Light-controlled micron-scale molecular motion
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Abstract

The micron-scale movement of biomolecules along supramolecular pathways — mastered by nature — is a
remarkable system requiring strong yet reversible interactions between components under action of a
suitable stimulus. Responsive microscopic systems using a variety of stimuli have demonstrated impressive
relative molecular motion. However, locating the position of a movable object that travels along selt-
assembled fibres under an irresistible force has yet to be achieved. Here, we describe a purely supramolecular
system where a molecular “traveller” moves along a “path” over several microns when irradiated with visible
light. Real time imaging of the motion in the solvated state using total internal retlection fluorescence
microscopy shows that anionic porphyrin molecules move along the fibres of a bis-imidazolium gel upon
irradiation. Slight solvent changes mean movement and restructuring of the fibres giving microtoroids,
indicating control of motion by fibre mechanics with solvent composition. "The insight provided here may

lead to the development of artificial travellers that can perform catalytic and other functions.



Main article text

The controlled movement of molecules along a specific path over distances larger than their scale is mastered
biochemically in cells.! Totally artificial molecular machines of increasing sophistication and elegance have
shown work at nanometres scale.?* These systems can also instigate hierarchical movement in materials at
amuch larger distance than their own size when provided with a suitable stimulus.?¢ Regarding translational
movement, interface-based Brownian motion of molecules along preferred inorganic axes™® and electrically
stimulated directional drive of a single molecule® have been shown, and DNA has been used as a building
block for nanoscale path and walker-type systems.!® However, controlled molecular motion along a purely

synthetic molecular pathway to emulate natural processes has not been addressed.

In this paper we describe a supramolecular system (Fig. 1) where a fluorescent molecule — a “traveller” —
upon irradiation moves along a “path” comprising gemini amphiphiles when a molecular switch is
incorporated into the gel material. The supramolecular system makes use of electrostatic interactions
between oppositely charged fibrous cationic scaftfold — the path — and the two anionic chromophores — the
switch and the traveller (Fig. 1). The switch is an essential third component that facilitates movement, with
photothermal effects and switching taking place upon excitation to enable the phenomena that occur when
irradiated. The path is made of a gemini imidazolium-based amphiphile (1-2Br, Fig. 1A) that self-assembles
in mixtures of water and ethanol leading to supramolecular gels,'' and incorporates the 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin tetra-anion (TCPP).?? This hybrid gel has TCPP-containing fibres that
are robust and not dynamic when irradiated (under identical conditions to those we describe below),'?
because of the electrostatic interaction between the components and high degree of order in the fibres. The
system is made responsive by incorporating an azobenzene derivative (4-(phenylazo)benzoate, Azo) that can
be photoisomerised between frans and cis states'® (Fig. 1A) and vice-versa, and in general is part of a family

of compounds used to push systems away from equilibrium.!*15

Results and Discussion

Multicomponent Gel Preparation and Characterisation

The three-component gel was prepared by mixing an aqueous solution containing the sodium salt TCPP
and sufficient excess base to deprotonate Azo with 1:2Br and Azo in ethanol. The amount of the components
in the stock solutions were adjusted to give gels with 5:5 or 7:3 water:ethanol volume ratio and final
concentrations of 8 mM 1-2Br, 60 uM TCPP and 2 mM Azo. The Azo comprised a mixture of trans and cis
isomers at a ratio of 90:10, the photostationary state under ambient lighting. The resulting materials have
the morphological characteristics of supramolecular gels (Extended Data Fig. 1, Supplementary Information
Fig. S1) and have the viscoelastic properties typical of this kind of soft matter with crossing of storage and

loss moduli between 2 and 20% strain (Extended Data Fig.2 and Supplementary Information Table S1).
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Fig. 1. Gel formation and photoactivated molecular movement. (A) Addition of aqueous solutions of the sodium salt TCPP
to ethanolic solutions of 1-2Br and Azo leads to the formation of supramolecular gels that incorporate TCPP and Azo within the
fibrillar network, with a cartoon structure of part of a single fibre shown. TIRF microscopy (B,C) shows the incorporation of the
TCPP into the fibres (in greyscale), highlighting the influence of the solvent ratio on the morphology of the network for the two
different solvent mixtures, 5:5 (B) and 7:3 (C). The coloured sections of these images show super resolution radial fluctuation
(SRRF) data that highlight the differences seen by TIRF. Upon continuous laser irradiation at 405 nm (total irradiation time 8.3
minutes), TIRF images show the result of photoactivated TCPP molecules moving along the gel fibres obtained in water:ethanol
5:5 (D, give times 1,2,3,4, see also Movie S1), whereas using the solvent mixture 7:3, the movement of TCPP induces
morphological changes of the network which convert porphyrin-containing fibres into rings (E, give times 1,2,3,4, see also Movie

S2). Scale bars on the TIRF micrographs correspond to 5 um in B and C and 2 pm in D and E.



The location of the TCPP in the solvated gel networks reported here is revealed by total internal reflection
tfluorescence (TIRF) microscopy,'¢ that shows the three-dimensional fibre shape and connectivity of the
multicomponent supramolecular gels Gel @ TCPP@Azo (Fig. 1B and 1C, respectively). The technique takes
advantage of an evanescent field existing at the interface of two materials with different refractive index, in
this case the glass slide (at the bottom of the sample) and the gel sample (that is introduced in the liquid
state very shortly after mixing). The focal plane is thin and selective to the region close to the interface,
avoiding the strong background fluorescence and high laser intensity associated with other high resolution
optical microscopy techniques. The gelator molecules are not imaged (1.2Br contains no chromophore that
absorbs in the region probed using the microscope). There is a significant difterence in the apparent
morphologies observed by TIRF as a function of the solvent composition (water-ethanol ratio 5:5 and 7:3).
The interconnections between fibres in the network also vary (and confirmed by scanning electron
microscopy (SEM) of the corresponding xerogels, Supporting Information Fig. S1). Fibres in the 5:5 mixture
are more well-defined and straighter than those in the 7:3 mixture. Powder X-ray diffraction shows that the
supramolecular structures are similar (Extended Data Fig. 3) and consistent with incorporation of the
organic anions between the layers of cationic amphiphile (Fig. 1) as we reported previously for Gel@TCPP,!!
although some of the organic anions may reside on the outer surface of the fibres. The rheological properties
of these multicomponent gels also reflect the morphological changes. The 5:5 solvent ratio shows that
incorporation of TCPP and/or Azo in the gels gives heightened storage and loss moduli and higher critical
stress values (Table S1) compared with pure 1.2Br. The increased resistance to deformation and rupture
compared with the pure gel is less obvious in the gels formed from the 7:3 water:ethanol, which are
significantly more robust than the gels made in 5:5 solvent, though. The solvent composition is clearly a

determining factor!” influencing the behaviour of these gels because of the fibre morphology.

Dynamic Effects in Multicomponent Gels

Continued irradiation in the TIRF experiments show very contrasting dynamic effects in the
Gel@TCPP@Azo materials made in either 5:5 or 7:3 water:ethanol. For the 5:5 solvent mixture, prolonged
irradiation at 405 nm (but also at different wavelengths, vide infra) results in movement of the TCPP
molecules along the fibres (Fig. 1D, and even more evident in Movie S1). This movement is witnessed by a
clear fluorescence reduction in some of the fibres, with the most intensely fluorescent parts of these objects
moving to the area outside of the frame. To prove this eftect (Fig. 2), a selected area of a sample was irradiated
continuously for 8.3 minutes (Fig. 2C, see also video of the irradiation, Movie S3), and a larger area was
measured before and after light exposure. Comparison of the TIRF micrographs reveals that the fluorescence
intensity of the fibres exposed to the light becomes very significantly decreased (Fig. 2B). This effect was
confirmed by measuring the relative fluorescence intensity of background, irradiated fibres, and fibres
outside the irradiated region (50 of each, see Supplementary Information Fig. S2). The magnified TIRF
images in Figs. 2D and 2E show a closer view of a fibre that partially crossed the irradiated zone and ran

into the area that was left in the dark. The fluorescence signal along this fibre has clearly changed after



irradiation, with a significant increase in intensity in the part of the fibre that is farther from the centre (Fig.

2F) and confirming the movement of TCPP molecules along the path.
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Fig. 2. TIRF images of Gel@ TCPP@Azo in water:ethanol 5:5 before (A) and after (C) irradiation at 405 nm (for a total of 8.3
minutes) performed only in the central area of the sample, leaving the outer part in the dark (B). Magnifications of a specific area
of the sample (indicated by red and blue squares) showing the difference in fluorescence along the fibre before (D) and after (F)
irradiation. (E) Evaluation of the total intensity of the fluorescence signal in the two areas indicated in yellow, clearly shows a

significant increment of fluorescence intensity on the fibre (+46%) and a minor increase in the background.

The movement of TCPP travellers along fibre paths (Fig. 3A) can be monitored using the relative
fluorescence intensity in the TIRF experiment over time (Fig. 8B). The intensity at any given point on a
tibre that displays traveller motion can decrease, or increase and then decrease rapidly, an eftect that is
consistent with movement along the supramolecular path, and the changes observed are consistent with
stochastic movement, whose direction varies for difterent fibres. The accumulation of porphyrin in the fibres
outside the irradiated region is shown in the intensity difference plot in Fig. 3C, that shows a clear decrease
of porphyrin in the irradiated region and an increase in the area adjacent to it. In the dark, the TCPP does
not move significantly (Fig S3). Attempts to irradiate the enriched TCPP region and induce motion back to
the depleted region have so far been unsuccessful (Fig. S4). It is possible for the TCPP to leave the focal
plane of the measurement, that is very close to the bottom of the sample well in the slide used for the
experiments. Those molecules that move into the bulk of the sample in this way cannot be imaged readily
using this technique (although they can be detected in the difference maps in Extended Fig. 5). The

stochastic nature of the measurement and the inherent inhomogeneities in the material mean that a number
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of behaviours are observed, but the movement out of the irradiated area is the single main dynamic effect we

observe.
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Fig. 3. Evidence for traveller movement. TIRF image A of Gel@TCPP@Azo in water:ethanol 5:5 shows the region irradiated
at 405 nm (for a total of 8.3 minutes) also shown in Fig.2. Dots mark points on fibres whose intensity over time was monitored
and is plotted in the graphs shown in B, where it can be seen that the intensity increases and decreases for areas 2-5, 6-8 and 9-
11, which plots the direction of travel of TCPP. Image C is a start-minus-end subtraction with threshold selection (2.3% above
and below the total signal) highlighting the increase of fluorescence outside (highest intensity gain values in blue) and decrease

inside the irradiated area (highest intensity loss values in green).

The material formed in the same solvent mixture without Azo, Gel@TCPP,'? does not show this dynamic
behaviour. When Gel@TCPP is irradiated under identical TIRF conditions to the Azo-containing gel there
is a quenching of fluorescence (see Movies S10 and S11), but no significant change in the location of the
porphyrin or the fibre morphology, regardless of the solvent compositions (over the same range used for the
dynamic experiments described above). These observations show that the presence of Azo causes the
apparent dynamic effects upon irradiation. In addition, to explore the effect of possible release of the TCPP
from the fibres, we prepared a gel where no additional base was added to deprotonate AzoH, meaning that
an equilibrium between protonated TCPP and Azo exists. A TIRF experiment on this sample (Movie S12)
shows rapid dynamics but also a pronounced “fogging” of the image over time (Fig. S5), indicative of
destruction of the gel fibres and release of TCPP that had diffused across the whole area being imaged. The
expulsion of the porphyrin is presumably a result of the weakened interactions between the traveller and the
path, and confirms the importance of electrostatic forces between path and traveller in order for the

porphyrin to remain on the supramolecular fibres.

Fibre and Traveller Imaging

In the Gel@TCPP@Azo, the porphyrin remains in many of the fibres that are relatively unaffected by the
irradiation, and the intrinsic heterogeneity of the sample (the concentration of TCPP, Azo and bromide
counter-ions and the thickness of the fibres varies) surely contributes to determining whether the porphyrin
moves upon irradiation. To confirm that the path remains after TCPP travel, we prepared an analogue of
1.2Br (see SI for details) containing a fluorophore that could be imaged at a different wavelength to TCPP.

6



Compound 2.2Br (Fig. 4A) was used (at 1% in moles compared with the main gelator) to prepare the four-
component composite gel Gel@2@TCPP@Azo in 5:5 water:ethanol. The overlaid image from TIRF
micrographs (Fig. S6) and SRRF analysis recorded at different wavelengths prove the incorporation of both
2.2Br and TCPP into the fibres of 1.2Br (Fig. 4). Irradiation of this sample again causes the TCPP to travel
along the fibres, as shown by the decrease in TCPP fluorescence intensity in the centre of the image in Fig.

4E, as seen more clearly in the difference map. (Fig. 4G-H)
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Fig. 4. Imaging path and traveller. A shows the chemical structure of the fluorescent co-gelator 2.2Br used to trace the gel
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fibres, and B the superposed SRRF images of Gel@2@TCPP@Azo in water:ethanol 5:5 with emission coloured red showing the
location of TCPP and green where 2.2Br is situated. Images C and D show the separate channels corresponding to TCPP and
2.2Br, respectively, and E and F the same regions after irradiation at 405 nm for a total of 8.3 minutes performed only in the
central area of the sample, leaving the outer part in the dark. In image E, the central region is clearly darker than image C, while
image I shows essentially no change in overall fluorescence when compared with image D. The change in TCPP content is shown
in the difference map between C and E presented in image G. Some of the gelator fibres in I are clearly shorter than the original
state (D), changes that can be seen by the bright patches in the difference image in H. Imaging details: laser 405 nm, emission

filter LP 650 for TCPP, and BP 495-550 for 2.2Br.

Multicomponent Gel Fibre Reorganisation

In the gel made in 7:3 water:ethanol (Fig. 1), irradiation in the TIRF experiments also leads to movement
of TCPP, but now the fibres containing the porphyrin are transtormed into circular shapes. Closer inspection
of the series of TIRF images (Fig. 5 A-E taken from the continuous sequence in Movie S2) shows that the
TCPP molecules are clearly redistributed into toroidal-shaped objects. The TCPP is no longer distributed
evenly in linear fibres but are confined to micrometre scale rings. It is apparent that these rings are formed
by breakage and bending of the fibres which rearrange within the network, generating new interconnections
between adjacent strands and finally evolving into circular ribbons.'®!® Upon continued irradiation, the
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dynamics of the system do not arrest completely once the rings have formed, but continue, altering the
morphology of these circular ribbons which become larger and merge together to form bigger rings with

relatively different shape as observed in the TIRF images.

Gel@TCPP@Az0 6:4 Gel@TCPP@Az0 7:3

Xerogel @ TCPP@Azo 7:3

Fig. 5. Light-induced toroid formation. Consecutive TIRF images of Gel@TCPP@Azo in water:ethanol 7:3 at 1 minute
intervals of irradiation at 405 nm in the microscope (A-E) showing the conversion of fibres into rings, and the equivalent
experiment with the same gel component composition in water:ethanol 6:4 (F-J) with images taken 2 minutes apart showing the
formation of rings and reorganization of the fibres (images extracted from Movies S2 and S4, respectively). The SEM micrographs

show rings formed after irradiation with a xenon lamp of a solar simulator of the hydrated Gel@TCPP@Azo 7:3 on the SEM
stub (K- N, see experimental section for preparative details). Scale bars in TIRF images represent 2 pm and in SEM micrographs

1 pm.

The morphological reorganisation of the fibres to rings allowed observation of the eftect with a more general
light source and over a wider area: Irradiation of the bulk gel using a xenon lamp of a solar simulator gave
a xerogel with several rings of slightly difterent form and size and, more importantly, highlights their multi-
strand morphology (Fig. 5 K-N). The rings are never completely isolated from the rest of the fibres, but
rather are linked with the gel network by a fibre strand that extends outside the ring, an observation that is
in line with what observed in the hydrated gel by TIRF imaging and SRRF analysis (Movie S9 and Extended
data Fig. 6). The diameter of the rings in this bulk experiment is slightly bigger than in the TIRF conditions,
that is likely caused by the different nature light source.



An intermediate solvent ratio between the cases that show linear motion of TCPP and fibre rearrangement
leads to an intermediate morphological outcome: Rings as well as separated tapes are formed when
irradiating the gel with a 6:4 water:ethanol ratio (Fig. 5 F-J and Movie S4). This observation indicates that
the structural mechanism of rearrangement in the samples with greater proportion of water (the 6:4 and 7:3)
involves the relatively thin fibres splitting and subsequently bending and rearranging to form rings (Figs.
S7 and S8). It is clear here that the TCPP anions are concentrated in the rings compared with the uncoiled
tibres and the Azo anions could be exchanged out during toroid formation (through isomerisation?°) in an
analogous way to that seen upon drug release resulting stress in the gelator lamellae caused by non-uniform
distribution of anions.?! We have confirmed that the isomerisation is important in this process using

biphenyl-4-carboxylic acid in place of Azo (see below).

Origins of Molecular Motion in the Multicomponent Gels
The presence of the Azo is essential to efficient molecular movement, so that the photoisomerization between

trans (more stable) and czs (less stable) isomers is responsible. Irradiation of Azo with UV light (at 365 nm)
promotes the trans—cis conversion, and heat and/or visible light (4 > 400 nm) move the distribution to the

trans form.?>  However, an equilibrium exists, and the n—n* transition of both the czs and trans isomers
absorbs at 405 nm where the TIRF irradiation is used, and it is known that the photoisomerization quantum
yields for azobenzene at slightly higher wavelength are both appreciable (with the czs—¢rans being favoured
and having the higher extinction coefficient).2? Therefore, theoretically, isomerisation in both directions can
take place under irradiation in the microscopy experiments. UV-Vis absorption spectroscopy shows that the
photostationary state of Azo at equilibrium (at room temperature and under daylight exposure, the
experimental conditions used for gel formation) comprises a frans:cis isomer ratio of 90:10 (Extended data
Fig. 4). In solution, irradiation at 365 nm shifts the equilibrium to the czs isomer. Similar effects are seen in
the gel and in presence of TCPP (Extended data Fig. 4.), showing that the photoisomerization does occur in
the gel state.

Therefore, the porphyrin motion observed is facilitated by Azo’s isomerisation under irradiation at 405 nm,
which can produce local deformations within the fibre’s structure allowing TCPP to diffuse along the gelator
path. The wavelength dependence in the TIRF experiments supports this hypothesis: TIRF using light at
405, 488, 561 and 642 nm show that while the movement of TCPP molecules along the fibres occurs with
all wavelengths studied, light at 405 nm is clearly the most effective in promoting the movement of TCPP
(Extended data Fig. 5 and Movies S5-8). This eftect appears to arise from an overlap of the 405 nm light
with the Azo absorption band in that region, as all three other light wavelengths do coincide with absorption
bands of the porphyrin and not with Azo. Ex situ experiments on samples with and without TCPP prove
this point (Tables S2 and S3, Figs. S9-S12), where light at 561 and 642 nm does not perturb the
photostationary state of Azo (both alone in solution and in presence of TCPP). However, when a xenon lamp
of solar simulator was used, and only in the presence of TCPP, the equilibrium of azobenzene moves towards

the trans isomer, from the initial #rans:cis ratio of 90:10 to a 98:2 distribution indicating a mechanism of
9



tavouring the trans form. The variable wavelength studies (Extended data Fig. 5 and Movies S5-8) also
show that the TCPP is essentially static on the length and time-scales of the experiment (several minutes)

unless the system is excited with light of appropriate energy.

If the cis-trans reversible isomerisation is important for traveller motion, we reasoned that enriching the Azo
sample with the metastable cis isomer would enhance motion, and that is exactly what happens. Irradiating
the ethanolic stock solution of Azo at 365 nm prior to mixing of components gave a 35:65 trans:cis ratio that
was used to form the Gel@TCPP@Azo in 5:5 water:ethanol. The TIRF experiment on this material (Movie
S13) showed extremely fast dynamics. Stills from the experiment (Extended data Fig. 8) show that the fibres

apparently disappear, and, unlike the experiment with the 90:10 isomer ratio, no bright streaks are seen.

The experiment confirms the importance of the ¢is—transisomerisation in the dynamics of these gel systems.

Analysis of the rate of loss of fluorescence in the areas occupied by the fibres incorporating TCPP gives an
idea of the dynamics taking place in the gel systems. The fluorescence intensity in the TIRF measurements
of fibres in Gel@TCPP, Gel@TCPP@Azo (trans:cis 90:10) and Gel@TCPP@Azo (trans:cis 35:65) was
monitored over time and the intensity loss fitted to an exponential decay function to provide an approximate
rate (see Supplementary information Figures S13-S17, Table S5). In the case of Gel@TCPP this effect arises
from bleaching, the other samples have porphyrin movement. The data show that while Gel @ TCPP@Azo
(trams:cis 90:10) has on average three times faster fluorescence loss compared with Gel@TCPP, the sample
containing the enriched czs isomer of Azo has dynamics that are an order of magnitude faster, and confirm
the acceleration by this form of the switch that is responsible for the molecular movement seen in the TIRF

experiments.

These findings suggest that photoisomerization of the cis-Azo accompanied by a local photothermal effect
could give rise to the motion. The heating of the samples under irradiation has been measured when the gels
are irradiated with white light, where the gels incorporating all components show the largest effect at the
macroscopic level (Table S4, Figs. S18). Theretfore, the photothermal eftect surely contributes to the motion
of the porphyrin, and that heat arises from absorption by the TCPP as well as by Azo. The photothermal
effect is important in deformation of soft materials of different kinds,?*%? and in the case we describe here
contributes to the formation of the rings but in the first instance clearly gives rise to molecular motion of

the TCPP along the gelator fibres.

Combining TCPP and Azo in the gel leads to energy transfer from the porphyrin to the switch, as shown
by steady state fluorescence spectroscopy of the gels (see Extended data Fig. 7). Azobenzenes are known to
accept energy from triplet energy donors.?* The fluorescence spectra of the gels show a higher emission
from Gel@TCPP than Gel@ TCPP@Azo in either 5:5 or 7:3 water:ethanol mixtures, although the situation
is modulated under continued irradiation. As the Gel @ TCPP@Azo materials are irradiated at 405 nm, the
tfluorescence intensity of the 5:5 sample decreases steadily. In contrast, the fluorescence of the TCPP in the

sample in 7:3 water:ethanol increases after irradiation, eventually reaching the same fluorescence as the

10



Gel@TCPP sample in the same solvent under the same conditions. This observation, in accord with the
TIRF measurements where the sample appears brighter after toroid formation, indicates that the Azo is
expelled from the fibres (and are therefore no longer able to quench TCPP fluorescence) upon rearrangement
of the fibres. It corresponds to a light activated release of a component that leads to fibre ring formation

similar to spontaneous release of other guests in the gel.2°

In principle, the heat released from TCPP could be enough for movement to occur by breaking electrostatic
interactions between the porphyrin and the gelator, and when the organisation of the gel is different to that
of Gel@TCPP (where no significant motion is seen). To explore if a purely structural effect could be
responsible, using biphenyl-4-carboxylic acid (Biph) instead of the azobenzene we made a new gel composite
and studied the material with TIRF. We replaced directly Azo for Biph in the preparation of the composite
gel made in 7:3 water:ethanol. The TIRF experiments of this sample — carried out under the same conditions
as Gel@TCPP@Azo - show a slow rearrangement to toroids (see Supplementary Information Movie S14
and Figure S19). Therefore, the Biph counterion apparently generates enough space to allow partial

movement when the TCPP is irradiated and the transterred thermal energy induces motion.

Conclusions

We have established that the minimalist, yet structurally and phenomenologically very complicated, systems
reported here have five key aspects that are central to their behaviour upon light absorption and mechanism
of action; (i) strong electrostatic interactions that keep the traveller on the path; (ii) the isomerisation of the
switch that facilitates traveller movement; (iii) heat release from the traveller and switch after irradiation
that provides the energy to promote motion; (iv) energy transfer from the porphyrin to the switch, (v)
structural features of the gel — fibre dimensions and mechanical characteristics — that determine whether

micron scale travel or toroid formation occur.

A mechanism consistent with our observations involves light absorption by switch and traveller, release of
heat upon relaxation and isomerisation, giving energy to the traveller to disrupt the local electrostatic

interactions and structural disturbance of the path that allow the traveller to move.

The controlled movement of TCPP along the path of a gelator where Azo isomerizes and gives photothermal
effects facilitating the functioning of the system apparently contrasts with other systems showing dis-
assembly upon isomerisation.?¢ The reorganization of the fibres in certain solvent conditions is facilitated
here as a result of similar effects, where the movement of the traveller is accompanied by path change. The
possibilities of changing the supramolecular fibre nature through controlled mixing in these systems''-2” and

others opens a myriad of possibilities to modulate the dynamic nature of the systems.

The large difference in behaviour observed in the dynamic response of the composite gels results from the
morphology of the fibres. The thicker fibres in 5:5 water:ethanol allow movement over several microns and
the gel superstructure remains intact on the whole. The 7:3 mixture contains much narrower fibres, that

clearly rearrange in all likelihood because of splintering of layers of gelator accompanied by porphyrin that
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then curve and form the circular objects. These phenomena correspond to weaker and stronger gels,
respectively (as indicated by rheological experiments), where the property is a result of the whole network
of interconnected fibres rather than individual gelator superstructures. The Gel@TCPP@Azo gel in 5:5
water:ethanol shows movement away from an irradiated area, that motion is not reversible in our hands for
now (Fig. S4); we believe that a back-and-forth motion along the fibres will require significant path redesign.
The high-resolution optical microscopes permit remarkable insight into supramolecular composition in soft
materials in solvents,?® and lend themselves to light-induced molecular translation.?® This kind of system is
therefore interesting for the study of synthetic supramolecular machines,*® that may lead to the movement

of complementary travellers that can perform catalytic or other functions.?!:52
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METHODS

Materials and methods

All solvents and reagents employed for synthesis in this work were of analytical grade. Absolute ethanol
came from Fisher Scientific (99.8 % HPLC Grade). MilliQ water (Milli-Q plus system from Millipore) was
used for all sample preparation. Sodium hydroxide (NaOH) was purchased from Merck (Germany), 4-
(phenylazo)benzoic acid and biphenyl-4-carboxylic acid from Sigma-Aldrich. Compound 1,3-bis[(3-
octadecyl-1-imidazolio)methylJbenzene dibromide (1-2Br) was synthesized as previously reported in
literature.®® 5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was synthesized adopting the reported
synthetic protocol.** The synthesis of the naphthalimide gelator (2:2Br) is detailed in the supplementary

information.
Gel preparation

Gel samples were always prepared by addition of MilliQ water to an ethanolic solution of 1-2Br, giving a
tinal amphiphile concentration of 8 mM and the desired water-ethanol ratio (5:5 or 7:3). Generally, samples
were made to total volume of 1mL in 3mL vials, sealed after gentle mixing (with a micropipette) and letting
them stand undisturbed at room temperature to allow the gel formation. Gels were deemed to have formed
when no flow was observed upon vial-inversion test. For TCPP-containing gels, aqueous solutions of the
TCPP sodium salt were prepared by dispersing the desired amount of solid TCPP in water followed by the
addition of 4 equivalents of sodium hydroxide (from a 0.1 M stock solution). For Azo-containing gels, an
ethanolic solution of 4-(phenylazo)benzoic acid (Azo)was premixed with 1-2Br, and the equimolar equivalent
of sodium hydroxide was added in water in order to incorporate the Azo as its sodium salt. The final

concentration of TCPP and Azo within the gels was always 60 uM and 2 mM, respectively.
Gel characterization

Fluorescence imaging was performed on a Zeiss Elyra PS1 super resolution microscope equipped with Zen
2012 acquisition and processing software, fitted with an alpha Plan-Apochromat 100x/1.46 Oil DIC M27
Elyra objective lens operating in TIRF (Total internal reflection fluorescence), using either lasers at 405 nm
(50 mW), 488 nm (200 mW), 561 nm (200 mW), or 642nm (150 mW), and emission filters LP 650 (for
TCPP) and BP 495-550 (for 2.2Br). A droplet of 30°C oil (Zeiss, Immersol™ 518F/30°) was cast on the
objective before imaging. Automatic focusing was always adopted to keep constant the desired focal plane
during the acquisition. Image acquisition was performed in two different modalities, named TIRF and SRRF.
For TIRF, images were acquired with a pco.edge sSCMOS camera using the ‘16 Avg’ option, at 0.05-0.5 laser
power for observation and camera exposure time 200 ms. The laser power is 4.3 mWcm for the 405 nm
laser using a 10x lens 0.3NA. Videos recorded in TIRF were obtained acquiring 2500 frames (zero gap
between frames, total acquisition time 8.3 minutes) with camera exposure 200 ms, grouped by 10 with

applied averaging intensity to obtain 250 frames, with video conversion at 20 frames per second in the main.
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For SRRF mode, images were obtained acquiring 100 image frames using 0.1-0.5 % laser power, recorded
with an EM-CCD (Andor EM-CCD camera iXon Du 897) with 200 gain and 25 ms exposure time per frame.
Video recorded in SRRF was obtained acquiring 20000 frames (zero gap between frames, total acquisition
time 2 minutes) with camera exposure 25 ms, grouped by 100 with applied averaging intensity to obtain 50

trames, with video conversion at 10 frames per second.

Samples were prepared directly into CELLview™ Microscopic Slides with Glass Bottoms by Greiner Bio-
One GmbH that have a 10-well compartmentalization block allowing to form the gel in situ and perform the
imaging directly without any further sample manipulation. Image processing was carried out with Fiji image
analysis software® and SRRF analysis was performed using the open-source NanoJ-SRRF software
package.’¢ Temporal radiality pairwise product mean (TRPPM) was used as algorithm, with ring radius of

0.5, radiality magnification of 10, 6 axes in a ring, intensity weighting and gradient smoothing. Central
irradiation experiments were performed using the TIRF/puHP filter in order to reduce the irradiated area of

the sample.

Scanning Electron Microscopy (SEM) was performed on a JEOL 7100F FEG-SEM instrument on samples
casted on aluminum stubs, dried under vacuum (fast drying achieved within 5-10 seconds after deposition to
minimize possible drying eftects) and coated with a 5-nm thick layer of Iridium using a Quorum Q150TES
sputter coater. Image acquisition was carried out using a working distance of 6 mm and 5 kV accelerating
voltage. For the imaging of the rings, the sample were deposited on the stub and irradiated before being
dried using a xenon lamp equipped with a long-pass filter at 455 nm, a 10 cm thick water filter to remove
the IR portion of the spectrum, at 8 sun (300 mW/cm?) for 10 minutes. The sample was sealed using blue

tag and a glass slide to prevent solvent evaporation during irradiation.

Powder X-Ray diffraction (XRD) patterns were acquired with a PANalytical MPD X-Ray Powder
Diffractometer in Bragg—Brentano geometry, using Cu-Ka radiation (Ko, = 1.540560 A and Ko = 1.544.390
A) with a voltage and current of 40 kV and 40 mA, respectively. 3 mL of gel were prepared for each sample
analyzed, which were dried under reduced pressure to obtain xerogels. The powder was collected and placed

on brass sample holder for data acquisition in 2-Theta scale between 2-30°, with a step size of 0.013°.

The rheological characterization was carried out using an Anton Paar MCR 302 rheometer equipped with
temperature controller and parallel plate geometry setup (PP50 stainless steel, 50 mm diameter, 1 mm gap
between plates). All the measurements were carried out at 298 K. Samples were prepared as 10 mL total
volume in 7 cm diameter Petri dishes, sealed to prevent solvent evaporation and kept at room temperature
tor two days before study. Samples were gently transferred on the rheometer plate without breakage and
the extra material was removed to suit the working geometry. Resistance to deformation and resistance to

rupture were evaluated performing oscillation amplitude tests at a deformation frequency of 1 Hz.

UV-Vis extinction spectroscopy was performed using a Cary 5000 UV-Vis spectrophotometer (Agilent).
Fluorescence spectroscopy was measured using a FLS 980 spectrometer (Edinburgh Instruments) equipped
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with a front face sample holder. The measurements were carried out using quart cuvettes having 2- or 10-

mm path length.
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All data supporting the findings are included in the manuscript and Supplementary Information.
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Extended Data

10° 10’ 10? 10°
Gelation Time / min

Extended data Fig. 1. Gel formation. (A) A picture of gel samples of 1-2Br obtained with water:ethanol
ratio 5:5 without guest molecules (Gel), with incorporated azobenzene (Gel@Azo), porphyrin (Gel@TCPP)
and both (Gel@TCPP@Azo). The scale bar represents 1 cm. (B) Gelation time of the samples at room

temperature (approximately 22 °C) obtained with solvent ratio 5:5 (blue bars) and 7:3 (red bars).
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Extended data Fig. 2. Rheology of the multicomponent gels. Shear stress profiles displaying storage

(G’, black curve) and loss (G”, red curve) moduli obtained for gels in water-ethanol ratio 5:5 (top box) and

7:3 (bottom box).
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Extended data Fig. 3. X-ray powder diffractograms of xerogels made from gel with no guests (black
lines), Gel@TCPP (red lines), Gel@Azo (green lines) and Gel@TCPP@Azo (blue lines) in water-ethanol
ratio 5:5 (A) and 7:8 (B).
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Extended data Fig. 4. Isomerisation of Azo in solution and in the multicomponent gel. UV-Vis
absorption spectra of: Top. Azo 50 uM in homogeneous ethanol solution as prepared (black line) and

sequential irradiation under light at 405 and 3865 nm, and; Below. Gel @ TCPP@Azo in 5:5 water:ethanol

under light irradiation at 405 and 365 nm.
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405 nm 488 nm 561 nm 642 nm

Afterirradiation Beforeirradiation

Difference

Extended data Fig. 5. Wavelength dependence of molecular motion. TIRF images of Gel@ TCPP@Azo
in water-ethanol 5:5 before (A-B-C-D) and after (E-F-G-H) irradiation (for a total of 8.3 minutes) with light
at 405, 488, 561, 642 nm in the central region. Scale bar represents 10 um. The difference maps below show
the areas where changes of intensity can be appreciated (note that the white and black intensities on the four
maps have different intensities and do not indicate amount of change). Some fibres in the irradiated area are
darker in the difference map (so there is more porphyrin after irradiation). Those fibres are apparently above
the focal plane, deeper into the sample compared with the layer imaged. In principle, this can occur because
laser intensity is higher at the slide-sample interface, then decreases as we look deeper into the sample. It is

evidence for movement of TCPP into the sample as well as to the sides of the irradiated area.
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t=0.5 min
t=1min
t=1.5 min
t=2 min

Extended data Fig. 6. Ring formation from fibres. Zoomed SRRF images of Gel @ TCPP@Azo in water-
ethanol 7:8 during irradiation at 405 nm. The frames are taken from Movie S9. Scale bar represents 2 um,

all images are to the same scale.
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Extended data Fig. 7. TCPP fluorescence in the gels. The steady state fluorescence spectra (excitation
wavelength 405 nm) in both 5:5 and 7:3 water:ethanol gels show (top row) that there is a quenching of the
porphyrin fluorescence in Gel@TCPP@Azo compared with Gel@TCPP for both solvent mixtures, as a
result of energy transfer from the TCPP to the Azo chromophore. The middle row shows the time evolution
of the same Gel@TCPP samples under continuous irradiation at 405 nm, where a modest bleaching is
observed over time for both solvent systems. The bottom row shows the evolution of the fluorescence of
Gel@TCPP@Azo under continuous irradiation, where at 5:5 water:ethanol a slight bleaching is observed
(similar to Gel@TCPP), while for the 7:3 mixture an increase in fluorescence is observed, so that after 60

minutes the intensity is actually higher than that for Gel@TCPP after the same time.
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t=17 sec

t =33 sec

t =50 sec

Extended data Fig. 8. Isomerisation of a majority of the cis-Azo enhances motion. TIRF micrographs
at time zero with irradiation at 405 nm (top) and after the end of Movie S13 of sample Gel@TCPP@Azo
where Azo was enriched in the ¢isisomer by photoisomerization prior to gel preparation. Scale bar represents

5 um, all images are to the same scale.
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Supplementary Information

Gel@Azo Gel@TCPP Gel

Gel@TCPP@Azo

Figure S1. SEM micrographs of xerogels made from gels at 8 mM concentration of 1-2Br in water-ethanol
ratio 5:5 and 7:3, without guest molecules (A-B), with TCPP 60 pM (C-D), with Azo 2 mM (E-F) and with
both TCPP and Azo (G-H) prior to irradiation. The scale bar in the micrograph H corresponds to 1 pm, and

all micrographs are on the same scale.
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Figure S2. A chart (bottom) showing the changes in fluorescence intensity in the TIRF micrographs shown
of sample Gel@TCPP@Azo obtained in water-ethanol ratio 5:5. The points taken for this plot are shown in
the images, in the first recorded image in the series and in the last recorded image, for fibres inside and
outside the irradiated (405 nm) area as well as for darker areas between the fibres in the irradiated region.

Scale bar represents 10mm. See Table S6 for numerical values.
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Gel@TCPP Gel @ TCPP@Az0

t=8 min

Difference

Figure S3. TIRF micrographs with irradiation at 405 nm of sample Gel@TCPP and Gel@TCPP@Azo
obtained in water-ethanol ratio 5:5 showing the first micrograph and a third micrograph taken 8 minutes
later (with a total irradiation corresponding to the capture of three images) and the difference map for the
two samples. The results show the small change in the sample without Azo (there are often movement of'a
small number of fibres during measurements) and the relatively much larger movement in the sample with
Azo. It should be noted that the sample was in the dark between the micrographs, and theretore correspond
to the very early stages of motion in the Gel@ TCPP@Azo sample where the videos are recorded under

continuous irradiation. Scale bar represents 5[/m.
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Figure S4. TIRF micrographs of Gel@TCPP@Azo formed in 7:3 water:ethanol showing an area irradiated
at 405 nm to cause movement (1%t) followed by a subsequent irradiation (2"d) in an attempt to move the
TCPP back to the original (1%t) area. No recovery could be detected in this or other similar experiments,

indicating that the motion is not reversible in the system as it stands.
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Fluorescence Intensity / A.U.

Fluorescence Intensity / A.U.

Figure S5. TIRF micrographs of Gel@TCPP@AzoH formed in 7:3 water:ethanol showing how the
background fluorescence rises —indicative of general porphyrin distribution after irradiation at 405 nm. The
top image shows initial TIRF micrograph and the points where kinetic traces have been monitored using
the fluorescence intensity (top graph) and the bottom graph shows a typical fluorescence intensity signal for

the background and over a region where a fibre was originally present. The bottom TIRF image is at the

end of the irradiation. Scale bars represents 10 mm.
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.

Figure S6. TIRF micrographs of Gel@TCPP@Azo@2.2Br formed in 7:3 water:ethanol at the beginning
(left) of irradiation at 405 nm and at the end (right) of the experiment, after 8.3 minutes. Emission coloured

red showing the location of TCPP and green where 2.2Br is situated.
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Figure S7. TIRF micrographs at time zero with irradiation at 405 nm (top) and after the end of Movie S4
of sample Gel@TCPP@Azo obtained in water-ethanol ratio 6:4 with some of the areas where the original
tibres separate highlighted. Scale bar represents 10 mm.
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Region 5

Figure S8. A TIRF micrograph

water-ethanol ratio 6:4 with profiles of five regions where fibres separate, shown as-measured and after
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Fig. S9. UV-Vis absorption spectra of Azo in water:ethanol 7:3 solution after irradiation at the indicated

wavelengths and times in a fluorimeter (see Table S2 for ratio of isomers).
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Fig. S10. UV-Vis absorption spectra of a solution of Azo and TCPP in water:ethanol 7:3 solution after

irradiation at the indicated wavelengths and times in a fluorimeter (see Table S2 for ratio of isomers).
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Fig. S11. UV-Vis absorption spectra of a solution of Azo in water:ethanol 7:3 solution after light irradiation
after 30 minutes with a solar simulator at 300 mW/cm? equipped with different long-pass (LP) filters and

a 10-mm thick water filter. (see Table S3 for ratio of isomers).
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Fig. S12. UV-Vis absorption spectra of a solution of Azo and TCPP in water:ethanol 7:3 solution after light
irradiation after 30 minutes with a solar simulator at 300 mW/cm? equipped with different long-pass (LP)

filters and a 10-mm thick water filter. (see Table S3 for ratio of isomers).

38



5000

) —F1
=) ——F2
S =

F5

%‘ 4000 =

F7

g ——F8

E —F9
o ——F10
g 3000 mw . — i
® \\‘\M it m ‘I,I SN ..o,,* —riz

2 M!vi\ b ‘q =
g 2000 lv‘ “‘ \\l Ml \‘, \x“»'«’u"&: ', 'd, G —— F}g
S " ~ i ‘*‘ AN v WE ——F16
Wikt wanm M =1
- G Wm =
F19
1000 ——F20
0 10 20 30 40 50
Time /s
4000 -
—— Fibre
3500 1— Background

Fluorescence Intensity / A.U.

Time /s

Figure S13. A TIRF micrograph (top left) showing Gel@ TCPP@Azo in 5:5 water:ethanol with a starting
trans:cs ratio of approximately 385:65 (prepared by irradiating the ethanol solution containing the Azo used
for the preparation of the gel at 365 nm) corresponding to the start of Movie S13, and the points where the
loss of fluorescence intensity was measured to produce the fluorescence intensity versus time plot (top right).

A representative trace is compared with a background area (bottom). Scale bar represents 5 pm.
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Figure S14. A TIRF micrograph (top) showing Gel@TCPP@Azo in 5:5 water:ethanol (where the starting
trans:cts ratio is approximately 90:10) corresponding to the start of Movie S1, and the points where the loss
of fluorescence intensity was measured to produce the fluorescence intensity versus time plot (middle). A

representative trace is compared with a representative background area (bottom). Scale bar represent 5 mm.
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Figure S15. A TIRF micrograph (top) showing Gel@TCPP in 5:5 water: corresponding to the start of
Movie S10, and the points where the loss of fluorescence intensity was measured to produce the fluorescence
intensity versus time plots for fibres and background (middle). A representative trace is compared with a

representative background area (bottom). Scale bar represent 5 [Im.
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Figure S16. Comparison of the decreases in fluorescence in the fibres in Gel@TCPP, Gel@TCPP@Azo

90:10 trans:cis and Gel@TCPP@Azo $5:65 all in 5:5 water:ethanol under continuous TIRF irradiation at
405 nm.

42



k/s'

Background  No Azo Azo Azo
no Azo trans:cis trans:cis
90:10 35:65

Figure S17. Comparison of the rate constants obtained from an exponential decay function fitting of the
traces of time evolution of the fluorescence intensity on the fibres and background in the TIRF experiments
under continuous TIRF irradiation at 405 nm for Gel@TCPP, Gel@TCPP@Azo 90:10 trans:cis and
Gel@TCPP@Azo 35:65 all in 5:5 water:ethanol (taken from the data in Table S5).
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Figure S18. Photothermal eftect of the sodium salt of TCPP in distilled water and of Azo in ethanol at
varying concentrations under irradiation with a long pass 395 nm filter using a solar simulator (Power
density 300 mWcem). The measurements are corrected for an equivalent measurement using pure solvent

to generate a background that has been removed from each point.
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Biph

Figure S19. TIRF micrographs of the gel formed in 7:3 water:ethanol by a mixture containing 8 mM 1-2Br,
60 mM TCPP and 2 mM Biph (see structure above), taken from Movie S14. Image A shows the sample at
the start of the irradiation and image B after 8.3 minutes irradiating at 405 nm. The formation of rings can
be observed similarly to the gel where Azo is used in place of Biph, although the proportion of rings is

qualitatively far lower in this case. Scale bar represents 5 mm.
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Table S1. Storage modulus (G”), loss modulus (G”) and critical stress of the

different gels obtained from stress sweep experiments as function of the

incorporated guest and the water:ethanol ratio at 298 K.

Critical  Stress
Water:Ethanol Sample G (Pa) G”(Pa)
(Pa) [
Gel 3440 610 129.6
Gel@TCPP 6350 1180 130.4
5:5
Gel@Azo 7450 1710 280.6
Gel@TCPP@Azo 7050 1680 181.5
Gel 27000 5030 380.8
Gel@TCPP 85500 5250 417.5
7:3
Gel@Azo 26700 4350 420.3
Gel@TCPP@Azo 27800 2600 392.3

[a] The critical stress is defined as the shear stress value at the cross-over point between

storage and loss moduli.

Table S2. Trans/cis isomeric ratio of Azo and Azo+TCPP in water:ethanol 7:3 solution

under light irradiation after 30 minutes at different wavelengths,[®J obtained from UV-Vis

absorption spectra at 298 K. See Figures S9 S10 for spectra.

trans/cis ratio

Sample

Day-
) 365 nm 405 nm 488 nm 561 nm 642 nm
light
Azo 90:10 0:100Cb]  92:8 95:5 90:10 90:10
Azo@TCPP 90:10 0:100CP1  99:1 92:7 90:10 90:10

[a] Samples were irradiated using a fluorometer as light source, with excitation bandwidth of 8 nm.

[b] These reference values were obtained after 60 minutes of irradiation at the photostationary state.
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Table S3. T'rans/cis isomeric ratio obtained from UV-Vis absorption spectra of Azo
and Azo+TCPP in water:ethanol 7:3 solution under light irradiation after 30 minutes
with a solar simulator at 300 mW/cm? equipped with different long-pass (LP) filters

and a 10-mm thick water filter. See Figures S11 S12 for spectra.

trans/cis ratio

Sample LP LP LP LP LP LP
Daylight
395 nm 4565 nm 495 nm 550 nm 590 nm 645 nm
Azo 90:10 88:12 80:20 77:23 92:8 90:10 90:10
AZO@TCP
90:10 86:14 81:19 87:13 100:0 98:2 91:9
P

Table S4. Photothermal effect of solutions and gel samples in water-ethanol
ratio 5:5 and 7:3. The values reported represent the AT (in °C) recorded after
irradiation for 80 minutes with a solar simulator (300 mW/cm?, long-pass
filter at 395 nm), when a steady state has been reached (typically after 10

minutes, see Figure S2).

TCPP@Az
Water:Ethan 1 2Br TCPP Azo
: o
ol ratio
Gel Sol  Gel Sol Gel  Sol Gel
5:5 4.3 5.3 8.0 4.5 7.0 6.3 7.8
7:8 2.8 5.6 8.0 4.1 4.9 7.3 10

Note: All values are corrected for the temperature increment recorded for the

corresponding pure solvent mixture.
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Table S5. Exponential decay rate constant of fluorescence intensity measured over time upon
irradiation in Gel@TCPP (background and fibres), and Gel@TCPP@Azo trans:cis 90:10 and

trans:cis 35:65 in water-ethanol 5:5 in the TIRF experiments with continuous irradiation at 405

nm.

k(s)
Point
s Background ' ) )

Fibres Gel@TCPP Azo trans:cis 90:10 Azo transcis 85:65

Gel@TCPP
1 0.00791 + 2.78E-04 0.00411 £ 1.75E-4 0.01739 £ 3.90E-4 0.7533 £ 0.117
2 0.00677 £ 3.30E-04 0.00686 + 1.53E-4 0.01292 * 5.31E-4 0.3555 + 0.032
3 0.00624 + 2.87E-04 0.00674 t 1.04E-4 0.03492 + 8.33E-4 0.2463 £ 0.013
g 0.00821 * 2.60E-04 0.00602 + 1.16E-4 0.01657 t 3.82E-4 0.4724 £ 0.048
5 0.00811 £ 3.12E-04 0.00858 £ 2.43E-4 0.05289 * 0.00128 0.2235 + 0.021
6 0.00819 + 1.92E-04 0.00758 £ 3.34E-4 0.05724 £ 0.00159 0.1248 £ 0.009
7 0.00599 * 3.02E-04 0.01020 * 4.38E-4 0.03888 £ 0.00188 0.4223 * 0.044
8 0.00652 + 4.16E-04 0.00504 t 1.76E-4 0.04674 £ 0.00101 0.2063 £ 0.010
9 0.00564 + 4.11E-04 0.00576 + 1.82E-4 0.02319 + 1.39E-4 0.2375 £ 0.016
10 0.00617 £ 4.02E-04 0.00520 £ 1.34E-4 0.00642 + 1.42E-4 1.1050 = 0.199
11 0.00827 t 2.42E-04 0.00665 t+ 1.91E-4 0.01269 * 2.78E-4 0.1643 £ 0.008
12 0.00712 * 4.38E-04 0.00631 t 1.80E-4 0.01995 + 3.75E-4 0.0885 £ 0.006
13 0.00931 * 3.32E-04 0.00712 + 2.53E-4 0.01065 * 2.46E-4 0.8756 £ 0.030
14 0.00651 £ 3.57E-04 0.00853 £ 2.70E-4 0.01317 £ 3.40E-4 0.1287 £ 0.011
15 0.00424 £ 4.34E-04 0.00687 £ 2.49E-4 0.02258 + 6.52E-4 0.3240 £ 0.039
16 0.00833 * 3.43E-04 0.00623 * 2.03E-4 0.03057 £ 9.10E-4 0.1089 £ 0.011
17 0.01265 t 3.58E-04 0.00762 t 1.62E-4 0.00766 t 3.48E-4 0.8917 £ 0.067
18 0.00881 + 3.59E-04 0.00707 £ 2.21E-4 0.013846 £ 4.46E-4 0.2845 + 0.036
19 0.00776 £ 2.95E-04 0.00601 + 2.39E-4 0.01322 + 3.40E-4 0.4171 £ 0.041
20 0.00938 * 3.09E-04 0.00678 t 1.60E-4 0.00867 t 2.96E-4 0.29385 £ 0.033
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Table S6. Fluorescence intensity measurements betore (BI) and after irradiation (Al) at 405 nm

for the experiment reported in Movie S3 performed on Gel@TCPP@Azo in water-ethanol 5:5

Fibres  outside Fibres inside th Back 4

po the radiated 9% | 1 re.s nside the 9% | ac groun %
Variatio irradiated area Variatio irradiated area Variatio
S area
n n n

BI Al BI Al BI Al
1 2906 4504 +55.0 3767 2510 -33.4 1501 1628 +8.5
2 1974 3328 +68.6 5222 2946 -43.6 1455 1663 +14.3
3 3186 4437 +39.8 6281 2625 -58.2 1432 1595 +11.4
4 2777 3855 +38.8 5090 2366 -53.5 1799 1825 +1.4
5 2597 3754 +44.6 4543 2017 -55.6 1726 1917 +11.1
6 2905 4008 +38.0 4306 1794 -58.3 1711 1816 +6.1
7 2410 3600 +49.4 4880 2613 -46.5 1749 1870 +6.9
8 1681 2486 +47.9 5263 2302 -56.3 1655 1751 +5.8
9 2682 3281 +22.8 4240 2166 -48.9 1745 1753 +0.5
10 3591 4408 +22.8 4263 2016 -52.7 1796 1904 +6.0
11 1859 2869 +54.3 5136 2159 -58.0 1777 1904 +7.1
12 1756 2538 +44.5 4261 1950 -54.2 1808 1885 +4.3
13 2131 3000 +40.8 4041 1999 -50.5 1646 1751 +6.4
14 2021 2952 +46.1 8114 2399 -70.4 1500 1661 +10.7
15 2047 3470 +69.5 6397 2544 -60.2 1770 1914 +8.1
16 1700 2773 +63.1 3729 1918 -48.6 1663 1814 +9.1
17 2490 3448 +38.5 5929 2274 -61.6 1664 1769 +6.3
18 2214 3656 +65.1 5451 2537 -53.5 1938 2084 +7.5
19 2318 2915 +25.8 5152 2201 -57.3 1872 1963 +4.9
20 1985 2655 +38.8 5109 2277 -55.4 1759 1870 +6.3
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Synthesis of naphthalimide labelled amphiphile 2.2Br

The overall synthetic route to the naphthalimide-containing compound 2.2Br is shown in Scheme S1.

MeOOC COOMe
LiAIH,/ THF
reflux Quant.
/\@/\ /\@/\ Br
O (o} 0]

N (0]
PBr;
CN CN BuOH, reflux DCM
S OO (O— 00
(0] Pyridine
N Zn(OAc), NC N 99%
~
95% 6 80% 85%
O,
CHsCN \Q/ 17

Br 5 53%

Na,Cr,0-/ Acetic acid z/
\S\/ﬂ 17
N+

Na,CO4/ H,0

+

CH4COOH N\V (/

9 )

N N

. NBS/ DMF . 2Br
CO™* 0

66% 95% oi Ni io

Scheme S1: Overall synthetic route to 2.2Br.

General Characterisation Methods

NMR spectra were acquired on a Bruker AV400, Bruker AV(III)500 or Bruker DPX300 spectrometers and

NMR spectra were recorded at room temperature. All chemical shifts are reported in & parts per million

(ppm), using the solvent residual signal as an internal standard and the coupling constant values (J) are

reported in Hertz (Hz). ESI-MS were recorded using a Bruker micro-TOF II instrument. Infra-red spectra

were recorded on a Bruker Tensor 27 instrument equipped with a Pike GladiATR attachment with a

diamond crystal.
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Synthesis of 3-dimethylaminopropionitrile (3) [17]

CN
CN NHMe2 ’) 3
(i) 0 °C
/ 98%
/N\

(i) 150 °C
Scheme S2: Synthesis of 3.

Following a literature procedure,! acrylonitrile (6.5 ml, 0.1 mol) was added dropwise in an ice cold 40%
aqueous solution of dimethyl amine (11.8 g, 0.105 mol) at 0°C under stirring condition for 3 hours (Scheme
S2). After the addition, stirring was continued for 2 hours at 150°C. The product was extracted in
chloroform. After removal of solvent, 8 was distilled out under vacuum (20 mmHg for 80 °C) as colourless

liquid (9.6 g, 98% yield) that was used without further purification.

Synthesis of 5-bromo-1,2-dihydroacenaphthylene () [27

. NBS/ DMF . 4
DO D

Br
Scheme S3: Synthesis of 4.

Adapting a literature protocol,? a suspension of 10 g (65 mmol) 1,2 dihydroacenaphthylene in 35 ml of DMF
under continuous stirring the solution of 11.3 g (64 mmol) N-bromosuccinimide (NBS) in 85 ml of DMF
was added drop by drop during 30 minutes (Scheme S3). After the addition of the solution was completed,
the reaction mixture was stirred for another 2 hours at room temperature and then was poured into 1L of
ice-water. Formed precipitate was separated by filtration and washed in the filter with ethanol. The product
was purified by crystallization from methanol (10 g, 66% yield). '"H NMR (500 MHz, DMSO-ds) 6 7.70 (d, J
= 7.3 Hz, 1H), 7.67 — 7.51 (m, 2H), 7.38 (d, J = 6.7 Hz, 1H), 7.25 — 7.12 (m, 1H), 3.41 — 3.31 (m, 2H), 3.28
(dt, J = 10.2, 8.4 Hz, 2H) ppm. *C NMR (126 MHz, DMSO-ds) § 146.85, 146.63, 140.21, 131.38, 130.53,

129.99, 121.30, 120.91, 120.89, 30.60, 29.88 ppm.
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Synthesis of 6-bromo-1H,3H-benzo[deJisochromene-1,3-dione (5) [3]

@) o 0]

. Na,Cr,0-/ Acetic acid 5
0 e
CH3;COOH 53%

Br 4 Br

Scheme S4: Synthesis of 5.

A stirred mixture of 5-bromoacenapthene (4, 8 g, 34 mmol) and acetic acid (100 ml) was heated to 90 °C
(Scheme S4) and of Na,Cr.07.2H.0 (50 g, 0.17 mol) was added carefully (CAUTION, exothermic reaction)
in small portions to keep temperature not higher than 90°C.? The reaction was then heated to reflux and
kept at reflux for 5.5 hours. The reaction mixture was allowed to cool to room temperature and was poured
into 750 ml of water. The precipitate formed was suspended in Na.COs (aq, 10%, 500 ml) and boiled for 1
hour. Cooling to room temperature gave a precipitate of 4-bromonaphthalic acid that was filtered, washed
with water and dried. The anhydride 5 was formed during recrystallization from acetic acid. The product
was obtained as grey solid (5 g, 53% yield). 'H NMR (500 MHz, DMSO-ds) 6 8.57 (dd, J = 8.1, 5.0 Hz, 2H),
8.33 (dd, J = 7.9, 1.5 Hz, 1H), 8.23 (dd, J = 7.7, 1.5 Hz, 1H), 8.01 (t, J = 7.8 Hz, 1H) ppm. '*C NMR (126
MHz, DMSO-ds) § 160.67, 160.62, 134.15, 183.74, 133.04, 132.15, 130.92, 130.77, 130.41, 129.59, 120.21,

119.41 ppm.
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Synthesis of 6-(dimethylamino)-1H,3H-benzo[de Jisochromene-1,3-dione (6) [4]

O O O]
0] 0 0
CN BuOH, reflux
. H overnight OO 6
OO N 80 %
N
Br 5 3 SN

Scheme S5: Synthesis of 6.

Using a modified protocol based on the literature,* a solution of 4-bromo-naphthalic anhydride (5, 2 g, 7.2
mmol) in z-butanol (100 ml) in a round-bottom flask equipped with reflux condenser (Scheme S5) was
brought to reflux and 3.14 ml of 3-N,N-dimethylaminopropionotrile was added slowly. The reaction mixture
was stirred at reflux overnight and cooled with an ice bath until the formation of yellow fluorescent
precipitate. The solid was filtrated and washed with z-hexane to give the desired product 6 as a yellow solid
(1.4 g, 80% yield). 'H NMR (400 MHz, Chloroform-d) § 8.53 (ddd, J = 22.4, 7.9, 1.2 Hz, 2H), 8.44 (d, J =
8.3 Hz, 1H), 7.69 (dd, J = 8.5, 7.3 Hz, 1H), 7.11 (d, J = 8.4 Hz, 1H), 8.20 (s, 6H) ppm. '*C NMR (101 MHz,

Chloroform-d) § 161.66, 160.69, 157.89, 134.94, 124.95, 124.80, 119.16, 113.14, 109.34, 44.59 ppm.
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LiAIH,/ THF

7 reflux

Quant.
NH, NH;

Scheme S6: Synthesis of 8.

Using a modified literature procedure,® a solution of 5-amino-isophthalic acid dimethyl ester (7, 2 g, 9.57
mmol) in 20 ml anhydrous THF was slowly added into THF (100 ml) slurry of LiAlH,4 (2.2 g, 58 mmol) at
0°C under vigorous stirring (Scheme S6). After stirring at 0°C for 30 minutes, the mixture was allowed to
reflux for 14 hours, at which point it was cooled to 0°C. Ethyl acetate (total 20 ml) was then slowly added
into the greyish mixture under vigorous stirring to quench excess LiAlH,; and then 15 ml of water was
added to hydrolyse the alumina salt. A colour change from greyish to green then yellowish was observed.
After stirring for another 1 hour, the resulting slurry was filtrated through a pad of silica gel using coarse
frit and washed with several portion of THF (3 x 100 ml). Solvent removal of the combined filtrate and
washings afforded a yellow-brownish crude compound. Further purification of 8 was achieved by
recrystallization from THF /hexane (1.49 g, quantitative yield). '"H NMR (500 MHz, DMSO-ds) § 6.41 (d, J
=3.7Hz, 3H), 5.01 (br, J = 74.8 Hz, 4H), 4.33 (s, 4H) ppm. '*C NMR (126 MHz, DMSO-ds) 6 176.55, 148.71,

148.82, 112.90, 111.06, 25.46 ppm.
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Synthesis  of  2-(3,5-bis(hydroxymethyl)phenyl)-6-(dimethylamino)-1H-benzo/de Jisoquinoline-
1,3(2H)-dione (9)

HO OH
HO OH
0~ 0. 0
O~_N__O
8 9
0
Pyridine OO 85%
Zn(OAc),
/N\ 6 N
PN

Scheme S7: Synthesis of 9.

Using a procedure similar to that of a related compound,® a solution of (5-amino-1,3-phenylene_dimethanol)
(8, 535 mg, 3.52 mmol), 4-N,N-dimethylamino-1,8naphthalic anhydride (6, 560 mg, 2.35 mmol) and
Zn(OAc). (475 mg, 0.6 mmol) in 10 ml pyridine was refluxed for 30 hours (Scheme S7). After the reaction
seemed complete by TLC, the solvent was evaporated. The crude product was purified by column
chromatography with DCM: EtOH 95:5 and affording the desirable product as yellow fluorescent solid (754
mg, 85% yield). ESI-MS [M+H7* 877.1494; calculated for CooHo1N2O4 377.1501 [M+H7J*;. 'H NMR (500
MHz, DMSO-ds) 6 8.49 (dd, J = 49.8, 7.9 Hz, 2H), 8.32 (d, J = 8.2 Hz, 1H), 7.76 (t, J = 7.9 Hz, 1H), 7.38 (s,
1H), 7.18 (d, J = 5.7 Hz, 8H), 5.32 (d, J = 5.8 Hz, 2H), 4.57 (d, J = 5.7 Hz, 4H), 3.11 (s, 6H) ppm. *C NMR
(126 MHz, DMSO-d6) § 164.36, 163.70, 157.13, 143.73, 136.38, 182.73, 182.11, 131.06, 130.51, 125.65,

125.48, 124.81, 124.47, 128.24, 114.14, 118.47, 63.07, 44.87 ppm.
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Synthesis of  2-(3,5-bis(bromomethyl)phenyl)-6-(dimethylamino)-1H-benzo[de Jisoquinoline-
1,3(2H)-dione (10)

HO OH Br Br
0<_N__0O PBr; O NP
9 DCM 10
SORNG SR
N
N NN

Scheme S8: Synthesis of 10.

To a stirred solution of 9 (512 mg, 1.37 mmol) in anhydrous DCM (100 ml) at 0°C was added dropwise PBrs
(172 pl, 1.83 mmol) (Scheme S8). The reaction was monitored by TLC analysis. The reaction was kept
stirring at room temperature for two days_(The starting material is not soluble in DCM, so the reaction was
run for a long time). The reaction mixture was poured slowly into ice-water (50ml). The organic phase was
washed with saturated NaHCOs (aq, 30ml x2), 1M HCI (30 ml) and brine (80 mlx3), dried over anhydrous
MgSO,, filtered and concentrated by evaporation. The crude material was purified by column
chromatography (DCM) affording the desired product 10 a light green fluorescent powder (710 mg, 99%
yield). ESI-MS [M+H7* 500.9798; calculated for CooH19BraN.Os 500.9813 [M+H7+;. '"H NMR (500 MHz,
DMSO- dg) 6 8.58 (dd, J = 8.6, 3.1 Hz, 1H), 8.47 (d, J= 7.2 Hz, 1H), 8.85 (d, J= 8.2 Hz, 1H), 7.80 (t, J = 7.9
Hz, 1H), 7.63 (s, 1H), 7.40 (s, 2H), 7.27 (t, J = 7.9 Hz, 1H), 4.77 (s, 4H), 3.13 (d, J = 2.8 Hz, 6H). *C NMR
(126 MHz, DMSO- ds) 6 164.30, 163.59, 157.25, 139.68, 137.09, 132.87, 132.36, 131.20, 130.35, 125.53,

124.79, 128.17, 118.50, 44.91, 33.83 ppm.
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Generate Molecular Formula Parameters

Charge Tolerance sigma limit H/C Ratio Electron Conf. Nitrogen Rule Chrom BackGround Calibration

+1

0.08

6 ppm 3-0 both false false TRUE
Expected Formula C22 H18 Br2 N2 02 Adduct(s): H, Na, NH4, C3H5N2, radical
# meas. m/iz theo.m/z |Err][ppm] Sigma Formula Adduct Adduct Mass
1 500.9798 500.9808 190 00113 C22H19Br2N202 M+H 1.0078
1 522 9627 522 9627 000 00103 C22H18Br2N2Na02 M+Na 2298098
1 518.0066 518.0073 1.50 0.0513 C22H22Br2N302  M+H4N 18.0344

Note: Sigma fits < 0.05 indicates high probability of correct MF
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Synthesis of 2.2Br

Scheme S9: Synthesis of 2.2Br.

Compound 10 (720 mg, 1.43 mmol) and 1-octadecyl-1H-imidazole” (229 mg, 0.718 mmol) were dissolved in

50 ml of acetonitrile and the reaction mixture was kept under reflux overnight (Scheme S9). Then it was

allowed to cool down to room temperature and the precipitated solid was collected by filtration and dried

under vacuum. The final compound was obtained as yellow, fluorescent solid (910 mg, 95% yield). ESI-MS
[M-2Br] 2+ 491.8647; calculated for CssHosN6O2 491.8876 [M-2Br7]2*. '"H NMR (400 MHz, DMSO- ds) 8
9.44 (s, 2H), 8.60 (d, J = 8.6 Hz, 1H), 8.44 (d, J = 7.1 Hz, 1H), 8.32 (d, J = 8.3 Hz, 1H), 8.05-7.72 (m, 5H),

7.65 (s, 1H), 7.88 (s, 2H), 7.24 (d, J = 8.4 Hz, 1H), 5.55 (s, 4H), 4.19 (t, J = 7.1 Hz, 4H), 8.55-3.26 (m, 4H),
3.14 (s, 6H), 1.78 (h, J = 6.7 Hz, 4H), 1.30-1.10 (m, 56H), 0.85 (t, J = 6.7 Hz, 6H) ppm. '*C NMR (126 MHz,

CDCls) 8§ 164.61, 163.96, 157.48, 186.99 , 136.70, 136.06, 133.28, 131.95, 131.54, 130.65, 130.60, 130.33,

124.83, 123.01, 122.10, 113.80, 113.19, 51.81, 50.83, 44.75, 31.93, 30.16, 29.72, 29.67, 29.58, 29.44, 29.37,

29.07, 26.36, 22.70, 14.13 ppm.
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Spectra (indicated in graph) of 2.2Br in MeOH at room temperature
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List of Micrograph Movies

Movie S1. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo obtained in

water-ethanol ratio 5:5. Real time 8.3 minutes, 20 frames per second (fps).

Movie S2. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo obtained in

water-ethanol ratio 7:3. Real time 8.3 minutes, 20 fps.

Movie S3. TIRF video of the central irradiation experiment performed on sample Gel@TCPP@Azo

obtained in water-ethanol ratio 5:5. Real time 8.3 minutes, 20 fps.

Movie S4. TIRF video of the central irradiation experiment performed on sample Gel@TCPP@Azo

obtained in water-ethanol ratio 6:4. Real time 8.3 minutes, 20 fps.

Movie S5. Video of an irradiation experiment performed on sample Gel @ TCPP@Azo 5:5 using light at 405

nm. Real time 8.3 minutes, 20 fps.

Movie S6. Video of the irradiation experiment performed on sample Gel@TCPP@Azo 5:5 using light at

488 nm. Real time 5 minutes, 10 fps.

Movie S7. Video of the irradiation experiment performed on sample Gel@TCPP@Azo 5:5 using light at

561 nm. Real time 8.3 minutes, 20 fps.

Movie S8. Video of the irradiation experiment performed on sample Gel@TCPP@Azo 5:5 using light at

642 nm. Real time 8.2 minutes, 20 fps.

Movie S9. SRRF video of the irradiation experiment performed on sample Gel@TCPP@Azo obtained in

water-ethanol ratio 7:3. Real time 1.7 minutes, 10 fps.

Movie S10. TIRF video of the irradiation experiment performed on sample Gel@TCPP obtained in water-

ethanol ratio 5:5. Real time 8.3 minutes, 10 fps.

Movie S11. TIRF video of the irradiation experiment performed on sample Gel@TCPP obtained in water-

ethanol ratio 7:3. Real time 1.7 minutes, 10 fps.

Movie S12. TIRF video of the irradiation experiment performed on sample Gel@TCPP@AzoH (prepared
trom the sodium salt of TCPP but with no additional base to deprotonate the Azo compound) obtained in

water-ethanol ratio 5:5. Real time 8.3 minutes, 10 fps.

Movie S13. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo in 5:5
water:ethanol with a starting trans:cisratio of approximately 35:65 (prepared by irradiating the ethanol stock

solution containing the Azo used for the preparation of the gel at 365 nm). Real time 50 seconds, 5 fps.

Movie S14. TIRF video of the irradiation experiment performed on sample Gel@TCPP@Biph obtained in

water-ethanol ratio 7:3. Real time 8.3 minutes, 20 fps.
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Movie S15. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo in 5:5
water:ethanol with a starting #rans:cisratio of approximately 85:65 (prepared by irradiating the ethanol stock

solution containing the Azo used for the preparation of the gel at 365 nm). Real time 120 seconds, 10 fps.

Movie S16. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo obtained in

water-ethanol ratio 5:5. Real time 8.3 minutes, 20 fps.

Movie S17. TIRF video of an irradiation experiment performed on sample Gel@TCPP@Azo obtained in

water-ethanol ratio 7:3. Real time 8.3 minutes, 10 fps.
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