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Photoresponsive gelators
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Low molecular weight gels can be responsive to a range of external stimuli. The use of light as an

external stimulus to modify gels is of particular interest for a number of reasons. Light is a non-invasive
trigger. For example, using light it is possible to spatially target a specific area of the gel leading to
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Introduction

Gels are a class of soft materials that are used in many areas, from
foods to electronics. Gels consist mainly of a liquid, immobilised
by a cross-linked network. The liquid can be present in very high
volumes, in some cases making up 99.9% of the total mass;
however, the gels still exhibit many properties of a solid. The
solid network immobilising the solvent can be formed from a
chemically cross-linked polymer, where the polymer chains are
cross-linked irreversibly via covalent bonds (Fig. 1).'~ Alternatively,
the network can be formed from entangled high molecular weight
polymers or biopolymers, such as pectins or collagen.*® A final
class of gel is formed by the self-assembly of low molecular weight
gelators (LMWG, Fig. 1).6

These LMWG self-assemble through non-covalent interactions,
including hydrogen bonding, n-r stacking, and ion pairing to
form one dimensional structures such as fibres. The cross-
linked network leading to the formation of gel is a result of
the entanglement of these structures.

There are many different structurally diverse families of
LMWG.>'""? These include amino acids, peptides, sugars,
quaternary ammonium salts, metallic soaps, derivatised cholesterols,
and hydrocarbons. To form gels, typically the LMWG are initially
dissolved or suspended in the solvent (Fig. 1, top)."* These molecules
are then induced to self-assemble when a suitable trigger is
applied, which results in the LMWG becoming significantly less
soluble. As the molecules become less soluble, they assemble
into long fibres in order to minimize their interactions with the
surrounding solvent (Fig. 1, top). These fibres then interact
further with each other by cross-linking and entanglement
resulting in the gel network (Fig. 1, top). The trigger used will
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patterned gel surfaces. Here, we review the different approaches that have been used to form low
molecular weight gels that respond to light.
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Fig. 1 Gelation using (top) low molecular weight gelators, where the cross-
links are generally formed by entanglement and (bottom) polymers, where
the cross-links can be permanent chemical bonds or entanglements.

depend on the system, but could be temperature (using a simple
heat-cool cycle), a change in pH, a change in solvent quality (for
example, by adding an anti-solvent) or addition of a specific salt.

The self-assembly of the LMWG in fibres is still poorly
understood.” A range of techniques have been used to char-
acterise the assembly at different length-scales."* For example,
local assembly can be probed using infra-red spectroscopy or
circular dichroism,"* whilst techniques such electron micro-
scopy or small angle scattering’® gives insight into the nature of
the self-assembled structures (for example if cylinders or hollow
tubes are formed). Rheology can be used to gain some information
about entanglement of the network and the bulk mechanical
properties of the resulting gels."®"”

A key issue is the design of the LMWG. A wide range of
different structures can form gels but it is difficult to predict in
advance whether a molecule will be an effective gelator and,
if so, exactly which solvents or solvent mixtures will be gelled.”
It is clear that directional non-covalent interactions are a

This journal is © The Royal Society of Chemistry 2016
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pre-requisite, but these are not sufficient to always result in a
gelator. A balance of solubility is clearly needed. Beyond this, a
number of strategies have been employed, including synthetically
iterating around the structure of a known gelator,'® using insights
from crystallography,'® and computational approaches.?®*!
Serendipitous discovery is also common.>>

A potential advantage of gels formed from LMWG compared
to chemically cross-linked polymeric hydrogelators is that the
gelation is usually reversible."" This is due to the fibrous
network being held together only by non-covalent interactions.
This reversibility is important when thinking about applications
of the gels such as the controlled release of guest molecules or
as use in sensors in logic gates.”® The weak covalent forces
holding fibres together can also mean that some gels are able to
quickly recover back to their original strength upon breaking.**
This so-called thixotropic behaviour means that the gels are
often suitable for injection or other processing allowing them to
be processed for the use in devices.

Photoresponsive gels

Low molecular weight gels can be responsive to a range of
external stimuli.>®® These gels can respond to temperature,
mechanical stress, light, chemical stimulus, enzymes, pH etc.
Responses to the stimuli include a change in colour, gel-to-sol
transitions, gel-to-gel transitions, isomerisation, dimer formation,
changes in morphology, and changes in electronic properties. This
makes such gels ideal for the use in applications such as sensors,
logic gates, and organic electronics.”® Post-modification of gels
also allows further tuning of gel properties.*

The use of light as an external stimulus to modify gels is of
particular interest due to the ability to spatially target a specific
area of the gel leading to patterned gel surfaces.*’** This is
useful for such applications as microfluidics, cell culture and
differentiation and electronic materials. Light is also often a
non-invasive trigger, so the addition of another reagent for
example is not needed.

There are multiple potential responses to the application
of light for photoresponsive gelators. The most common are a
change in structure such that a gelator becomes a non-gelator.
This results in the gel becoming a solution (Fig. 2b). Alterna-
tively, a change in the gel network may occur, for example by a
dimerization or polymerisation, often resulting the network
becoming stronger (Fig. 2c). Before discussing these, it is worth
noting that the aggregation of the LMWG into fibrous structures can
affect the optoelectronic properties of the system.>® Aggregation of
LMWG that contain aromatic groups often leads to the formation of
J- or H-aggregates when fibrous structures are formed.>® This can
strongly affect the absorption spectra of the system. As a result
of the aggregation, a quenching of fluorescence is often also
observed. However, aggregation induced emission has also been
reported for a number of LMWG, where the fluorescence is
enhanced on formation of the self-assembled fibres.>*?”

Gelators that are inherently photoresponsive will contain a
chromophore, which is the photoresponsive group, attached to
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Fig. 2 (a) Initially, a self-supporting 3D matrix of fibres is formed by the
assembly of the photoresponsive LMWG. On application of light, the
response of the LMWG either leads to (b) most commonly, the network
falling apart, or (c) a change resulting in a strengthening of the network, for
example through a dimerisation of the LMWG.

other functional groups that drive or aid with gelation. The
chromophores are usually conjugated systems that absorbs
light. Hence, the conjugated systems can also aid the self-
assembly by n-rn stacking and (in water) hydrophobic interactions
that contribute to the formation of one dimensional fibres.®® The
chromophores collect light of a specific wavelength and convert it,
leading to a photoreaction. For photoresponsive gelators, suitable
and useful photoreactions include isomerisation, dimerisation,
bond formation, bond cleavage and exciton formation depending
on the chromophore present. The diversity in reactions allows
for different applications. Here, we discuss the different approaches
that have been used to form low molecular weight gels that
respond to light.

Photoisomerisable gelators

Photoisomerisation is the changing of a cis isomer to the trans
isomer or vice versa using the absorption of light (Fig. 3).*%%°
The trans-isomers of the molecule are most often able to act as
LMWG, whereas the cis-isomers tend to be non-gelators.
Usually, the cis-isomer does not form gels due to change in
polarisation and a less effective ability of the molecule to pack
into one dimensional structures. Assuming that a gel has been
formed using one isomer, the photoisomerisation commonly
leads to a gel-to-sol transition, and hence the gel becoming a
liquid, or a sol-to-gel transition, where a gel is formed on
exposure to light. This type of response is useful for removing
part of the gel to create a patterned surface. This could be
especially useful when using a multi-component system so that
the integrity of the gel remains but one gelator is removed from
a specific area leading to different properties on specific part of
the gel.** Gel-to-sol transitions or sol-to-gel transitions can also
be used in sensors such as logic gates.*"**
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Fig. 3 Switching between two isomers of the same molecule, the gel
forming trans-isomer and the non-gelling cis-isomer, using light.

Azobenzenes

Perhaps the most common photoresponsive LMWG are based
on an azobenzene core.">***7> Compounds containing azobenzene
moieties generally have two absorption peaks, a high-intensity
peak in the UV and a lower intensity peak in the visible region.
trans-Azobenzene isomerises to the cis-form when it is irradiated
with UV light. The trans-isomer is more stable than the cis-
isomer, meaning that the cis-to-trans isomerisation can also be
achieved using heat. Hence, the use of azobenzene has the
general drawback that the thermal re-isomerisation can be very
quick and hence it can be difficult to maintain the cis isomer for
periods of time. However, the addition of substituents to the
azobenzene most often increases the lifetime of the cis-state.
The photostationary state represents the equilibrium state
where the composition of both isomers does not change further,
no matter how long irradiation occurs (i.e. where the rates of the
photo-induced cis-to-trans isomerisation is the same as the rate
of photo- and heat-induced trans-to-cis isomerisation). The
photostationary state for azobenzenes usually corresponds to
around 80% of the cis-isomer and 20% of the trans-isomer.
When the cis-isomer is irradiated with visible light (1 > 420 nm),
the trans-isomer is almost entirely recovered.

Azobenzene-based gelators have been extensively studied.
For example, Diaz Diaz and co-workers developed a library of
short peptide functionalised azobenzene LMWGs.*” These
LMWG gelled a range of solvents. A trans-to-cis isomerisation
took place when the gels were irradiated with UV light. This
isomerisation could be followed by UV-Vis absorption spectro-
scopy, where the peak at 328 nm decreased in intensity, whilst a
peak at 439 nm increased in intensity (Fig. 4).

This data is typical for such azobenzene-based LMWG. On
exposure to natural light, the reverse cis-to-trans isomerisation took
place. This process could be repeated many times. Interestingly the
relatively quick rate of isomerisation, the gel-to-sol and sol-to-gel
transitions were much slower (on the order of hours). This is
presumably because the length-scales involved are very different;
isomerisation occurs on the molecular level, but the gels are a
result of structure formation on the nano and micro-scale. This
timescale is slower than some other examples, and is presumably
affected by the steric environment around the azobenzenes; for
example, dendritic gelators have been shown to respond much
more quickly.>*
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Fig. 4 Reversible changes in the UV/Vis spectra for an organogel in
toluene showing the reversible trans-to-cis isomerisation of the azobenzene
moiety. On irradiation with UV light, the trans isomer changes to the cis
isomer, leading to a gel-to-sol transition. Reproduced from ref. 47 with
permission from the Royal Society of Chemistry.

Moriyama et al. mixed a discotic liquid crystal (Fig. 5a,
structure 1) with a hydrogen-bonded photoresponsive gelator
based on two azobenzenes (Fig. 5a, structure 2) to give a liquid
crystalline gel.”® The mixed gel system was heated to 160 °C and
then cooled to a different temperature. Two things happened as
a result of this change in temperature: gelation of molecule 2
occurred and the liquid crystal phase of 1 also formed. When
the system was cooled under UV light, cis-isomer of 2 was
formed along with liquid crystals. The ¢rans-isomer of 2 was
then formed when the system was heated allowing gelation to
occur after liquid crystal formation. This could be used to give
two different processes, where gelation either happens first
followed by liquid crystal formation, or where the liquid crystal
is formed first and gelation happens afterwards. The use of the
photoresponsive gelator allows two different templated materials
to be made from the same molecules. The authors also managed
to photopattern this system using a mask and irradiating
the sample. They found where the sample was irradiated,

cug(cnz)so O(CH)sCH3

cnz(choo«:Hz)ﬁ(:H;

CH3(CHs0 O(CHp)sCH3

Non-irradiated area
2 Iradiated area

Fig. 5 (a) Molecular structures of 1 and 2 (b) optical polarized light

microscope image of a patterned sample of 1, 2 at 65 °C prepared by

cooling under UV light using a photomask. Adapted from ref. 73 with

permission from the Royal Society of Chemistry.
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there were aligned liquid domains whereas were the sample
was covered by the mask, there was no alignment (Fig. 5b). The
alignment was hence fixed by the assembled structure of 2. This
alignment of liquid crystals could be of use in organic electronic
materials as aligned liquid crystals have been shown to have
enhanced hole mobility.”

As noted above, a potential problem when using azobenzene
gelators is the reversibility of the ¢trans-to-cis isomerisation. The
photostationary state is not at 100% of the cis-isomer, and so
normally there is a mixture of the two isomers in the gel or in
the solution, which can be an issue.?® There are many examples
where the reversibility of the system has been demonstrated by
irradiating the cis-form with visible light. In some cases, this
reversibility is not present, meaning that some groups also have
to heat and sonicate solutions to regenerate the trans-form,
showing that not all examples are truly photoreversible.**®
There are also a examples of supramolecular systems where
irradiation of the trans-form leads to slow or no photoisomerism.®”
This is explained in terms of the packing of the azobenzene
moieties in the self-assembled structures being such that the
isomerisation is sterically restricted. It is also clear that when
reversibility is demonstrated, almost no examples prove that the
mechanical properties have been recovered. Indeed, rheological
data is very rare in this field, with most demonstrations of gel-
to-sol or sol-to-gel transitions being demonstrated purely by
inverting vials and observing whether the samples flow or not.

Stilbenes

Stilbenes are similar in structure to azobenzenes as seen above;
they differ by having a C—C instead of a N—N bond (Fig. 6).
They act similarly to the azobenzene, with the trans-to-cis
isomerisation occurring upon irradiation with UV light. Again,
these have been extensively studied in the literature.*®>”>7® 1t
has been shown that the isomerisation can occur in the gel
state, whilst not occurring in the solid state, which is explained
by fact that the stilbene moieties are solvated effectively in the
gel state.”® The cis-stilbene is less thermally stable than the
trans-stilbene and so in the dark the cis-isomer can re-convert to
the trans-isomer. However, the wavelength needed for the ¢trans-
to-cis isomeriation is shorter than that needed for azobenzene,
and the cis-stilbene is more stable than cis-azobenzene.*’
Heenan and co-workers prepared organogels based on a
stilbene with a gemini photo-surfactant (Fig. 7a).”° They refluxed
the gelator in toluene and 0.4% N,N’-dimethylaminedodecyl-
amine. The solution was then cooled to room temperature to
form the organogel. This method of gelation gave reproducible
gels, even when changing the amount of gelator in solution and
the amount of N,N’-dimethylaminedodecylamine. These gels
were opaque when initially formed (Fig. 7b). Upon irradiation

)
)
Fig. 6 Molecular structure of trans-stilbene.
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Fig. 7 (a) Molecular structure of stilbene gemini surfactant gelator.
Photographs of (a) the organogel (b) after irradiation (c) selective removal
of part of the gel. Adapted from ref. 79 with the permission of the Royal
Society of Chemistry.
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with a mercury lamp, the gels changed to a clear solution
(Fig. 7c). "H NMR spectroscopy showed that complete conversion
to the non-gelling cis-isomer occurred. They then used a mask and
selectively de-gelled parts of the gel (Fig. 7d). This selective removal
could be used to create patterned surfaces.

Miljani¢ et al. examined the gelation ability of an oxamide-
based gelator bearing a stilbene functional group, varying the
substituents on the stilbene.”® They prepared a series of symmetric
and asymmetric gelators, with some bearing two oxamide groups
and some bearing one oxamide and one long alkyl chain. They
tested all the molecules in a variety of solvents. The molecule
containing the long alkyl chains were more likely to gel, although
not all the molecules with the alkyl chains formed gels. As noted
above, this is an excellent demonstration as to how difficult it can
be to design a new gelator. Again, there are few design rules for a
successful gelator. For the successful LMWG, Miljanic et al. then
investigated whether the corresponding cis-molecules still formed
gels. Most of the cis-isomers did not gel, but one of the cis-
molecules that was functionalized with an oxalamide and an alkyl
chain gelled in toluene and tetralin. This is very unusual, as
normally the cis-isomers do not form gel. Using this library,
light-induced gelation could be achieved. Here, a solution of a
non-gelling cis-isomer was irradiated to form the corresponding
trans-isomer, resulting in the formation of a gel.

We have recently described the use of a stilbene LMWG as
one component in a self-sorted two LMWG system.® Here, the
sequential assembly of the two components was carried out by
a slow drop in the pH of the system. When the stilbene was
used alone, a gel-to-sol transition was achieved by irradiation as
expected. In the two component system, only the stilbene was
affected by irradiation; the other component was unchanged.
Hence, irradiation still lead to the isomerisation of the stilbene,
but the gel maintained its integrity. We showed that this
approach could be used to demonstrate using rheology that
the second network was unaffected by the presence of the
stilbene network that was initially present. This approach could
also be used for patterning a gel structure, and allow spatial
localization of specific functional groups in the network.

Alkenes

There are not many examples, but a ¢trans-to-cis isomerisation of
alkene-containing LMWG can be used in a similar fashion to

Chem. Commun., 2016, 52, 8196-8206 | 8199
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the above to induce gel-to-sol transitions.*® Hamachi’s group
has shown a number of examples, all based around a similar
structure (Fig. 8).8'"®® Interestingly, they have shown that
droplets can be gelled, and then the light-triggered degelation
used to allow reactions and transport to occur in the droplets.®'

Ring opening and closing

Another useful photoreaction is where bonds are made or
broken. For photoresponsive gelators, this is most likely a ring
opening or ring closing reaction.®** This ring opening or ring
closing can have several results; these include a change in
colour,®® a change in electronic properties,®” and or a gel-to-sol
transition.®*® The response to light makes such LMWG ideal
for applications in as sensors, optical switches and displays.
Molecules that can undergo ring opening reactions under UV
light are often referred to as the ‘open’ molecule and ‘closed’
molecule depending on whether the ring is open or not.

Dithienylethenes

Dithienylethenes undergo a photoreversible ring opening and
closing and can be used to form gels.**"°° The open form of the
molecule can be converted to the closed form with the use of
UV light. This is reversible, with the open molecule being
formed on irradiation with visible light (Fig. 9). When the
molecule is closed, this restricts rotation around the cyclopentene
and the thienyl groups are conjugated, giving very different
electronic properties and flexibility to the open form.’” This
change in conjugation and electronic properties gives interesting
responses from the molecules, often leading to a change in
colour. Furthermore, this reversible photoresponse can be
carried out many times without loss of efficiency. Photochromic
response to light and efficiency of this reaction makes these
molecules useful for devices such as photo switches.?***
Feringa and co-workers functionalised a ring open dithienyl-
ethene with various dipeptides on the 3-position of the cyclo-
pentene.’® By changing the amino acids in the dipeptide, the
polarity of the molecules could be tuned. The gelators were
dissolved at different concentrations in a phosphate buffer, or
in water with the pH adjusted. The solutions were heated and
sonicated to give a clear solution and, when cooled, formed
weak gels which were frequency dependent. The lysine-glycine
functionalised ring-open dithienylethene was then irradiated
with 312 nm to form the ring-closed dithienylethene. This
resulted in a change in colour of the gel from yellow to red,
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Fig. 8 Molecular structure of alkene-based photoresponsive LMWG. On
exposure to UV light, a trans-to-cis isomerisation occurs, leading to a gel-
to-sol transition. Reproduced from ref. 39 with permission of the Royal
Society of Chemistry.
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Fig. 9 Molecular structure of dithienylethene in (a) the open form and
(b) the closed form.

without a change in the rheological properties of the gel. This
ring closing was reversible when using visible light >500 nm
and the gel returned to the original yellow colour. This change
in colour arises due to the molecule being more conjugated
and so has a change in the highest occupied molecular
orbital (HOMO)/lowest unoccupied molecular orbital (LUMO)
gap. They were also able to selectively change the colour by
using a photo mask. These molecules are promising for the use
as a photo switch, owing to it maintaining its gel structure.

A naphthalimide and cholesterol-appended dithienylethene
was synthesised by functionalising both the thienyl groups by
Wang et al.®® This gave extra fluorescent properties to the
molecule due to the naphthalimde group and the cholesterol
group aiding with gelation. Again, when gelled, there was a
photochromic response with the gel changing from a yellow to
a red colour when irradiated with UV light (Fig. 10a and b).
Unlike the example above, the authors showed that this molecule
also responded to heat, fluoride ions and protons in both the
open and closed form of the molecule. Both the open and closed
form of the gel went through a gel-sol transition when heated.
They showed that there was also a photochromic response when
the molecule was in solution, again showing a yellow to red
transition when irradiated with UV light (Fig. 10c and d). In the
presence of fluoride ions, the open yellow solution changes to
an orange colour due to the fluoride ion deprotonating the
amide group giving a negative charge on the nitrogen and
promoting a internal charge transfer and the change in colour,
this was reversible upon the addition of protons (Fig. 10c and e).
This orange solution also responds to the UV light and then

Ty(Sol)
Ta(Gel)

T(Sol) F |

' Ty(Gel) - T l
; |’ =

Fig. 10 Colour change and state change upon different stimuli for a
naphthalimide and cholesterol appended dithienylethene gelator. Reproduced
from ref. 99 with permission of the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2016
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orange colour deepens to a dark orange colour (Fig. 10e and f).
This multi-responsive system would be ideal for the use in
sensors and logic gates.

Dithienylethene gels are very interesting materials due to
them being able to maintain their rheological properties but
still responding to visible and UV light. They show little fatigue
after multiple cycles of ring opening/closing. The ability to be
responsive to multiple stimuli also makes it possible for these
materials to be used for many different applications.

Spiropyrans

Another photoresponsive gelator molecule that undergoes
cleavage is spiropyrans. These molecules have a reversible
photochemical cleavage of their C-O bond in the spiro unit.'®
These are very closely related to spironaphthoxazines, which
also have the same photochemical cleavage of the C-O bond.***
Under visible light or heat, there is a cyclisation and the C-O
bond is formed to give the closed, most stable form (Fig. 11b).
This can then be ring opened to the open form using UV light
(Fig. 11a). The open form is normally more soluble. Hence, for
LMWG based on spiropyrans, the consequence of the ring
closure is a sol-gel transition as the closed form is planar, less
flexible and has unfavourable n-stacking. Hence, spiropyran-
based LMWG differ from many of the photoisomerisable
gelators described above since there is a sol-to-gel transition
under UV light as opposed to a gel-to-sol transition. There are
many examples of spiropyran incorporated into polymers
systems, but relatively few for low molecular weight gelators.®*'*
Zhang and co-workers functionalised a spiropyran with
dipeptide containing to alanine amino acids.*® The dipeptide
promotes self-assembly with hydrogen-bonding and van der
Waals interactions. The open form of the molecule was
dissolved at neutral pH and formed a dark red gel when the
pH was lowered to 3 using HCI (Fig. 12a). The closed form was
unable to form a gel this way and remained as a yellow liquid.
The gels formed from the open form needed to be kept away
from visible light, as they became unstable. This sensitivity to
visible light is not ideal for the use in applications. The gel
could be irradiated with wavelengths of light >400 nm to form
a yellow gelatinous precipitate (Fig. 12b), and the pH had to be
altered again to form the solution, meaning this is not truly
photoreversible. The yellow solution could then be irradiated
with UV light to get a red gelatinous precipitate; again, the pH
had to adjusted to form a gel. They also added vancomycin to
the gel, which resulted in a gel-to-sol transition. This change in
state is due to the ligand specific vancomycin binding to the

R
visible light/ /
heat O N O R
UV light —
open R closed

Fig. 11 Molecular structure of a spiropyran molecule (a) in the open form
and (b) the closed form.
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Fig. 12 Photographs of (a) open spiropyran gel and (b) closed spiropyran
solution open irradiated with different light sources. Adapted from ref. 36
with permission of the Royal Society of Chemistry.

dipeptide and increasing the solubility. Hence, this spiropyran
molecule shows a multiple responses to pH, light and vancomycin.

2H-Chromene

2H-Chromenes go through a photocleavage of a C-O bond upon
the irradiation with UV light and ring opening the molecule
(Fig. 13). This ring-opening is reversible upon heating due to
the ring-closed molecule being more thermally stable than ring-
opened molecule.®*#¢ This ring-closure occurs through an
electrocyclisation. These two forms of the molecule are again
referred to as the open and the closed form. The closed form is
usually colourless and the ring-closed form is coloured. This
change in colour makes these molecules of interest due
the resistance to fatigue over multiple cycles. Despite this
photochromic behaviour, there are only a few examples of
these molecules being used as gelators.

A series of 2H-chromene N-acylamino acid conjugates were
reported.®**® Both reports describe how the ring open structures
were dissolved in an organic solvent and heated whilst stirring
until the solution was clear; they then cooled the solutions to
give colourless gels. The different molecules showed different
gelation abilities and solubility in different solvents. Katritzky
et al. have described how molecules with a longer chain length
of the acylamino group were more likely to be LMWG.®® They
also found that if the molecule contained a dipeptide rather
than a single amino acid group then it was able to gel in some
solvents at low temperature and at room temperature gave a
gelatinous precipitate. The molecules that did gel were irra-
diated with 366 nm light. This caused a colour change of the gel
to yellow, due to the formation of the ring open 2H-chromene.
When irradiation was stopped, the gel quickly converted back to
the colourless state due to the instability of the closed form.
The gel was disrupted by this irradiation; this was probably
due to the closed form of the molecule not being a gelator and
so breaking the gel structure and therefore did not fully go into
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Fig. 13 Molecular structure change of 2H-chromene from the (a) closed
to the (b) open form.
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solution due to insufficient penetration depth of the UV light
into the bulk sample. The authors did note that they were able
to reform the gel upon heating and cooling again. This group of
molecules also showed sensitivity to the presence of sodium
ions as the protonated amino acid of the open form of the
molecule did not gel, but the sodium salts did. This shows that
the there is a delicate balance of molecular interactions needed
for gelation to occur.

Photodimerisation and
photopolymerisation

Photodimerisation is when two of the same molecules that are
close enough or in the orientation with respect to each other
form covalent bonds between each other when irradiated with
light. This normally happens in conjugated molecules. In
solution, this can be very difficult due to the molecules being
able to freely move around and so are less likely to be in the
right position for this photodimerisation to occur. However, in
the gelled state, the molecules are very close to each other due
to n-n stacking of the molecules, making it more likely that the
molecules are close enough to each other for dimerisation
to occur. Dimerisation of the gelator molecule often leads to
the molecules being less soluble due to the molecule doubling
in size and so becoming more hydrophobic. This decrease in
solubility can lead to destruction of the gel or a decrease in the
rheological properties due to the gel network being disruption
of the gel network.

Coumarins

Coumarins are class of molecules based on a dye molecule that
is often found in plants. Dimerisation of the coumarin molecule
occurs upon irradiation with light >300 nm (Fig. 14)."%
These coumarin dimerisation is reversible when light with a
wavelength of <260 nm is used. The [2+2] photodimerisation
of coumarins is known to occur both in solution and in
the solid state,’®* often to give a mixture of syn-syn, syn-anti,
anti-syn and anti-anti cyclobutanes depending on how the
molecules are orientated with respect to one another. A small
number of coumarin-based LMWG have been reported.'®>!*
Parquette and co-workers designed a coumarin dipeptide
hydrogelator containing two coumarin groups connected
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Fig. 14 The reversible photodimerisation of a coumarin from (a) the
monomer to (b) the dimer.
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by a dipeptide.'®® The two coumarin groups allowed each
gelator to react with two other gelator molecules to increase
the amount of cross-linking upon irradiation. Gels were prepared
in water, saline or buffer and left for 24 hours before any rheology
tests were done on the system. The buffer increased the amount
of bundling of the fibres due to salt-induced electrostatic screening
due to lysine side chains on the gelator. Photoisomerisation was
carried out with 365 nm light. The hydrogel not exposed to UV
light was stable for up to 3 weeks. However, upon irradiation
with 365 nm light, a dark yellow precipitate was formed. After
7 days under the UV light, this precipitate became insoluble in
water due to the gelators becoming cross-linked. The precipitate
could be then collected by centrifugation. This cross-linked
precipitate was soluble in trifluoroethanol and could be analysed.
Analysis revealed the presence of uniform nanofibres (Fig. 15)
around 15 nm in diameter. Rheology and microscopy revealed
that two different dimerisations were occurring within the
system, there were intra-fibre dimerisation within the fibres
and inter-fibre dimerisation of coumarin molecules. This cross-
linking stiffened the fibres and so could be used for post-
modification of the hydrogel surfaces for applications such as
surface patterning.

We have described a rare example of irradiation leading to
an increase in the rheological properties of an irradiated gel;**”
in most cases, irradiation of a gel leads to a weakening of the
gel or, more commonly, a gel-to-sol transition. Photodimerisation
of a coumarin-dipeptide for relatively short periods of time lead
to a significant increase in the storage and loss moduli of the
gels. Extended irradiation however resulted in the gels becoming
weaker, although they were still stronger than the original gels.
This was attributed to the extended irradiation leading to
sufficient stiffening of the self-assembled fibres such that the
network was disrupted.

Organogels based on coumarin molecules were prepared
by Yu et al.'*® They investigated the gelation properties of the
coumarin molecules with different length alkyl chains in a
variety of solvents. A heat-cool method was used to test whether
gelation could occur. They then looked at how the different
solvents, and different length alkyl chain affected the morphology
of the fibres formed. They observed different morphologies such
as helical ribbons and spheres depending on which solvents
were used, showing that the solvent used is critical to gel properties.
A gel formed in cyclohexane was chosen to be studied under
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Fig. 15 Diagram showing the possible cross-linking within a fibre due to
coumarin dimerisation of the dipeptide functionalised hydrogelator.
Reproduced from ref. 106 with permission from the Centre de la
Recherche Scientific (CNRS) and the Royal Society of Chemistry.
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irradiation with >300 nm and >280 nm light. Upon irradiation
with 300 nm light, the gel structure was maintained and the
dimerisation was monitored by UV-Vis absorption spectroscopy,
as was the reverse reaction with 280 nm. Scanning electron
microscopy (SEM) revealed that morphology of the fibres changed
from helical fibres to lumps upon irradiation with >300 nm and
then changed to a sponge like morphology when irradiated with
<280 nm. Throughout irradiation, the gel maintained its structure
whilst the morphologies drastically changed.

Anthracenes

Anthracene is a molecule made of three fused benzene rings.
Anthracenes undergo a [4+4] cycloaddition reaction when irradiated
with > 300 nm light and the reverse reaction when irradiated with
light of <300 nm or with heat (Fig. 16a)."** This reaction is affected
by the presence of oxygen.'™* Like coumarin, there are different
isomers of dianthracene that can be formed due to the position of
the anthracenes with respect to each other when the cylcoaddition
occurs. These are the anti head to tail, syn head to tail, anti head
to head and syn head to head stereodimers (Fig. 16b). The
photodimerisation of anthracene gels often leads to a gel-sol
transition due to the dimer disrupting the gel network.">™%° In
the gel state, photodimerisation can lead predominantly to a
single photodimer, reflecting the packing of the molecules in
the self-assembled fibres."'

An anthracene modified with urea was investigated as a
gelator in organic solvents."™ Several solvents were tested but
the molecule was only able to gel using dichloroethane. A heat-
cool method was used to form an opaque gel. This method was
reversible with several heat-cool cycles (Fig. 17). Upon gelation,
there was a ten times increase in fluorescence as compared to
the solution and so this could have potential use as a thermal
sensor. When irradiated with > 300 nm light, the gel remained
stable and, by NMR spectroscopy, it was seen that little dimer
was formed. This could be due to the molecules not being
the right orientation to each other. Photodimerisation of the
urea-modified anthracene molecule in solution was monitored
by "H NMR spectroscopy and UV-Vis absorption spectroscopy.
From 'H NMR spectroscopy, the change from a monomer to
dimer resulted in a head to tail dimerisation. The dimer was
able to form a transparent gel in cyclohexane, n-hexane, and
n-heptane and shows greater gelation ability than the monomer.

o

possible dimers

monomer

Fig. 16 Dimerisation using >300 nm of anthracene from the (a) monomer
to (b) the dimer.
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Fig. 17 Gelation of urea functionalised anthracene molecule in dichloro-
ethane using a heat—cool method. Adapted from ref. 119 with permission
of the Royal Society of Chemistry.

In addition, these dimers we stable to heat and <300 nm light
and only a small portion of the gel changed to solution.

Dawn et al. also investigated anthracene as organogelators.'**
They used 2-anthracenecarboxylic acid to control the stereo-
chemical formation of exclusively the head to head dimer.
Gelation was achieved by the noncovalent attachment with a
gelator component containing the gallic acid backbone coupled
with p-alanine. This was chosen as it should enhance gelation
through H-bonding and n-n stacking; it would also allow the
anthracene to be close enough to allow dimerisation to occur.
The incorporation of the chiral p-alanine could also induce
enantioselectivity in the anthracene photoproducts via perturbation
of the pre-orientation in the ground state. Cyclohexane was chosen
as it had a low critical gelation concentration and was thermally
reversible. The lower concentration of gelator allowed more efficient
photodimerisation. When irradiated with 366 nm light, there was a
gel-sol transition and from high-pressure liquid chromatography,
it was shown only the head to head isomer was present. They
also investigated this process at a higher temperature were
they found the head to head in excess. In the solid state no
isomerisation occurred and in tetrahydrofuran the head to tail
isomer was formed. This system shows stereochemical control
in a supramolecular assembly created by organogel systems.

Alkenes

[2+2] cycloadditions across alkenes also have potential for use
in photoresponsive supramolecular gels. However, the only
example appears to be that of Wang et al., who have utilised
a cycloaddition reaction in a organogel to convert the fibres
into hollow nanostructures."”>

Photopolymerisation

There are a number of examples where photopolymerisation
has been carried out in LMWG containing diacetylene- or
butadiene-moieties."***** Here, photoirradiation leads to a
zipping up of the gelators (Fig. 18). This can lead to a strengthening
of the gel. For example, George and Weiss have shown that
organogels can be so polymerised. Before polymerisation, the
gels are thermoreversible, as is typical for many such gels.
However, after polymerisation of the diacetylenes, the gels are
no longer thermoreversible. The gels also become highly
coloured, as would be expected from the extended conjugation
that results from the polymerisation.

Chem. Commun., 2016, 52, 8196-8206 | 8203
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Fig. 18 UV-polymerisation of a diacetylene-containing LMWG leads to a
polymeric network being formed.

In a related fashion, by addition of a ruthenium-based
catalyst, a tyrosine containing LMWG was photocrosslinked
on irradiation with white light (Fig. 19)."*° On irradiation, the
gel increased dramatically in strength as covalent cross-links
are introduced into the network. As for the alkyne and butadiene
cases, this photopolymerisation means that the gels are no longer
reversible in nature. For this approach to be successful, the
authors found that the tyrosine moieties had to be sufficiently
accessible. Hence, polymerisation of their initial design where
the tyrosines were close to the Fmoc group driving the hydro-
phobic collapse lead to deformation of the gels, which was
proposed to be due to changes in the geometry around the Fmoc
groups on irradiation.

Photocleavage

A final useful photoreaction that can be used is photocleavage.
Here, the application of light results in a bond being permanently
broken. This approach can be used to trigger self-assembly and gel
formation. For example, Haines et al. incorporated a carboxy-2-
nitrobenzyl group into a peptide sequence that is generally
an effective LMWG."®® This group have established that the 20
amino acid sequence forms gels by folding into a hairpin, which
undergoes lateral assembly to form fibres. The incorporation of
the carboxy-2-nitrobenzyl group disrupted this assembly such
that free-flowing solutions were instead formed. On irradiation
and photocleavage, a gel then formed.

A similar approach has been used by Muraoka et al. to form

gels using a suitably functionalised peptide amphiphile (Fig. 20)."*”

hv

Ru(bpv)gz' catalyzed

crosslinking
o

Fig. 19 Irradiation of a tyrosine-containing LMWG in the presence of a
ruthenium catalyst leads to cross-linking and a dramatic increase in gel
strength. Reproduced from ref. 135 with permission of the Royal Society of
Chemistry.
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Fig. 20 Irradiation of a peptide amphiphile results in cleavage of the
2-nitrobenzyl group and hence gelation. Reproduced from ref. 137.
Copyright (2009) with permission from John Wiley and Sons.

Compound 4 (Fig. 20) forms spherical structures in water.
However, on irradiation with 350 nm light, the 2-nitrobenzyl
group is cleaved from the amphiphile. This results in a change
in the geometry of the molecule such that 5 prefers to form
nanofibres. These entangle and form a gel. Hence, the irradiation
results in a sol-to-gel transition.

Conclusions and outlook

Photoresponsive gels in general have a variety of applications.
The use of light to get a response from a system is attractive due
to the speed of response, the different wavelengths giving
different responses and the ability to spatially resolve this
response in the material. In biomedical applications, they are
a particularly interesting option to advance drug delivery systems
and tissue engineering. Gels have been made that can be used for
drug release upon irradiation by using gelators that undergo a
gel-to-sol transition. For example, when using an isomerisible
group like azobenzene, Kros and co-worker showed controllable
release of proteins from the gel."*® Another way photoresponsive
gels can be used is to 3D photopattern gels. Spatially resolved
irradiation allows only the mechanical properties of selective
areas of the gels to be affected.’® Different strength gels can be
used to support the cells growth and be used for cell differentiation,
which is essential for regenerative medicine."*

Multi-responsive gelators have use in sensors such as logic
gates.®'° Logic gates are devices that use one or more inputs
(in this case stimuli) to produce a single response. These can be
used for intelligent soft materials to perform functions in
response to various stimuli, and so could be used in sensors,
drug delivery and organic electronics. Gels that show photo-
chromism can be used in applications such as optical switches
due to their change in colour when a light stimulus is used."**
Optical switches are made form a photoemitter (e.g. LED) and a
photodetector (e.g. photodiode) mounted in a component so
that the photoemitter illuminates the photodetector, but an
opaque object can be inserted in a slot between them so as to
break the beam. A change in the beam would give an electrical
response. Gelators such as 2H-chromene and dithienylethenes
can be used to form gels that exhibit different colours. The
reversible photoresponsive behaviour means that they could be
used in used for these applications.

This journal is © The Royal Society of Chemistry 2016
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Overall, photoresponsive gels show great potential for the
use in a wide range of applications. The use of LMWGs allows a
variety of responses due to the many different molecules that
can be used to make them. We have covered the different
approaches that have been used to prepare photoresponsive
low molecular weight gels. Azobenzenes are the most widely
used examples, although there are many other potential
approaches. Most examples result in gels that become solutions
on irradiation or, less commonly, solutions that form gels on
irradiation. It is surprising here how few examples show rheological
data for the gels. There are many examples that claim that the
gel-to-sol transition (for example) can be cycled many times, but
no demonstration that the gels have the same properties each
time. There are also only a few examples where the rheological
properties of the gels are improved on irradiation.
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