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Abstract

A chemical system is proposed that is capable of amplifying small optical inputs into large

changes in internal composition, based on a feedback interaction between switchable fluores-

cence and visible-light photoswitching. This system would demonstrate bifurcating reaction

kinetics under irradiation and reach one of two stable photostationary states depending on the

initial composition of the system. This behavior would allow the system to act as a chemi-

cal realization of the flip-flop circuit, the fundamental element in sequential logic and binary

memory storage. We use detailed numerical modeling to demonstrate the feasibility of the

proposed behavior based on known molecular phenomena, and comment on some of the con-

ditions required to realize this system.
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Introduction

Logic systems constructed from nano-scale chemical components have been a topic of discussion1

for much of the past century for reasons including component size, low power consumption, phys-

ical flexibility, solution processability, and the ability to respond to chemical species. At their most

sophisticated such logic systems might resemble chemical computers, while less complex devices

could be used for self-regulatory control of industrial processes by analogy to the regulatory reac-

tion networks that govern enzyme activities in living organisms.2

Previous reports of molecular logic used chemical stimuli or light as inputs and/or outputs for

molecular devices3–8 such as Boolean logic gates,9–14 multiplexers and demultiplexers,15 or mem-

ory components capable of storing and retrieving information.16,17 Despite successes in creating

individual molecular devices, little progress has been made toward cascading multiple devices into

more complex systems, and molecular computing remains a distant prospect. Two key require-

ments can be identified for molecular devices that can be assembled into arbitrarily larger systems:

input-output homogeneity5,18 and constant signal amplitude.19 Input-output homogeneity refers to

the use of a single information basis (e.g. photons or electrons) for both logical inputs and outputs.

Constant signal amplitude means that the intensity of a given signal must not diminish over

multiple operations. As information processing necessarily comes with an energy cost,20 this

implies that functional molecular logic devices will be dissipative systems21 that can only operate

while ‘fueled’ by some external source of energy.

The problem of information amplitude would be solved by autoamplifying small perturbations

away from an initially stable state. This process of amplification does work, and therefore requires

an external source of energy (chemical, light, electrical, etc.). For example, solid-state electronic

amplifiers use electrical energy to amplify a small signal voltage to produce a much larger output,

while autoamplification of chirality22–29 requires the use of a chemical fuel to produce an enantio-

enriched product. Of these two examples the electronic amplifier has the advantage of using a

general (electricity) rather than specialist chemical fuel source and produces no waste beyond

heat. This lack of waste production allows the electronic voltage amplifier to operate continuously,
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while continuous operation of the chemical chirality amplifier requires the additional process of

removing chemical waste products.

In one remarkable example of chiral autoamplification, a pyrimidyl alkanol with an initial enan-

tiomeric excess (e.e.) as low as 5×10−5% was used to establish an e.e. of >99.5% after three cycles

of chiral autoamplification.29 Chiral autocatalysis of this form is a kinetic rather than a thermody-

namic phenomenon:30 in accordance with microscopic reversibility, a catalyst that asymmetrically

catalyzes the formation of a chiral R or S product from a racemic starting material must also asym-

metrically catalyze the return of the same chirality back to the racemic starting material. Chiral

autoamplification thus requires both autocatalysis and a non-closed system in which the kinetic

product can be removed or the reaction can be halted before the racemic equilibrium is eventually

reached.

Compared to these autoamplifying chemical systems, an autoamplifying system based on pho-

tochemistry would have a number of advantages. First, any reaction network involving irreversible

photochemical steps is not ‘closed’ thermodynamically and is not bound by microscopic reversibil-

ity.31 Light can be used by molecular devices to do work without producing any chemical waste,

and emitted light can be used to transmit energy or information between spatially separated molec-

ular devices. Finally, light can be delivered to chemical systems with high spatio-temporal preci-

sion and is non-persistent after the light source is turned off. These attributes make light an ideal

medium for fueling and networking molecular devices.3,7,15,32–37

We propose a photoswitchable system in which each of the two isomers is autocatalytic with

respect to light at the expense of the other. This behavior leads to the formation of two photo-

stationary states (PSS) under irradiation by a single light source, each of which is locally stable

within a range of compositions and separated from the other by a bifurcation point—a dynamically

unstable composition from which both PSSs are equally accessible.

Small initial perturbations of composition about this bifurcation point are amplified into larger

excesses by prolonged irradiation, comparable to chiral autoamplification.29 Irradiation of a sys-

tem placed ‘exactly’ at the bifurcation point will lead to an indeterminate final outcome (i.e. either
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photostationary state might be reached). This system thus represents a light-powered bidirectional

amplifier of chemical state. Finally, and in contrast to autocatalytic chemical amplifiers, this pho-

tochemical system could be reset to the unstable bifurcation point using suitably chosen light and

thus is in principle indefinitely reusable.

Switchable emission

Photoswitching

Absorbs λ2
Absorbs λ1

λ2

λ2

λ2

λex
λex

λ1

λ1

λ1

Emits λ1
Emits λ2

E Z

Figure 1. Autoamplification with a model photoswitch based on E (left, red)/Z (right, yellow)
isomerization. Top: each isomer is emissive under irradiation at λex , but with different emission
spectra due to excimer formation of the Z isomer. Bottom: photoisomerization in each direction is
driven by light emitted by the other isomer, making the system competitively autocatalytic under
irradiation at λex .

We propose a photoswitchable molecular system that also demonstrates photoswitchable light

emission.38–48 External irradiation λex would be absorbed and re-emitted by each species with an

emission spectrum that is preferentially re-absorbed by the other isomer. A schematic example

of this feedback concept is shown in Figure 1 for two dye functionalities substituted onto an E/Z

photoswitch core49 in whichE → Z photoisomerization leads to red-shifted excimer emission.50,51

The single emissive/responsive species discussed here is merely one approach towards all-photonic

feedback: other approaches toward feedback might include switchable FRET or a photoacid paired

with a pH-responsive fluorescent dye, with the single requirement that the emission spectrum of

each state must be selectively matched to the absorption spectra of the other state.
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Modeling

We assume a compound that can exist as an E or a Z photoisomer, similar to that shown in Figure

1. We then make the following key photophysical assumptions:

1. All isomerization is photoisomerization: there is no thermal pathway between E and Z on

the experimental timescale.

2. The only intermolecular interaction is energy transfer via photon emission and (re)absorption.

No aggregation or FRET-type energy transfer takes place (i.e. the system is infinitely dilute)

3. All quantum yields are independent of wavelength.

4. For each molecule, there is no intramolecular energy transfer between the emissive dyes and

the photoswitchable core electronic subunits. Photoexcitation of the dyes or the photoswitch

can respectively lead only to emission or isomerization, or nonradiative decay.

Assumptions 1–3 are physically realistic and could be achieved through the use of thermally

bistable (‘P-type’) photoswitches and low concentrations. Assumption 4 is more problematic:

while it is in principle possible to eliminate intramolecular energy transfer in violation of Kasha’s

rule through careful molecular design,52 we anticipate that doing so would be the major challenge

in experimental realizations of this concept.

We consider a mixed system of two photoisomers, E and Z at total concentration c0, and de-

scribe the state of this system by the mole fraction xE with xE + xZ = 1. The spectral absorbance

of the mixed system under external irradiation is given by the Beer-Lambert equation:

Aext(λ) = c0l
∑
i=E,Z

xiεi(λ) (1)

where εi(λ) is the spectral molar absorptivity of species i over all wavelengths in Lmol−1 cm−1.

The rate of change of composition of this system, ẋE , under irradiation with incident spectral

photon flux q0ext(λ) (mol s−1 nm−1 of photons) will follow53
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ẋE =

∫
q0ext(1− 10−Aext)

c0V

(
xEεEφ

iso
E→Z − xZεZφisoZ→E∑
i=E,Z xiε

total
i

)
dλ

=

∫
Pext
c0

(
xEεEφ

iso
E→Z − xZεZφisoZ→E∑
i=E,Z xiε

total
i

)
dλ (2)

where Pext(λ) is the absorbed spectral photon flux density with units mol s−1 nm−1 L−1,54 i.e. the

spectrum of photons being absorbed by the system, V is the total sample volume, Aext(λ) the spec-

tral absorbance as defined in Equation (1), εE(λ) and εZ(λ) are the spectral molar absorptivities of

E and Z respectively with units Lmol−1 cm−1, and φisoE→Z and φisoZ→E the respective quantum yields

for E → Z and Z → E photoisomerization.

We now turn to a system of the type shown in Figure 1. We assume that the electronic systems

responsible for photoisomerization and for emission are entirely separate, allowing the total molar

absorption spectrum εtotal for each isomer i to be separated into two molar absorbance spectra for

the fluorescence and photoisomerizing parts of the molecule, εtotali = εFi + εisoi (i = E,Z).

First we model the ‘internal’ photon flux emitted upon irradiation. The spectral photon flux of

emitted photons q0int(λ) can be modeled as a weighted sum of the contributions from each isomer

i:

q0int(λ) =
∑
j=E,Z

φFj fj(λ)

∫
λ

q0ext(1− 10−Aext) ·
xjε

F
j∑

i=E,Z xiε
total
i

dλ (3)

with Aext(λ) the spectral absorbance as in Equation (1), and for each isomer i φFi is the quantum

yield for fluorescence and fi(λ) the emission spectrum normalized to an integrated area of 1 over

all wavelengths.

We can then combine Equation (2) with Equation (3) to express the composition-dependent

change in composition of the E-Z system under irradiation, internal emission, and re-absorption:
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ẋE = −
∫ [

q0ext[1− 10−Aext ] + q0int[1− 10−Aint ]

c0V

](
xEε

iso
E φisoE→Z − xZεisoZ φisoZ→E∑

i=E,Z xiε
total
i

)
dλ

= −
∫ [

Pext + Pint
c0

](
xEε

iso
E φisoE→Z − xZεisoZ φisoZ→E∑

i=E,Z xiε
total
i

)
dλ (4)

where

Pi=ext,int(λ) =
q0i (λ)[1− 10−Ai(λ)]

V

is the absorbed spectral photon flux density under incident spectral photon flux q0i (either external

or internal), with units mol s−1 nm−1 L−1. Under this model photoisomerization can occur either

as a result of the externally applied absorbed photon flux (Pext) or as a result of re-absorbed ‘in-

ternal’ photons (Pint). Aint(λ) = c0z
∑

i=E,Z xiεi is the effective absorbance of internally emitted

photons, with z the effective optical path length of the internally emitted photons. The internally

emitted light may escape the system or may be re-absorbed with the escaping proportion of inter-

nally emitted light given by 10−Aint . The relationship between the optical path lengths for external

irradiation (l) and for internal emissions (z) will reflect the geometry of the system under study,

but for the sake of simplicity we set z = l for our numerical model.

Equation (4) was used for a numerical model of the system shown in Figure 1. While our

models are valid for arbitrary spectral parameters and could be applied to experimental data, for

simplicity we chose to model absorption and emission spectra as Lorentzian curves of the form

L(λ) =
α

π

(
γ/2

(λ− λ0)2 + (γ/2)2

)
(5)

where λ0 is the central wavelength of the peak, γ is the full width at half maximum, and α is

the area under the peak. Parameters for these spectra were set as shown in Table 1. In addition,

quantum yields for fluorescence φF and photoisomerization φiso were respectively set to 0.7 and

0.5 (and equal for both E and Z isomers) and c0 and l were both set to 1. It is important to note

that these parameters are arbitrarily chosen to demonstrate the general behavior of this system
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and are not practical requirements. Spectral terms were defined numerically at integer-nanometer

wavelengths from 300 to 700 nm.

Table 1: Lorentzian parameters used for modeled absorption and emission spectra.

Spectrum λ0 / nm γ / nm α εmax(2α/γπ) / Lmol−1 cm−1

εFE 345 20 106 3.2× 104

εFZ 355 20 106 3.2× 104

εisoE→Z 510 30 7× 105 1.5× 104

εisoZ→E 405 20 8× 105 2.6× 104

fE 400 20 1a

fZ 500 40 1a
aEmission spectrum normalized to an integrated area of 1, subsequently multiplied by φF = 0.7.

For composition-dependent models, ẋE was calculated directly as a function of xE using Equa-

tion (4). For time-dependent studies, xE(t) was calculated numerically.

Results

The response of the system to irradiation is shown in Figure 2 as the rate of change of composition

of the switch against composition. As for standard photoswitches, irradiation of a sample at any

composition at wavelengths that are absorbed directly by the photoswitch (Figure 2a) drives the

system towards a single wavelength-dependent photostationary state where ẋE = 0 (Figure 2c).

Qualitatively different behavior is seen upon irradiation at wavelengths absorbed and re-emitted

by the molecule (Figure 2b), which results in three compositions where ẋE = 0 (Figure 2d). Two

of these stationary points are stable photostationary states, which we will denote here as xPSS1,2E .

A system placed at one of these compositions and then perturbed slightly away will experience

a ‘returning force’ under irradiation and its composition xE will return to that local xPSSE . One

stationary point is an unstable bifurcation point, x∗E: a system placed exactly at this composition is

stable under irradiation, but any small perturbation will be amplified under irradiation as the system

diverges away from x∗E and towards the locally stable composition (xPSS1E or xPSS2E ). The behavior

of this system under extended irradiation will thus move towards one of two different—but locally
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a)

b)

c)

d)

Figure 2. Simulated absorption (a) and emission (b) spectra defined using the parameters in Ta-
ble 1. c) Direct irradiation of the photochromic system (λex = 420 or 480 nm, blue or green
lines and arrows respectively) leads to a single wavelength-dependent photostationary state xPSS

where ẋE = 0 (•). d) Irradiation at 350 nm (purple lines and arrows) drives indirect switching
via re-emitted light, leading to three compositions where ẋE = 0. Two are dynamically stable
photostationary states xPSS1E and xPSS2E (•) and one is a dynamically unstable bifurcation point x∗E
(�).

stable—photostationary states with composition xPSS1E or xPSS2E , depending on whether the initial

state of the system was more or less E-rich than x∗E .

These different behaviors of the system in response to irradiation at 454 or 350 nm are shown

in Figure 3 for a variety of initial compositions. In Figure 3a irradiation at 454 nm drives all initial

compositions towards a single PSS over time, while in Figure 3b irradiation at 350 nm drives the

system toward one of two distinct PSSs depending on initial composition. The 454 nm irradiation

simulated here demonstrates another key functionality of this system: the PSS reached under 454

nm irradiation has the same composition as the bifurcation point under 350 nm irradiation. This

makes it possible to ‘reset’ the system to a bifurcating state on demand, and we thus refer to this

irradiation wavelength as λreset.

The presence of a bifurcation point x∗E makes this system capable of amplifying weak per-

turbations away from x∗E into larger binary signals. Crucially, this weak input is the same as the

output of the system: a small input flux of blue or green (< 454 or > 454 nm) photons will, after

amplification, result in a larger output of blue or green photons. This amplification requires that
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a) c)

b)

Figure 3. Changes in composition on irradiation. a) 454 nm irradiation does not cause internal
fluorescence and the system approaches a single global PSS xPSS1E . b) 350 nm irradiation drives
the system towards one of two stable states, xPSS1E or xPSS2E , depending on the initial composition.
Stable (xPSSE ) and unstable (x∗E) stationary states are shown with black and red horizontal lines,
respectively. c) Plotting stationary states as a function of irradiation wavelength λex reveals a
landscape of compositions with ẋE < 0 (shaded orange, downwards arrows), ẋE > 0 (shaded
blue, upwards arrows), and ẋE = 0 (stationary points, see legend). Multiple stable states occur
only for a limited range of irradiation wavelengths, here 345 nm < λex < 372 nm. The λex used
in (a) and (b) are indicated with vertical colored lines.

the system initially be placed in a composition as close to x∗E as possible, which can be achieved

through direct visible-light photoisomerization of the system using a wavelength λreset chosen such

that the resultant PSS xPSSE (λreset) is the same as the bifurcation point under 350 nm irradiation,

as shown in Figure 3a.

It is interesting to note that the system achieves equilibrium far more quickly in Figure 3a

(without feedback) than in Figure 3b (with feedback). This is partially due to the decreased overall

quantum efficiency resulting from imperfect emission (φF < 1), but a more important factor is

that the system is always close to dynamic equilibrium between compositions xPSS1E and xPSS2E : at

compositions close to x∗E , the rates of forward and backward photoisomerization almost balance

one another and overall movement towards the local PSS is slow and photon-inefficient (see also

the low magnitude of |ẋe| in Figure 2d vs Figure 2c). This is equivalent to the slow initial increase

of enantiomeric excess seen in chiral autocatalysis of near-racemic mixtures.29

Each time amplification occurs, a single bit of information (‘blue’ or ‘green’) is stored and
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remains stored until the system is reset by irradiation at λreset. This memory is stable in the

absence of energy input and decays only according to the thermal lifetime of the photoswitch in

use, potentially leading to lifetimes of thousands of years.55 At any point, the memory can be

re-amplified and read by irradiation with 350 nm light (λex).

The behavior is analogous to a flip-flop electronic circuit, also known as a bistable multivibrator

or latch.20,56 Flip-flops are the fundamental storage element in sequential logic, allowing a bit of

information to be stored and later accessed as required. While this is not the first example of an all-

photonic molecular flip-flop,14,57–60 it is the first proposal to use the same wavelengths of light for

inputs and outputs (‘input-output homogeneity’5) and to incorporate light-powered amplification,

allowing weak signals to be cascaded and ‘wired’ to further operations without loss of intensity.

Operation of the feedback system as a flip-flop is shown schematically in Figure 4. Beginning

with the system at the bifurcation point, x∗E a binary input signal (‘blue’ or ‘green’) can be amplified

and read out under irradiation at λex (350 nm). The bit of information stored can be retained in the

dark for an extended period and read out later as needed. When needed, the bit can be rewritten

by a) irradiating at λreset (454 nm) to reset the system to x∗E , followed by b) perturbation with an

input and amplification under irradiation by λex.

State (xE)

Signal 
amplification

Delayed 
read-out

λex (350 nm)

Input

λreset (450 nm)

Output

Reset

Figure 4. Input amplification and non-volatile memory storage. Starting with a system at the
bifurcation point x∗E , a small input (e.g. blue light) is amplified by irradiation at λex and leads to a
larger output. The internal state is non-volatile and may be ‘read out’ later in time. Irradiation at
λreset resets the system to its bifurcation point x∗E , allowing subsequent reuse.
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Conclusions

We present a theoretical study of an all-photonic feedback system that is effectively autocatalytic

with respect to light. This requires combining the known phenomena of visible-light photoswitch-

ing61–67 and switchable emission40,43,46,68,69 to produce a photoswitchable system involving two

states. Each state is fluorescent under UV irradiation with an emission spectrum selectively ab-

sorbed by the other state, leading to competitive autoamplification of each photoisomer at the

expense of the other. Using numerical modeling, we demonstrate that such an auto-amplifying

system would be capable of bifurcation and bistability under irradiation, and could be used to

amplify initially small differences in composition. This behavior is analogous to an electronic flip-

flop circuit, the fundamental component of sequential logic and one of the two logic components

required to build a computer and process arbitrary information.

This is the first proposal of a molecular flip-flop incorporating amplification (the output signal

is always the same, regardless of the amplitude of the input) and with homogeneous inputs and

outputs (binary blue/green inputs result in binary blue/green outputs).

Methods

Models were written in Python 3.7 using the NumPy70 package and plotted using the MatPlotLib71

package.
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