz), 7.81 (d, J = 8.3 Hz 2H), 7.9 (d, J = 8.9 Hz, 2H) ppm. 
13C NMR: (CDCl3, 400 MHz, 25 °C): δ = 14.1, 22.6, 27.9, 29, 31, 31.3, 32.5, 33.4, 35.9, 67.2, 
119.7, 122.6, 124.6, 129.1, 145.9, 147.1, 151, 161.1 ppm. 

FTIR: ν = 2914 (s), 2848 (w), 1602 (s), 1498 (s), 1380 (w), 1256 (s), 1133 (s) cm-1
. 

Mass Spectrometry (CH3Cl, m/z: APCI): Exact mass calculated: 416.1463 [M], exact mass 
obtained: 417.154 [M+H]+ 

Melting Point: 136.2 - 137.5 °C 

Yield: 85% 

(3) Synthesis of C6AzoOC4E4 (4-hexyl-4'-(mono-tetraethylene glycol) butyloxy 
azobenzene:  

Tetraethylene glycol (5 eq., 28.1 mmol, 5.41 mL) was dried azeotropically by distillation with 
toluene (20 mL) at 170 °C. Dry tetraethylene glycol was then dissolved in dry THF (25 mL) in 
a round-bottomed flask (50 mL) under an inert N2 atmosphere. To this NaH (60% in oil (w/w), 
1.5 eq., 8.4 mmol, 0.346 g) was added and left to stir for 1 h under N2. C6AzoOC4Br (1.0 eq., 
2.3 g, 5.6 mmol) was dissolved in dry THF (10 mL) and added to the reaction flask. The 
resulting red solution was refluxed at 65 °C for 24 h. Acetone was removed via rotary 
evaporation and the resulting red oil dissolved in dichloromethane (20 mL) and washed with 
water. The DCM layer was dried, filtered and the solvent was removed via rotary evaporation. 
Excess bromoprecursor was removed using a silica plug and washing with chloroform. The 
product was recovered with acetone and the solvent removed to yield C6AzoOC4E4 as a red 
oil in 39% yield. 
1H NMR: (CDCl3, 400 MHz, 25 °C):  δ = 0.90 (t, J = 8 Hz, 3H), 1.22 (d, 2H), 1.33 (m, 6H), 1.66-
1.9 (m, 6H), 2.69 (t, J = 8 Hz, 2H), 3.63 (m, 16H), 4.09 (t, J = 7 Hz, 2H), 7 (d, J = 8.88 Hz, 2H), 
7.30 (d, J = 8.16 Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H), 7.89 (d, J = 8.8 Hz, 2H) ppm. 
13C NMR: (CDCl3, 600 MHz, 25 °C): δ = 14.1, 22.6, 26.1, 28.9, 30.9, 31.3, 31.7, 35.4, 61.7, 
68, 70-70.9 (7 peaks), 72.6, 114.7, 122.5, 124.6, 129.0, 145.8, 146.9, 151.0, 161.4 ppm 

FTIR: ν = 3175 (br), 2959 (w), 2926 (m), 2873 (w), 1603 (s), 1490 (m), 1256 (s), 1131 (m) cm- 1 

Mass Spectrometry (CH3Cl, m/z: APCI+): Exact mass calculated: 530.3356. Exact mass 
obtained: 531.3442 [M+H]+. 
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2. Critical Micelle Concentrations 

Table S1. The critical micelle concentrations (cmcs) of the trans- and cis- isomers have been 
reported elsewhere1 and were determined using dynamic light scattering and surface 
tensiometry. The errors are given in brackets and were determined from the standard deviation 
of three measurements. 

 cmc by ST (× 10-6 M) cmc by DLS (× 10-6 M) 

 trans-isomer cis-isomer trans-isomer cis-isomer 

C6AzoOC4E4 37.1 (6.3) 29.5 (1.8) 22.9 (4.2) 23.7 (5) 

3. Determining the Composition of the Photostationary State 

The degree of isomerisation in the cis-photostationary state (PSS) can be calculated from:2 

𝐼𝐷#$%&'()*' = 	
-(/)123		(-(455)123	

-(/)123	
	´	100%      Eq. S1 

where A(0)350 refers to the absorbance of the assembly of 100% trans-isomers at 350 nm and 
A(PSS)350 refers to the absorbance of the cis-PSS at 350 nm. Similarly, for reverse 
isomerisation, a majority trans-PSS is obtained by: 

𝐼𝐷)*'(#$%&' = 	
-(455)123	
-(/)123	

	´	100%    Eq. S2 

A(PSS)350 now refers to the absorbance of the trans-PSS at 365 nm. 

4. Confirming the Presence of the cis-PSS for Post-Rheology Samples 

Figure S1. UV-Vis absorption spectra were collected on aliquots of C6AzoOC4E4 (2.5 wt% 
parent solution, aliquots diluted for UV-Vis absorption measurements) removed during the 
light irradiation process (either UV or blue) and after rheology measurements. (a) Under UV 
irradiation, the presence of the cis-isomer is characterised by the increase in the absorbance 
of the n à p* band (445 nm) and a absorption maximum (lmax) of 318 nm.  (b) The return to 
the trans-isomer dominant state under blue irradiation is characterised by a decrease in 
absorption at 445 nm and lmax of 332 nm. 
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5. Analysis of Rheological Behaviour 

The Maxwell model used to fit the dynamic rheology measurements is given by Equations S3 
and S4. 

𝐺:(𝜔) = 	 <
=>?
=@3

AB<=>?
=     (Eq. S3) 

𝐺"(𝜔) = 	 <>?@3
AB<=>?

=     (Eq. S4) 

where w is the frequency of the applied sinusoidal deformation, tR is the relaxation time of the 
WLM and Go is the plateaus modulus. A crossover from G’ < G” to G’ > G” with increasing 
frequency is consistent with this viscoelastic, Maxwellian behaviour and is generally taken as 
a strong suggestion of wormlike micelles.3,4 

An additional means to confirm the presence of a viscoelastic fluid with Maxwellian behaviour 
is via a Cole-Cole plot (Eq. S5). A plot of G’ vs G” should trace a semi-circle with a radius 
equal to the crossover frequency obtained from oscillatory measurements.5–7 

𝐺"D + (𝐺: − @3
D
)D = (@3

D
)D           (Eq. S5) 

 

The complex viscosity, |h*| is related to the zero-shear viscosity, h0, by: 

|𝜂∗| = 	√@:
=B@"=

<
= K3

LAB<=>?
=
              (Eq. S6) 

6. Oscillatory Rheology Measurements after Blue Light Irradiation 

 

Figure S2. Variation of storage (G’) and loss (G”) moduli and complex viscosity (|h*|) with 
angular frequency (w) for C6AzoOC4E4 (2.5 wt% in H2O) recovered from the cis-PSS with blue 
light illumination. Black lines are fits to a Maxwell model. Inset: A Cole-Cole plot traces a semi-
circle with a radius equal to the crossover frequency (wc). 
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7. Calculation of the Packing Parameter 

Table S2. Contributions of volumes, lengths and effective areas to calculate the packing 
parameter, P, using the additivity principle. 

Component Values Method 

Alkyl chain volume (nm3) 0.0269m + 0.0274 Tanford equations8 

Azobenzene volume (nm3) 0.176/0.177 (trans/cis) MOPAC calculations, van der Waals 
volume9 

Oxy-group volume (nm3) 9.1 ´ 10-3 Ab initio calculations, van der Waals 
volume10 

Alkyl chain length (nm) 0.1265m + 0.15 Tanford equation8 

Azobenzene length (nm) 0.9/0.55 (trans/cis) X-ray analysis11 

Oxy-group length (nm) 0.28 DFT calculations12 

E4 effective area (nm2) 0.46 ST study of C12E4 at 25 °C13 

8. Model Fitting to Small-Angle X-ray Scattering Data 

The cylinder model used here describes a right circular cylinder with uniform scattering length 

density. The output of the 1D scattering intensity function for randomly oriented cylinders is 

given by:14,15 

𝑃(𝑞,a) = A
P ∫ 𝐹D(𝑞, 𝛼) sin(𝛼) 𝑑𝛼

X
=
/           (Eq. S7) 

where a is the angle between the axis of the cylinder and the vector q and V is the volume of 

the cylinder. F is given by: 

𝐹(𝑞, 𝛼) = 2(∆𝜌)𝑉
'*&	]^_)`'ab=cd

^_)`'(b=)
ef(^$'*&(g))
^$'*&(g)

   (Eq. S8) 

where ∆ρ is the contrast (scattering-length density difference between the scattering body and 

solvent), L is the length of the cylinder, r is the radius of the cylinder and J1 is the first order 

Bessel function. 

For an elliptical cylinder, where the angles θ and ϕ define the orientation of the axis of the 

cylinder, and the angle Ψ is defined as the orientation of the major axis of the ellipse with 

respect to the vector q, the treatment is slightly different.16 In this case, the scattering intensity 

is given by: 
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𝐼(𝑞) = A
P
∫ 𝑑𝜓∫ 𝑑𝜙∫ 𝑝(𝜃, 𝜙, 𝜓)𝐹D(𝑞, 𝛼, 𝜓)𝑠𝑖𝑛(𝜃)𝑑𝜃   (Eq. S9) 

where: 

F(𝑞, 𝛼, 𝜓) = 2 ef(p) qrs(t)
pt

    (Eq. S10) 

and 

𝑥 = 𝑞 sin(𝛼)[𝑟x%y`$D 𝑠𝑖𝑛D(𝜓) + 𝑟x*&`$D cos(𝜓)]
f
=	; 𝑦 = 	 _

D
𝑞𝑐𝑜𝑠(𝛼)     (Eq. S11) 

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 form factor is then averaged over all possible orientations before 

normalisation by particle volume. 

For the flexible cylinder model, the cylinder is considered as a chain of contour length, LC, 

comprised of a number of locally stiff segments, the length of which is given by the persistence 

length, lp. The Kuhn length, LK is the length over which the flexible cylinder can be considered 

as a rigid rod and is given by Lk = 2lp. The cross-sectional radius of the cylinder segment is 

given by RCS. The non-negligible diameter of the cylinder is included in this model by 

accounting for excluded volume interactions within the walk of a single cylinder. Inter-cylinder 

interactions are not accounted for. Overall, the scattering function, (S(q, L ,b)), of a semi-

flexible chain with a uniform scattering length density, taking excluded volume effects into 

account is given by:17,18 

𝑆(𝑞, 𝐿, 𝑏) = [1 − 𝑤�𝑞𝑅��𝑆���t�(𝑞, 𝐿, 𝑏) + 𝑓)`$$(𝑞)𝑤(𝑞𝑅�)[1.22(𝑞𝑅�)
�f
3.2�2 + 0.4288(𝑞𝑅�)

( 𝟐
𝟎.𝟓𝟖𝟓 −

1.651(𝑞𝑅�)
�𝟑
𝟎.𝟓𝟖𝟓] 	+ �&�

&�
{ �
A�
+ �

A��
− aAA

A�
+ �

A��
c ×	𝑒(�(^,_,�)}	       (Eq. S12) 

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.18 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.17 and Chen et al.18 This form factor is normalised by particle volume, averaging over all 

possible orientations of the flexible cylinder. 

Any polydispersity in the cylinder radius (cylinder model, flexible cylinder model) or Kuhn 

length (flexible cylinder model) was accounted for using a lognormal description for the 

polydispersity, where for a function of x, ln(x) has a normal distribution, defined as: 

𝑓(𝑥) = A
£`$x

A
p¤
𝑒𝑥𝑝(− A

D
(¥&(p)(¦

¤
)D)    (Eq. S13) 
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where Norm is the normalisation factor, determined during the numerical calculation, 

µ = ln(𝑥x�§), 𝑥x�§ is the median value of the lognormal distribution and σ describes the width 

of the underlying normal distribution. The polydispersity in the cylinder and flexible cylinders 

as used here is given by: 

𝑃𝐷 = 	𝜎 = ©
pª«¬

    (Eq. S14) 

The mean value of the distribution is given by  𝑥 = exp a¦B¤
=

D
c and the peak value by 

max 𝑥 = exp	(𝜇 − 𝜎D). 

Table S3: Structural parameters obtained from SAXS data for trans- and cis-C6AzoOC4E4 in 
H2O (0.5 and 2.5 wt%) at 25 °C. R is cylinder radius obtained from the best fit to the data using 
the model specified in column 3. Axis ratio is the proportion of minor to major axis for an 
elliptical cylinder, LK is the Kuhn length obtained from the best fit to the data using the flexible 
cylinder model, L is the value for cylinder or contour length obtained from fitting to the model 
specified in column 3, SLD is the scattering length density of the sample (SLD solvent = -0.561 
and SLD dry sample = 1.2 ×10-6 Å-2  for reference), PDr is the polydispersity applied to the 
cylinder radius, PDLk is the polydispersity applied to the Kuhn length. All model fittings were 
performed in SasView.   

*reported value lies outside the observation window (2-200 nm) of SAXS – treat as approximate. 

 

Isomer wt% Model R (Å) 
Axis 
Ratio LK (Å) L (Å) 

SLD 
(×10-6 Å-2) PDr PDLk c2 

trans 0.5 Cylinder 55.0 - - 5055* 1.19 0.12  1.71 

trans 2.5 
Flexible 
Cylinder 59.5 - 677.4* 18186* 1.02 0.2 0.12 6.48 

cis 0.5 Elliptical 
Cylinder 28.9 7.4 - 6664* 0.52 - - 0.53 

cis 2.5 Flexible 
Cylinder 41.5 - 175.7 4437* 0.99 - - 1.01 
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Figure S3. SAXS profiles of C6AzoOC4E4 (trans 2.5 wt%, purple; cis 0.5 wt%, teal; cis 2.5 wt%, green) 
with different cylindrical models. The simplest cylinder model (used to fit the 0.5 wt% trans sample) is 
used as the point of comparison. Fits to the data are indicated by a dotted line (cylinder model), a 
dashed line (elliptical cylinder model) and a solid line (flexible cylinder model). The cylinder radius (R), 
axis ratio (ar) and goodness-of-fit (c2) are given to facilitate comparison between the models.  
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9. Additional Cryo-TEM Images 

 

Figure S4. Cryo-TEM images of C6AzoOC4E4 (2.5 wt%, H2O) before (a) and after (b) 90 mins 
UV illumination. Scale bar indicates 150 nm. 
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