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Abstract: Chemically-fueled chemical reaction networks (CRNs) are key in controlling 
dissipative self-assembly. Having catalysts gating fuel consumption for both the activation and 
deactivation chemistry of (assembly-prone) monomers and controlling the catalytic activity with 
an external stimulus would provide better control over where, when, and how long self-assembled 
structures can form.  Here we achieve light control over two different catalysts that govern both 
monomer activation and assembly into supramolecular fibers, as well as deactivation and fiber 
disassembly. Activation proceeds via photoredox catalysis under visible light, whereas 
deactivation is achieved by organometallic catalysis that relies on a photocaged pre-fuel activated 
by ultraviolet light. Overall, we show how supramolecular fibers can be formed and destroyed 
using light.  

 

Living cells rely on enzymatic chemical reaction networks (CRNs) to regulate the self-assembly 
of supramolecular structures like actin filaments and microtubules.1–5 The latter are responsible 
for biological processes like the formation of the mitotic spindle,6,7 whereas the former play a key 
role in cell motility.8–10 Inspired by nature, an increasing number of artificial CRNs have been 
used to control self-assembly processes in the last decade.11–13 Many of those CRNs14,15 involve 
the consumption of a reagent or substrate (termed ‘activating fuel’) to activate a monomer prone 
to self-assemble. Subsequently, the monomer is deactivated by solvent hydrolysis,16,17 due to same 
type of chemistry as used in activation (like thiol-ester18 or thiol-disulfide19 exchange),  or by other 
means like redox chemistry or Michael additions.20–22 So far, catalysis in artificial CRNs to control 
self-assembly has been achieved by enzymes,23–25 transition metal catalysis26,27 and 
organocatalysis28,29, and its benefits have been discussed recently.30 Especially appealing is the 
ability to turn on the catalyst on demand or to modulate the catalysts activity in situ. In addition, 
having catalytic control over the CRN permits the storage of (excess) fuels in the system until a 
signal or a stimulus is provided.31 Light is a perfect tool to this end, and to date has been used in 
the form of photoisomerization32–34, photoreduction,35 photocaged molecules36, or photo-
switchable molecular motors.37 However, full catalytic control in a chemically fueled CRN using 
different wavelengths has not been achieved. Here we show a CRN that uses photoredox catalysis 
(Cat1 in Figure 1) to convert monomer SachOL—to form (activated monomer) SachCHO that 
assembles into supramolecular fibers—and transition metal catalysis (Cat2) to deactivate 
SachCHO back to SachOL. Photocaged fuel “PC-Formate” absorbs at a different wavelength than 
Cat1, therefore activation and deactivation can be controlled independently and on demand. 
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Figure 1. (a) Dual wavelength control over a catalytically-driven CRN, forming transient SachCHO fibers. 
Oxidation of SachOL to SachCHO by using riboflavin tetraacetate (RFTA, Cat1) by 450 nm irradiation. 
Reduction of SachCHO to SachOL by [Cp*Rh(Bpy)(H)]+, which is generated from 
[Cp*Rh(Bpy)(H2O)]2+(Cat2) using formate as hydride source. Photocleavage of p-hydroxyphenacyl 
formate (PC-Formate), releases formate with 305 nm light producing p-hydroxyphenylacetic acid (W1) 
as main by-product. PC-Formate also releases the fuel in dark at longer times upon hydrolysis, producing 
p-hydroxyacetophenone (W2) as by-product. Steps i-iv are described in the main text. (b) Relative species 
concentration by 1H NMR. Error bars are standard deviations over duplicate experiments.  

We have previously reported chemically fueled gel-sol-gel38,39 and sol-gel-sol-gel-sol transitions40 
using saccharide-based benzaldehyde derivative SachCHO. In the latter examples we converted 
the aldehyde of SachCHO to the hydroxy-sulfonate38,39 or thiazinane40 analogs that are negatively 
charged and therefore disassembled in aqueous solution. In the current work, we convert 
SachCHO to alcohol analog SachOL (see Section 2 in Supporting Information for synthetic details 
and characterization) which forms crystalline needles in water (see Fig. S1). However, fiber 
formation of SachOL is precluded in THF/phosphate buffer 1/9 mixtures (used in the remainder 
of this paper), whereas SachCHO maintains its ability to form thin, long fibers sprouting from 
aster-like structures (see Fig. S2).  
The selective oxidation of benzylic alcohol SachOL to aldehyde SachCHO is achieved by 
riboflavin tetraacetate (RFTA, Cat1 in Fig. 1a) as photocatalyst upon 450 nm irradiation,41–43 in 
high yields after 90 mins as shown by 1H NMR experiments (Fig. S3). RFTA is reduced while 
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oxidizing the benzyl alcohol and is then regenerated by oxygen (i.e. the activating fuel), producing 
H2O2 as waste (step i in Fig.1a). The (deactivating) reduction of SachCHO to SachOL is 
quantitative through catalytic hydride transfer by [Cp*Rh(Bpy)(H)]+, which is generated in situ 
from the pre-catalyst [Cp*Rh(Bpy)(H2O)]2+ (Cat2 in Fig. 1a, step ii) and formate as hydride 
source to produce CO2 as waste (see Fig. S4).44 To control the deactivation by light, we photo-
uncage formate from p-hydroxyphenacyl formate (PC-Formate in Fig. 1, step iii) at 305 nm, 
where it preferentially absorbs in comparison with RFTA (compare l = 305 nm for PC-Formate 
versus l = 450 nm for RFTA in Fig. S5).45  The photo uncaging of formate happens in less than 
10 minutes in an isolated experiment (Fig. S6), producing p-hydroxyphenylacetic acid side 
product (W1 in Fig. 1a).45 In the complete cycle (as in Fig. 1a) both RFTA and PC-Formate absorb 
(i.e., they compete for the same photons), and hence the time to release formate is approximately 
40% slower (Fig. S6).  
We explored different Cat2 loading for deactivation upon photo uncaging of formate, to achieve 
full conversion to SachOL after 360 min (see 20% Cat2 in Fig. S7).46 PC-Formate itself 
hydrolyses to the p-hydroxyacetophenone as a background reaction (W2, step iv in Fig. 1a), 
although slow enough to store the photocaged fuel for suitable times (half time is ~6h) in absence 
of irradiation (Fig. S8).45 

 
Figure 2. (a) 1H NMR spectra of the cycle at different times. [SachOL]0 = 5 mM, [RFTA]0 = 1 mM, 
[[Cp*Rh(Bpy)(H2O)]2+]0 = 1 mM, [PC-Formate]0 = 20 mM in THF-d8/Phosphate buffer pH=6 1/9 mixtures. 
(b) Effect of time of activation irradiation in SachCHO conversion. Upper panel denotes 30 min of 450 nm 
irradiation and lower panel 60 min of 450 nm irradiation, followed by immediate irradiation with 305 nm 
during 15 min in both cases. (c) Modulation of the lifetime of SachCHO by spacing the time between 
irradiation 450 nm during 60 min and delaying irradiation 305 nm (applied during 15 min) for 0h (upper 
panel), 1h (middle panel) and 2h (lower panel). Orange shade and orange lightning bolt denote irradiation 
with 450 nm and grey shade and grey lightning bolt with 305 nm. Error bars are standard deviations over 
duplicate experiments.  

Combining Cat1, Cat2, and PC-Formate into the full CRN, we can transiently form SachCHO  
by irradiation of activating 450 nm and deactivating 305 nm light as can be seen by 1H NMR 
(Figure 1b and 2a). We obtained ~50% and ~70 % peak activation of SachOL to SachCHO after 
30 min or 60 mins of irradiation, respectively (cf. Figure 2b, upper or lower panel). Further 
irradiation with l = 305 nm releases formate from the photocage, triggering with time the 
deactivation of SachCHO to SachOL. However, we noticed formate release from PC-Formate in 
the dark (Fig. S9) and to a greater extent upon 450 nm irradiation (Fig. S8-S9). We hypothesize 
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that this enhanced release arises from the interaction of both RFTA and the radical derivatives 
based-on RFTA with PC-Formate, in a similar way that has been reported in other radical 
species.47 Although this undesired reactivity leads to the release of ~30% of formate after 60 min 
of irradiation, we can still store enough pre-fuel PC-Formate in our system, delaying the backward 
reaction, although this control was better at slightly lower [Cp*Rh(Bpy)(H2O)]2+ loads (Fig. S10). 
Importantly, this approach enables us to modulate the lifetime of the transient species with the 
same amounts of fuels and catalysts by spacing the time between irradiations (Fig. 2c). After 
irradiation during 60 min with 450 nm, we can then delay the triggering of the deactivation for 
0h (Fig. 2c, upper panel), 1h (Fig. 2c, middle panel) and 2h (Fig. 2c, lower panel), extending in 
this way the lifetime of SachCHO under the same conditions. 
At longer activation irradiation time (90 min), sufficient formate is released simultaneously to not 
require further deactivating 305 nm light (Fig. S11). We observed 90% SachOLàSachCHO 
conversion, which fully reverts to SachOL in 10 h since more than 50% of formate had been 
simultaneously released by photo-uncaging and the rest of the PC-formate hydrolyzes with time.  
The CRN was followed by bright field microscopy (Figure 3, Video 1 and Fig. S12 for comparable 
1H NMR experiments under the same conditions). For these experiments we increased the 
concentration of SachOL (from 5 mM to 10 mM) and reduced [Cp*Rh(Bpy)(H2O)]2+ load to 15% 
to allow SachCHO to nucleate and form fibers, and to show photocontrol over the deactivation 
reaction (note the critical gel concentration of SachCHO is 21 mM for heating/cooling,39 but at 
lower concentrations fibers still form).  
A solution of SachOL, Cat1, Cat2 and PC-Formate is subjected to irradiation with l = 450 nm 
during 75 min, converting around 80% of SachOL to SachCHO (Fig. 3a-3b and Fig. S12). At this 
time, nucleation and growth of asters-like structures characteristic of SachCHO takes place during 
the next 55 min (Fig. 3c-3h). Subsequent irradiation with l = 305 nm during 15 min releases the 
remaining formate (Fig. 3i and Fig. S12). Although deactivation of SachCHO in solution starts 
after this formate release, the complete removal of SachCHO fibers takes more time, starting at 
840 min and being completely removed after 1110 min (Fig. 3j-3o and Fig. S12).   

 
Figure 3. Bright field microscopy of the light controlled, catalytically driven-CRN at different stages: (a) 
A solution of SachOL, Cat1, Cat2 and PC-Formate, (b) irradiation with 450 nm activating light for 75 min 
to convert SachOL in SachCHO, (c-h) nucleation and elongation of SachCHO fibers into aster-like 
structures during the next 55 min, (i) irradiation with deactivation 305 nm light releases formate from PC-
Formate, (j-o) deactivation of SachCHO ensues followed by visible shrinking of its fibers at 700 min and 
complete disappearance due to its conversion to SachOL. [SachOL]0 = 10 mM, Cat1 = [RFTA]0 = 1.5 mM, 
Cat2 = [[Cp*Rh(Bpy)(H2O)]2+]0 = 1.5 mM, [PC-Formate]0 = 30 mM in THF-d8/Phosphate buffer pH=6 
1/9 mixtures. All scale bars are 100 µm. 

Overall, we have shown a dual light controlled CRN to achieve activation/assembly by 
photoredox catalysis and deactivation/disassembly by transition metal catalysis combined with a 
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photocaged fuel. We can control the onset and duration of transient supramolecular fibers using 
two different wavelengths of light that each control one catalyst. Our approach constitutes a first 
step towards full photocatalytic control in fuel-driven self-assembly, with control over the lifetime 
of the transient species at the same catalyst loading and with an abundant storage of (pre-)fuels in 
the system until needed or to sustain long-lived non-equilibrium steady states. Future systems 
with more stable (photocaged) pre-fuels would be desirable to further extend the usable time-
window of catalytic CRNs. Spatiotemporal control over forming and destroying supramolecular 
fibers could be a basis for µm-sized soft robots.48,49  
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