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Abstract  

Neuromodulation is the alteration of neuronal and synaptic properties in the context of neuronal 

circuits. It allows anatomically defined circuits to produce multiple outputs reconfiguring networks 

into different functional circuits. In this work, neuromodulation is mimicked by using a solution of 

two direct photochromic compounds, a naphthopyran and a spirooxazine, which are models of 

phasic excitable neurons, sensitive to UV radiation. When the system, constituted by the two 

photochromic compounds, receives a UV signal, it behaves as a recurrent network with mutual 

inhibitory actions. The network responds to different UV wavelengths by changing its photo-

excitability, synaptic strength, wiring of the circuit, and dynamics. These results contribute to the 

development of neuromorphic engineering. They will promote the design of artificial neural 

networks with a larger number of nodes, communicating through optical signals. These networks 

will be the essential ingredients of the new-generation brain-like computing machines 

complementing current electronic computers.  
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1 Introduction 

Our societies are profoundly affected by the development of Artificial Intelligence (AI). In fact, AI 

is applied in many fields: in science, medicine, security, economy, and well-being (Russell and 

Norvig 2009). There are two strategies to develop AI. One is by writing human-like intelligent 

programs running in computers or special-purpose hardware. The other is through neuromorphic 

engineering (Mead 1990). In neuromorphic engineering, surrogates of neurons are implemented 

through non-biological systems either for neuro-prosthesis or to design ‘brain-like’ computing 

machines. Surrogates of neurons can be implemented through specific solid materials, in hardware 

that can be rigid if made of solid inorganic compounds (Nawrocki and Voyles 2016) or flexible if 

based on organic films (Lee and Lee 2019). Alternatively, surrogates of neurons can be implemented 

through solutions of specific non-linear chemical systems, in wetware (Gentili 2013).  

In our group, we are pursuing this second approach: we propose the use of peculiar chemical systems 

that, in liquid phase and out-of-equilibrium conditions, can mimic the dynamics of real neurons 

(Gentili et al 2012) (Horvath et al 2012) (Gentili et al 2017) (Gentili et al 2018). We usually exploit 

UV-visible radiation as signals, and we study their optical communication, giving rise to emergent 

phenomena of temporal synchronization, analogous to those shown by real neural networks. In this 

work, we present some simulations that constitute a proof of concept for implementing 

neuromodulation. Neuromodulation is the alteration of neuronal and synaptic properties in the context 

of neuronal circuits, allowing anatomically defined circuits to produce multiple outputs reconfiguring 

networks into different functional circuits (Katz et al 2009). In a recurrent network constituted by two 

photosensitive compounds that play as Artificial Neuron Models (ANM) receiving either a stationary 

or periodic excitatory signal, we demonstrate that, by changing the wavelength of the UV excitation, 

it is possible to modify neuronal excitability, synaptic strength, wiring of the circuit, and dynamics. 

This paper has the following structure: in the next paragraph, all the possible neural dynamics and 

their implementation through specific chemical systems are presented. Then, the features of the 
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systems chosen in this work and the computational methods are described. Finally, the results of the 

simulations are presented and discussed.  

 

2 Neural dynamics and possible surrogates 

Human intelligence can be defined as the emergent property of our nervous system. The primary 

cellular elements of our nervous systems are neurons. The computational power of neurons relies on 

their dynamic properties. Every neuron is a nonlinear dynamic system (Rabinovich et al 2006) 

(Izhikevich 2007). Neurons can work in the either oscillatory or chaotic or excitable regime. Every 

neuron responds to inputs by changing the value of its transmembrane potential. When a neuron 

responds to an excitatory input by promoting a sharp change in its transmembrane potential followed 

by fast recovery of the original state, it is said that it emits an action potential (see Figure 1A).  

Neurons in oscillatory regime are called pacemaker neurons and fire action potentials periodically 

(see Figure 1B). They respond to external stimuli by changing their frequency of spiking.  Pacemaker 

neurons generate rhythmic activities in neural networks involved in the neocortex, basal ganglia, 

thalamus, locus coeruleus, hypothalamus, ventral tegmentum area, hippocampus, and amygdala 

(Ramirez et al 2004). These structures are associated with sleep, wakefulness, arousal, motivation, 

addiction, memory consolidation, cognition, and fear. 

Neurons in chaotic regime fire action potentials aperiodically (see Figure 1C), and their activities are 

extremely sensitive to any stimulus.  Chaotic neurons are quite common in the nervous system 

because the intrinsic dynamic instability facilitates the extraordinary ability of neural networks to 

adapt (Korn and Faure 2003). 

Neurons in the excitable regime can show three types of response: types I, II, and III (Rinzel and 

Huguet 2013). Under a constant excitatory input, type I and type II excitable neurons are capable of 

spiking repetitively across a broad range of frequencies depending on the intensity of the input (see 
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Figure 1D). Type I (5-150 spikes/s) and type II (75-150 spikes/s) neurons are said to have “tonic” 

excitability. Type III excitability is said to be “phasic” because it responds with an analog signal 

without firing action potentials unless it receives a very strong and short excitation (see Figure 1E). 

Phasic excitable neurons are particularly useful to encode the occurrence and time of rapid change in 

the stimulus. They can perform coincidence detection, as for inputs from each ear, with extraordinary, 

sub-millisecond, temporal precision. 

 

Figure 1. Profile of an action potential in (A). Dynamical behaviour of a pacemaker (B), chaotic (C), 

tonic excitable (D), and phasic excitable (E) neuron.  
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It is possible to mimic the dynamics of neurons by selecting specific chemical systems and 

maintaining them out-of-equilibrium. The famous Belousov-Zhabotinsky (BZ) reaction, which is a 

catalyzed oxidative bromination of malonic acid in aqueous acidic solution (see equation 1), can 

reproduce the dynamics of both pacemaker and tonic excitable and chaotic neurons (Gentili et al 

2017). 

2BrO3
-
(aq) + 3CH2(COOH)2(aq)  + 2H+

(aq) → 2BrCH(COOH)2(aq) + 3CO2(g) + 4H2O(l)   (1) 

When cerium ions are used as catalysts, the oscillatory BZ gives rise to significant transmittance 

oscillations in the UV part of the electromagnetic spectrum (see Figure 2A). If a UV radiation with 

constant intensity crosses the BZ reaction, its transmitted intensity is modulated. The BZ reaction 

transmits a UV output, whose intensity oscillates, and the frequency of oscillations coincides with the 

intrinsic frequency of the BZ. When UV and visible radiation are used as signals, any luminescent 

and photochromic compound can be used to mimic the dynamics of phasic excitable neurons (Gentili 

et al 2018). They respond to a steady excitatory signal by emitting or changing colour and reaching a 

stable photo-stationary state (in Figure 2B, there is the case of a photochromic compound). Moreover, 

they “relax”, i.e., they recover the initial state upon cessation of the excitatory signal.  Finally, when 

either a photochromic or a luminescent compound is excited in a solution where there are either 

laminar or turbulent convective motions of the solvent, we obtain a Hydrodynamic Oscillator that 

originates chaotic spectrofluorimetric signals (Gentili et al 2018) (Gentili et al 2014). The 

Hydrodynamic Oscillators mimic the dynamics of chaotic neurons.  
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Figure 2. Transmittance changes generated by an oscillatory BZ with cerium ions as catalysts in (A). 

Absorbance changes produced by a photochromic compound upon UV irradiation (hν) in (B); under 

the dark, they are reversed. In the inset of (B) there is the trend of absorbance at 610 nm, which 

reproduces the response of a phasic excitable neuron. 

 

3 A recurrent network based on two ANMs: features of the nodes. 

In this work, the behaviour of a recurrent network based on two nodes and receiving either a stationary 

or a periodic excitatory signal is investigated. The nodes are two direct thermally-reversible 

photochromic compounds whose structures are shown on the left part of Figure 3. One is 6-

morpholino-3-(4-morpholinophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran (MPh) and the other is 1,3-

dihydro-1,3,3-trimethyl-8'-nitro-spiro[2H-indole-2,3'-[3H]naphth[2,1-b][1,4]oxazine] (SpO). The 

uncoloured form of MPh (Un(MPh)) absorbs only in the UV region (see the black trace in the plot 

that is on the right part of Figure 3). On the other hand, the uncoloured form of SpO (Un(SpO)) 

absorbs not only in the UV, but it also has a tail of absorption that extends in the visible region, up to 

420 nm (see the grey trace in the plot that is on the right part of Figure 3). Upon UV irradiation, 

whatever is the wavelength of irradiation, included between 250 and 400 nm, Un(MPh) transforms 

into its coloured form Co(MPh) that has a new spectral profile in the UV and gives also rise to a band 

in the visible region centred at 467 nm (see the red trace of the plot on the right part of Figure 3). This 
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latter band is responsible for the colour originated by MPh, which has an orange hue (see the picture 

in the middle of Figure 3). The photochemical quantum yield of the colouration reaction for MPh 

(ΦPC) is wavelength-dependent (Gentili et al 2016), as shown by the values reported in Table 1. It is 

as high as 0.92 when the irradiation wavelength (λ) belongs to the UV-C (𝜆 < 280 𝑛𝑚), and it drops 

to 0.24±0.01 when 𝜆 > 280 𝑛𝑚. When the UV irradiation is discontinued, the colour bleaches with 

a kinetic constant of 𝑘∆ = 0.027 𝑠
−1, determined at room temperature and in acetonitrile as solvent 

(Gentili et al 2016).  

 

Figure 3. On the left, structures of the uncoloured (Un) and coloured (Col) forms of MPh and SpO, 

whose spectra are shown on the right. MPh and SpO originate an orange and a blue colour, 

respectively (see centre images). The solvent is acetonitrile. 

 

When Un(SpO) is irradiated by any wavelength included between 250 and 420 nm, it transforms into 

its coloured form Co(SpO) that has a new spectral profile in the UV and gives rise to a band in the 

visible region centred at 611 nm (see the blue trace in the plot that is on the right part of Figure 3).  

This latter band is responsible for the colour originated by SpO, which has a blue hue (see the picture 

in the middle of Figure 3). The photochemical quantum yield of the colouration reaction for SpO 

(ΦPC) is wavelength-dependent (Gentili et al 2016), as shown by the values reported in Table 1. It is 
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Φ𝑃𝐶 = 0.18 if irradiated by 𝜆 belonging to the UV-C (𝜆 < 280 𝑛𝑚); it is 0.07 when 𝜆 belongs to the 

UV-B (280-320 nm), and it is 0.12 when 𝜆 > 320 𝑛𝑚. When the UV irradiation is discontinued, the 

colour bleaches with a kinetic constant of 𝑘∆ = 0.04 𝑠
−1 determined at room temperature and in 

acetonitrile as solvent (Gentili et al 2016).  

  

Table 1. Spectroscopic, photochemical, and thermal features of MPh and SpO in both their 

uncoloured and coloured forms and determined at room temperature and in acetonitrile as solvent. 

λ 

(nm) 

εUn(MPh) 

M-1cm-1 

εCo(MPh) 

M-1cm-1 

ΦPC(MPh) kΔ(MPh) 

(s-1) 

εUn(SpO) 

M-1cm-1 

εCo(SpO) 

M-1cm-1 

ΦPC(SpO) kΔ(SpO) 

(s-1) 

250 51000 36000 0.92 0.027 18000 18000 0.18 0.04 

272 23000 23000 0.92 0.027 23000 10000 0.18 0.04 

308 7000 11000 0.25 0.027 22000 5000 0.07 0.04 

322 7200 10000 0.24 0.027 11000 7200 0.12 0.04 

375 9000 9000 0.24 0.027 9000 9000 0.12 0.04 

405 0 7000 0.24 0.027 3000 12000 0.12 0.04 

 

In the recurrent network implemented in this work, the two photochromic compounds, SpO and MPh, 

behaving like two phasic excitable Artificial Neuron Models, are in the same solution with acetonitrile 

as solvent. They simultaneously receive an excitatory UV signal. By changing the wavelength of 

irradiation, we mimic the phenomenon of neuromodulation. Before presenting the results and their 
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discussions, the kinetic model of the recurrent network and the computational methods are presented 

in the next section. 

 

4 Kinetic model of the network and computational methods 

When UV photons cross an acetonitrile solution containing both MPh and SpO, the overall 

transformations that occur are reported in Scheme 1. 

 

Scheme 1. Kinetic model of our chemical system containing both MPh and SpO, and irradiated 

through UV photons (hν). ∆ represents the thermal bleaching process. 

 

The elementary steps of the mechanism for the processes shown in Scheme 1, describing the response 

of the system MPh + SpO to UV radiation are listed below. 

Absorption of photons:  𝑈𝑛(𝑴𝑷𝒉) + ℎ𝜈 → 𝑈𝑛(𝑴𝑷𝒉)∗     (1) 

Colouration Reaction:  𝑈𝑛(𝑴𝑷𝒉)∗
𝑘𝑃𝐶(𝑀𝑃ℎ)
→      𝐶𝑜(𝑴𝑷𝒉)     (2) 

Internal Conversion:   𝑈𝑛(𝑴𝑷𝒉)∗
𝑘𝐼𝐶(𝑀𝑃ℎ)
→     𝑈𝑛(𝑴𝑷𝒉) + ℎ𝑒𝑎𝑡    (3) 

Bleaching reaction:   𝐶𝑜(𝑴𝑷𝒉)
𝑘∆(𝑀𝑃ℎ)
→     𝑈𝑛(𝑴𝑷𝒉)     (4) 

Absorption of photons:  𝐶𝑜(𝑴𝑷𝒉) +ℎ𝜈 → 𝐶𝑜(𝑴𝑷𝒉)∗     (5) 

Internal Conversion:  𝐶𝑜(𝑴𝑷𝒉)∗
𝑘𝐼𝐶(𝐶𝑜(𝑀𝑃ℎ))
→        𝐶𝑜(𝑴𝑷𝒉) + ℎ𝑒𝑎𝑡    (6) 

Absorption of photons:  𝑈𝑛(𝑺𝒑𝑶) + ℎ𝜈 → 𝑈𝑛(𝑺𝒑𝑶)∗     (7) 

Un(MPh) Co(MPh)
h


Un(SpO) Co(SpO)

h
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Colouration Reaction:  𝑈𝑛(𝑺𝒑𝑶)∗
𝑘𝑃𝐶(𝑆𝑝𝑂)
→     𝐶𝑜(𝑺𝒑𝑶)     (8) 

Internal Conversion:   𝑈𝑛(𝑺𝒑𝑶)∗
𝑘𝐼𝐶(𝑆𝑝𝑂)
→     𝑈𝑛(𝑺𝒑𝑶) + ℎ𝑒𝑎𝑡    (9) 

Bleaching reaction:   𝐶𝑜(𝑺𝒑𝑶)
𝑘∆(𝑆𝑝𝑂)
→    𝑈𝑛(𝑺𝒑𝑶)      (10) 

Absorption of photons:  𝐶𝑜(𝑺𝒑𝑶) +ℎ𝜈 → 𝐶𝑜(𝑺𝒑𝑶)∗      (11) 

Internal Conversion:  𝐶𝑜(𝑺𝒑𝑶)∗
𝑘𝐼𝐶(𝐶𝑜(𝑆𝑝𝑂))
→        𝐶𝑜(𝑺𝒑𝑶) + ℎ𝑒𝑎𝑡    (12) 

The differential equations describing how the concentrations of 𝐶𝑜(𝑴𝑷𝒉) and 𝐶𝑜(𝑺𝒑𝑶) change over 

time are: 

𝑑[𝐶𝑜(𝑴𝑷𝒉)]

𝑑𝑡
= −𝐼(𝐶𝑜(𝑀𝑃ℎ)) + 𝑘𝑃𝐶(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)

∗] + 𝑘𝐼𝐶(𝐶𝑜(𝑀𝑃ℎ))[𝐶𝑜(𝑴𝑷𝒉)
∗] − 𝑘∆(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)] (13) 

𝑑[𝐶𝑜(𝑺𝒑𝑶)]

𝑑𝑡
= −𝐼(𝐶𝑜(𝑆𝑝𝑂)) + 𝑘𝑃𝐶(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)

∗] + 𝑘𝐼𝐶(𝐶𝑜(𝑆𝑝𝑂))[𝐶𝑜(𝑺𝒑𝑶)
∗] − 𝑘∆(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)] (14) 

In (13) and (14), 𝐼(𝐶𝑜(𝑀𝑃ℎ)) and 𝐼(𝐶𝑜(𝑆𝑝𝑂)) are the intensities absorbed by 𝐶𝑜(𝑴𝑷𝒉) and 𝐶𝑜(𝑺𝒑𝑶), 

respectively. For the concentrations of the intermediates 𝑈𝑛(𝑴𝑷𝒉)∗, 𝑈𝑛(𝑺𝒑𝑶)∗, 𝐶𝑜(𝑴𝑷𝒉)∗, and 

𝐶𝑜(𝑺𝒑𝑶)∗, the steady-state approximation is applied: 

𝑑[𝑈𝑛(𝑴𝑷𝒉)∗]

𝑑𝑡
= 𝐼(𝑈𝑛(𝑀𝑃ℎ)) − 𝑘𝑃𝐶(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)

∗] − 𝑘𝐼𝐶(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)
∗] = 0   (15) 

𝑑[𝑈𝑛(𝑺𝒑𝑶)∗]

𝑑𝑡
= 𝐼(𝑈𝑛(𝑆𝑝𝑂)) − 𝑘𝑃𝐶(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)

∗] − 𝑘𝐼𝐶(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)
∗] = 0    (16) 

𝑑[𝐶𝑜(𝑴𝑷𝒉)∗]

𝑑𝑡
= 𝐼(𝐶𝑜(𝑀𝑃ℎ)) − 𝑘𝐼𝐶(𝐶𝑜(𝑀𝑃ℎ))[𝐶𝑜(𝑴𝑷𝒉)

∗] = 0      (17) 

𝑑[𝐶𝑜(𝑺𝒑𝑶)∗]

𝑑𝑡
= 𝐼(𝐶𝑜(𝑆𝑝𝑂)) − 𝑘𝐼𝐶(𝐶𝑜(𝑆𝑝𝑂))[𝐶𝑜(𝑺𝒑𝑶)

∗] = 0       (18) 

In (15) and (16), 𝐼(𝑈𝑛(𝑀𝑃ℎ)) and 𝐼(𝑈𝑛(𝑆𝑝𝑂)) are the intensities absorbed by 𝑈𝑛(𝑴𝑷𝒉) and 𝑈𝑛(𝑺𝒑𝑶), 

respectively. From (15), (16), (17), and (18), it derives that  
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[𝑈𝑛(𝑴𝑷𝒉)∗] =
𝐼(𝑈𝑛(𝑀𝑃ℎ))

𝑘𝑃𝐶(𝑀𝑃ℎ)+𝑘𝐼𝐶(𝑀𝑃ℎ)
; [𝑈𝑛(𝑺𝒑𝑶)∗] =

𝐼(𝑈𝑛(𝑆𝑝𝑂))

𝑘𝑃𝐶(𝑆𝑝𝑂)+𝑘𝐼𝐶(𝑆𝑝𝑂)
; [𝐶𝑜(𝑴𝑷𝒉)∗] =

𝐼(𝐶𝑜(𝑀𝑃ℎ))

𝑘𝐼𝐶(𝐶𝑜(𝑀𝑃ℎ))
; 

[𝐶𝑜(𝑺𝒑𝑶)∗] =
𝐼(𝐶𝑜(𝑆𝑝𝑂))

𝑘𝐼𝐶(𝐶𝑜(𝑆𝑝𝑂))
.          (19) 

By introducing these latter expressions in equations (13) and (14), we obtain: 

𝑑[𝐶𝑜(𝑴𝑷𝒉)]

𝑑𝑡
= +𝑘𝑃𝐶(𝑀𝑃ℎ)

𝐼(𝑈𝑛(𝑀𝑃ℎ))

𝑘𝑃𝐶(𝑀𝑃ℎ) + 𝑘𝐼𝐶(𝑀𝑃ℎ)
− 𝑘∆(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)] 

= 𝐼(𝑈𝑛(𝑀𝑃ℎ))Φ𝑃𝐶(𝑀𝑃ℎ) − 𝑘∆(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]   (20) 

𝑑[𝐶𝑜(𝑺𝒑𝑶)]

𝑑𝑡
= +𝑘𝑃𝐶(𝑆𝑝𝑂)

𝐼(𝑈𝑛(𝑆𝑝𝑂))

𝑘𝑃𝐶(𝑆𝑝𝑂) + 𝑘𝐼𝐶(𝑆𝑝𝑂)
− 𝑘∆(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)] 

= 𝐼(𝑈𝑛(𝑆𝑝𝑂))Φ𝑃𝐶(𝑆𝑝𝑂) − 𝑘∆(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)]    (21) 

Then, we assume  

𝐼𝑈𝑛(𝑀𝑃ℎ)

𝐼𝑎𝑏𝑠,𝑇𝑂𝑇
=
𝐴(𝑈𝑛(𝑀𝑃ℎ))

𝐴𝑇𝑂𝑇
 and 

𝐼𝑈𝑛(𝑆𝑝𝑂)

𝐼𝑎𝑏𝑠,𝑇𝑂𝑇
=
𝐴(𝑈𝑛(𝑆𝑝𝑂))

𝐴𝑇𝑂𝑇
       (22) 

wherein 𝐴(𝑈𝑛(𝑀𝑃ℎ)) = 𝜀𝑈𝑛(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)]𝑙 and 𝐴(𝑈𝑛(𝑆𝑝𝑂)) = 𝜀𝑈𝑛(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)]𝑙 are the 

absorbance of 𝑈𝑛(𝑴𝑷𝒉) and 𝑈𝑛(𝑺𝒑𝑶), respectively, with 𝜀𝑈𝑛(𝑀𝑃ℎ) and 𝜀𝑈𝑛(𝑆𝑝𝑂) being their 

absorption coefficients at the irradiation wavelength, and 𝑙 the optical path length. The terms 𝐼𝑎𝑏𝑠,𝑇𝑂𝑇 

and 𝐴𝑇𝑂𝑇 represent the total absorbed intensity and absorbance, respectively. According to the Beer-

Lambert law, the total absorbance is given by: 

𝐴𝑇𝑂𝑇 = (𝜀𝑈𝑛(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)] + 𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)] + 𝜀𝑈𝑛(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)] +

𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)])𝑙           (23) 

and the total intensity absorbed is 

𝐼𝑎𝑏𝑠,𝑇𝑂𝑇 = 𝐼0(1 − 10
−(𝜀𝑈𝑛(𝑀𝑃ℎ)[𝑈𝑛(𝑴𝑷𝒉)]+𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]+𝜀𝑈𝑛(𝑆𝑝𝑂)[𝑈𝑛(𝑺𝒑𝑶)]+𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)])𝑙) (24) 
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In (24), 𝐼0 is the total UV intensity at the irradiation wavelength. Considering the law of mass 

conservation, we can write that if 𝐶𝑀𝑃ℎ and 𝐶𝑆𝑝𝑂 are the analytical concentrations of MPh and SpO, 

respectively, then 

𝐶𝑀𝑃ℎ ≅ [𝑈𝑛(𝑴𝑷𝒉)] + [𝐶𝑜(𝑴𝑷𝒉)]  and 𝐶𝑆𝑝𝑂 ≅ [𝑈𝑛(𝑺𝒑𝑶)] + [𝐶𝑜(𝑺𝒑𝑶)]     (25) 

Introducing equations (22), (23), (24), and (25) in (20) and (21), we achieve that 

𝑑[𝐶𝑜(𝑴𝑷𝒉)]

𝑑𝑡
=

𝜀𝑈𝑛(𝑀𝑃ℎ)(𝐶𝑀𝑃ℎ−[𝐶𝑜(𝑴𝑷𝒉)])

𝜀𝑈𝑛(𝑀𝑃ℎ)(𝐶𝑀𝑃ℎ−[𝐶𝑜(𝑴𝑷𝒉)])+𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]+𝜀𝑈𝑛(𝑆𝑝𝑂)(𝐶𝑆𝑝𝑂−[𝐶𝑜(𝑺𝒑𝑶)])+𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)]
Φ𝑃𝐶(𝑀𝑃ℎ)𝐼0 (1 −

10−(𝜀𝑈𝑛(𝑀𝑃ℎ)(𝐶𝑀𝑃ℎ−[𝐶𝑜(𝑴𝑷𝒉)])+𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]+𝜀𝑈𝑛(𝑆𝑝𝑂)(𝐶𝑆𝑝𝑂−[𝐶𝑜(𝑺𝒑𝑶)])+𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)])𝑙) −

𝑘∆(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]           (26) 

𝑑[𝐶𝑜(𝑺𝒑𝑶)]

𝑑𝑡
=

𝜀𝑈𝑛(𝑆𝑝𝑂)(𝐶𝑆𝑝𝑂−[𝐶𝑜(𝑺𝒑𝑶)])

𝜀𝑈𝑛(𝑀𝑃ℎ)(𝐶𝑀𝑃ℎ−[𝐶𝑜(𝑴𝑷𝒉)])+𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]+𝜀𝑈𝑛(𝑆𝑝𝑂)(𝐶𝑆𝑝𝑂−[𝐶𝑜(𝑺𝒑𝑶)])+𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)]
Φ𝑃𝐶(𝑆𝑝𝑂)𝐼0 (1 −

10−(𝜀𝑈𝑛(𝑀𝑃ℎ)(𝐶𝑀𝑃ℎ−[𝐶𝑜(𝑴𝑷𝒉)])+𝜀𝐶𝑜(𝑀𝑃ℎ)[𝐶𝑜(𝑴𝑷𝒉)]+𝜀𝑈𝑛(𝑆𝑝𝑂)(𝐶𝑆𝑝𝑂−[𝐶𝑜(𝑺𝒑𝑶)])+𝜀𝐶𝑜(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)])𝑙) −

𝑘∆(𝑆𝑝𝑂)[𝐶𝑜(𝑺𝒑𝑶)]           (27) 

The ensemble of equations (26) and (27) constitutes a system of two ordinary nonlinear differential 

equations in the two variables [𝐶𝑜(𝑴𝑷𝒉)] and [𝐶𝑜(𝑺𝒑𝑶)]. They have been solved numerically by 

using the solver ode45 implemented in MatLab. The wavelengths of irradiation that have been 

considered are listed in Table 1, along with the values of all the absorption coefficients, quantum 

yields, bleaching kinetic constants. For the steady state irradiations, 𝐼0 = 0.0001 𝑒𝑖𝑛𝑠𝑡𝑒𝑖𝑛 𝐿
−1𝑠−1 at 

every λ. For the modulated optical signal, we fix 𝐼(𝑡) =
𝐼0

2
−
𝐼0

3
sin(2𝜋𝜔𝑡), with 𝜔 = 0.005 𝑠−1 at 

every λ. 

After determining the concentrations of the uncoloured and the coloured forms of both MPh and 

SpO, the absorption spectra have been simulated by knowing the absorption coefficient values at 
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every wavelength (see Figure 3). Then, the absorption spectra of the chemical system constituted by 

four species, i.e., 𝑈𝑛(𝑴𝑷𝒉), 𝐶𝑜(𝑴𝑷𝒉), 𝑈𝑛(𝑺𝒑𝑶), and 𝐶𝑜(𝑺𝒑𝑶), have been transformed in RGB 

colour coordinates through the following procedure (Gentili 2014). First, the spectra in absorbance 

(A(λ)) have been changed in transmittance (𝑇(𝜆) = 10−𝐴(𝜆)). Then, the transmittance spectra have 

been transformed in the CIE XYZ tristimulus values through the integrals, below: 

𝑋 =
1

𝑘
∫ 𝐷(𝜆)𝑇(𝜆)�̄�(𝜆)𝑑𝜆
800

360
          (28) 

𝑌 =
1

𝑘
∫ 𝐷(𝜆)𝑇(𝜆)�̄�(𝜆)𝑑𝜆
800

360
          (29) 

𝑍 =
1

𝑘
∫ 𝐷(𝜆)𝑇(𝜆)�̄�(𝜆)𝑑𝜆
800

360
          (30) 

wherein �̄�, �̄�, �̄� are the colour-matching functions whereby the CIE (Commision Internationale de 

l’Éclairage) standardized the sensitivity of human eye in 1964; 𝐷(𝜆) is the energy distribution of the 

CIE normalized illuminant D65 (which closely matches that of daylight); 𝑇(𝜆) is the transmittance 

spectrum, and k is a normalization factor defined in such a way that a sample with a uniform 

transmittance T(λ)=1 for 𝜆 ∈ [360 − 800] gives a luminance component Y = 1: 

 𝑘 = ∫ 𝐷(𝜆)�̄�(𝜆)𝑑𝜆
800

360
         (31) 

The XYZ tristimulus values have been transformed into the RGB coordinates by the following linear 

transformation: 

[
𝑅
𝐺
𝐵
] = [

3.240479 −1.537150 −0.498535
−0.969256 1.875992 0.041556
0.055648 −0.204043 1.057311

] [
𝑋
𝑌
𝑍
]      (32) 

The RGB values should stay between 0 and 1. In some cases they were slightly greater than 1. In 

these cases, the values were rounded to 1. The final step was to scale the RGB values obtained from 

(32) to values included between 0 and 255. 
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5 Results and Discussion 

A chemical system, constituted by an acetonitrile solution of the two photochromes, MPh and SpO, 

dissolved at concentrations of 𝐶𝑀𝑃ℎ = 1.5 × 10
−4𝑀 and 𝐶𝑆𝑝𝑂 = 5.5 × 10

−5𝑀, respectively, is 

photo-excitable. The extent of photo-excitability is wavelength-dependent because the quantities 

𝜀𝑈𝑛(𝑀𝑃ℎ)Φ𝑃𝐶(𝑀𝑃ℎ) and 𝜀𝑈𝑛(𝑆𝑝𝑂)Φ𝑃𝐶(𝑆𝑝𝑂) change with the wavelength of irradiation. Quantitative 

estimates of the photo-excitability of the two species in our specific solution are  

𝜀𝑈𝑛(𝑀𝑃ℎ)Φ𝑃𝐶(𝑀𝑃ℎ)𝐶𝑀𝑃ℎ𝑙 = Φ𝑃𝐶(𝑀𝑃ℎ)𝐴𝑀𝑃ℎ(𝜆)        (33) 

and  

𝜀𝑈𝑛(𝑆𝑝𝑂)Φ𝑃𝐶(𝑆𝑝𝑂)𝐶𝑆𝑝𝑂𝑙 = Φ𝑃𝐶(𝑆𝑝𝑂)𝐴𝑆𝑝𝑂(𝜆),        (34) 

wherein 𝐴𝑀𝑃ℎ(𝜆) and 𝐴𝑆𝑝𝑂(𝜆) are the wavelength-dependent absorbances of MPh and SpO, 

respectively. The values of the photo-excitability of the two photochromes are reported in Table 2.  

 

Table 2. Data regarding the photo-excitability of MPh, SpO, and their solution at different 

wavelengths.  

𝜆𝑖𝑟𝑟(𝑛𝑚) 𝜀𝑈𝑛(𝑀𝑃ℎ)Φ𝑃𝐶(𝑀𝑃ℎ) 

(𝑀−1𝑐𝑚−1) 

𝜀𝑈𝑛(𝑆𝑝𝑂)Φ𝑃𝐶(𝑆𝑝𝑂) 

(𝑀−1𝑐𝑚−1) 

Φ𝑃𝐶(𝑀𝑃ℎ)𝐴𝑀𝑃ℎ(𝜆)  Φ𝑃𝐶(𝑆𝑝𝑂)𝐴𝑆𝑝𝑂(𝜆) 

250 46920 3240 7.04 0.18 

272 21160 4140 3.17 0.23 

308 1750 1540 0.26 0.08 
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322 1730 1320 0.26 0.07 

375 2160 1080 0.32 0.06 

405 0 360 0 0.02 

 

From the data of Table 2, which regard six specific wavelengths, it is evident that in our system, the 

photo-excitability of MPh is always larger than that of SpO, except for 𝜆𝑖𝑟𝑟 = 405 𝑛𝑚 wherein 

𝑈𝑛(𝑴𝑷𝒉) does not absorb at all.  

When the solution of MPh and SpO receives an excitatory UV radiation, MPh and SpO compete 

mutually in absorbing it. MPh inhibits the colouration of SpO and vice versa. This reciprocal optical 

inhibition is demonstrated through the results shown in Figure 4. The two plots of Figure 4 report the 

trends of the concentrations of the coloured forms of MPh on the left, and SpO on the right, upon 

steady irradiation at 375 nm. From the graph on the left, it is evident that the photo-steady state 

concentration of MPh is smaller in the presence of SpO (compare the plateau of the red trace with 

that of the black trace). Vice versa, from the graph on the right, it is clear-cut that the photo-steady 

state concentration of SpO is smaller in the presence of MPh (compare the plateau of the green trace 

with that of the blue trace). 
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Figure 4. In the graph on the left, trends of [𝐶𝑜(𝑴𝑷𝒉)] upon irradiation at 375 nm, with (red trace) 

or without (black trace) SpO. In the graph on the right, trends of [𝐶𝑜(𝑺𝒑𝑶)] upon irradiation at 375 

nm, with (green trace) or without (blue trace) of MPh. 

 

Therefore, MPh and SpO originate a recurrent network like that sketched in Figure 5A, wherein the 

excitatory actions of the UV signal on MPh and SpO is represented by two arrows, whereas two 

flattened arrowheads represent the optical inhibitory action exerted by MPh on SpO and that exerted 

by SpO on MPh. Upon excitation, a fraction of 𝑈𝑛(𝑴𝑷𝒉) is transformed into 𝐶𝑜(𝑴𝑷𝒉) and a 

fraction of 𝑈𝑛(𝑺𝒑𝑶) is transformed into 𝐶𝑜(𝑺𝒑𝑶). When the absorption coefficients of the coloured 

forms are different from those of the uncoloured forms, the mutual inhibitory actions between MPh 

and SpO change in strength. For instance, when the wavelength of the excitatory UV signal is 250 

nm, 𝜀𝐶𝑜(𝑀𝑃ℎ) = 36000 𝑀
−1𝑐𝑚−1 < 𝜀𝑈𝑛(𝑀𝑃ℎ) = 51000 𝑀

−1𝑐𝑚−1 (see the data in Table 1). 

Therefore, the inhibitory action of MPh on SpO decreases in strength. Moreover the partial 

conversion of 𝑈𝑛(𝑴𝑷𝒉) into 𝐶𝑜(𝑴𝑷𝒉) induced by 𝜆𝑖𝑟𝑟 = 250 𝑛𝑚 has a positive effect on its own 

colouration. It is a self-feedback effect that can also be exhibited by a real neuron when it has one or 
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more autapses, i.e., synapses between its axon and its soma (Yilmaz et al 2016). At 250 nm, 

𝜀𝐶𝑜(𝑆𝑝𝑂) = 𝜀𝑈𝑛(𝑆𝑝𝑂) = 18000 𝑀
−1𝑐𝑚−1 < 𝜀𝐶𝑜(𝑀𝑃ℎ) (see Table 1). Hence, the inhibitory action of 

SpO on MPh is less strong and the transformation of 𝑈𝑛(𝑺𝒑𝑶) into 𝐶𝑜(𝑺𝒑𝑶) does not originate 

self-feedback effects and does not change the strength of the inhibitory action of SpO on MPh. The 

transformations induced by the optical signal at 250 nm on the recurrent network constituted by MPh 

and SpO are depicted in Figure 5B. By modifying the wavelength of the excitatory UV signal, the 

response of the chemical system changes. Based on the values of the absorption coefficients for the 

uncoloured and coloured forms of MPh and SpO reported in Table 1, it is possible to observe that 

when the artificial recurrent neural network receives an excitatory UV signal with 𝜆𝑖𝑟𝑟 = 272 𝑛𝑚, 

the inhibitory action of MPh on SpO remains constant in strength because 𝜀𝐶𝑜(𝑀𝑃ℎ) = 𝜀𝑈𝑛(𝑀𝑃ℎ), 

whereas that exerted by SpO on MPh decreases more than twice (see the data in Table 1) because 

𝜀𝐶𝑜(𝑆𝑝𝑂) < 2𝜀𝑈𝑛(𝑆𝑝𝑂). Fo the same reasons, SpO will exhibit a positive self-feedback effect whereas 

MPh will not (see Figure 5C). In Figure 5D, the synaptic changes induced by an excitatory signal 

having 308 nm as wavelength are illustrated. Since, at 308 nm,  𝜀𝑈𝑛(𝑀𝑃ℎ) < 𝜀𝐶𝑜(𝑀𝑃ℎ) and 𝜀𝑈𝑛(𝑆𝑝𝑂) >

𝜀𝐶𝑜(𝑆𝑝𝑂), MPh reacts by increasing the strength of its inhibitory action on SpO and generating a 

negative action also on itself, whereas SpO reacts by decreasing the strength of its inhibitory action 

on MPh and generating a positive feedback on itself. At 322 nm, the data of Table 1 reveal that the 

response of the network is qualitatively similar to that observed at 308 nm, as shown in Figure 5E. 

When 𝜆𝑖𝑟𝑟 = 375 𝑛𝑚, all the absorption coefficients have the same value, i.e., 𝜀𝑈𝑛(𝑀𝑃ℎ) =

𝜀𝐶𝑜(𝑀𝑃ℎ) = 𝜀𝐶𝑜(𝑆𝑝𝑂) = 𝜀𝑈𝑛(𝑆𝑝𝑂), therefore the reciprocal inhibitory actions between MPh and SpO 

remain constant in strength, and there are no autaptic effects (see Figure 5F). Finally, when 𝜆𝑖𝑟𝑟 =

405 𝑛𝑚, the excitatory signal is absorbed only by SpO. MPh is not excited at all. Since 𝜀𝐶𝑜(𝑆𝑝𝑂) >

𝜀𝑈𝑛(𝑆𝑝𝑂), SpO inhibits itself (see the data in Table 1 and Figure 5G).  
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Figure 5. Recurrent network based on MPh and SpO receiving an excitatory UV signal (A). Changes 

on the synaptic strengths upon steady excitation at different wavelengths: 250 nm (B), 272 nm (C), 

308 nm (D), 322 nm (E), 375 nm (F), and 405 nm (G).   
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Since by altering the wavelength of the excitatory UV signal, the photo-excitabilities of MPh and 

SpO, and the synaptic strengths, i.e., the optical connections, between MPh and SpO change, it is 

reasonable to expect that the colours that are generated by the two photochromes change as well. In 

Table 3, the steady-state concentrations of 𝐶𝑜(𝑴𝑷𝒉) and 𝐶𝑜(𝑺𝒑𝑶), achieved upon stationary 

irradiations at different wavelengths, are reported, along with the values of the RGB colour 

coordinates, and the colours generated by the MPh+SpO system. At the six 𝜆𝑖𝑟𝑟, six distinct colours 

are achieved. The different colours correspond to different visible light transmitted by the MPh+SpO 

recurrent network. The light transmitted by the MPh+SpO system can be used as a signal to link our 

network with other photo-excitable Artificial Neuron Models and increase the complexity of the 

artificial neural networks.   

 

Table 3. [𝐶𝑜(𝑴𝑷𝒉)], [𝐶𝑜(𝑺𝒑𝑶)], R, G, B colour coordinates, and colours of the MPh and SpO 

solution at the steady state with 𝐼0 = 0.0001 𝑒𝑖𝑛𝑠𝑡𝑒𝑖𝑛 𝐿
−1𝑠−1 for the different wavelength of 

irradiation (𝜆𝑖𝑟𝑟).  

𝜆𝑖𝑟𝑟(𝑛𝑚) [𝐶𝑜(𝑴𝑷𝒉)]𝑠𝑠 (𝑀) [𝐶𝑜(𝑺𝒑𝑶)]𝑠𝑠(𝑀) R G B Colour 

250 1.43 × 10−4 
 

2.7 × 10−5 179 184 161 

 

272 1.38 × 10−4 
 

3.3 × 10−5 161 181 161 

 

308 8.09 × 10−5 2.3 × 10−5 184 204 194 
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322 8.19 × 10−5 2.1 × 10−5 189 207 194 

 

375 9.00 × 10−5 1.9 × 10−5 143 191 186 

 

405 0 9 × 10−6 222 242 247 

 

 

When the two photochromes, SpO and MPh, contained in the same solution, receive a periodic 

excitatory signal, represented by the function 𝐼(𝑡) =
𝐼0

2
−
𝐼0

3
sin(2𝜋𝜔𝑡), they respond by 

synchronizing with the input signal. If the modulated radiation has 405 nm as wavelength, only SpO 

is excited. The concentrations of Co(SpO) oscillates with the same frequency 𝜔 of the radiation. 

However, the [Co(SpO)] is not perfectly in phase with the radiation (see Figure 6). The phase 

difference ∆𝜑 = ((𝑡1 − 𝑡0) 𝑇⁄ ) (see Figure 6 for the meaning of the symbols) is 0.1. When [Co(SpO)] 

is at its maximum, the colour of the solution is cyan (R=217, G=246, B=247), whereas when 

[Co(SpO)] is at its minimum, the solution is almost uncoloured (R=250, G=250, B=248).  
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Figure 6. Trends of the excitation intensity (in red) and concentration of Co(SpO) (in black) 

simulated when 𝜆𝑖𝑟𝑟 = 405 𝑛𝑚. T represents the period of the oscillations.  

 

When both SpO and MPh absorb the wavelength of irradiation, both [Co(SpO)] and [Co(MPh)] 

synchronize with the excitatory UV signal, but with different phase differences (∆𝜑). The results are 

reported in Table 4 along with the RGB colour coordinates calculated when the sum of the 

concentrations of the colour forms are at their maxima (Rmax, Gmax, Bmax) and minima (Rmin, Gmin, 

Bmin), respectively.  
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Table 4. Phase differences between the periodic excitatory signal and [Co(MPh)] (∆𝜑𝑀𝑃ℎ) and 

[Co(SpO)] (∆𝜑𝑆𝑝𝑂), respectively. Values of the colour coordinates (R, G, B) at the maximum and the 

minimum of the concentrations of the colour forms.  

𝜆𝑖𝑟𝑟(𝑛𝑚) ∆𝜑𝑀𝑃ℎ ∆𝜑𝑆𝑝𝑂 Rmax Gmax Bmax Rmin Gmin Bmin 

250 0.005 0.07 194 186 163 225 208 176 

272 0.01 0.06 172 182 164 213 210 184 

308 0.09 0.08 194 211 198 225 235 221 

322 0.1 0.08 202 209 198 228 238 223 

375 0.08 0.08 208 211 195 238 235 221 

405 / 0.1 217 246 247 250 250 248 

 

From the data of Table 4, it is evident that when 𝜆𝑖𝑟𝑟(𝑛𝑚) = 250 𝑛𝑚, [Co(MPh)] is almost perfectly 

in phase with the excitatory signal (∆𝜑𝑀𝑃ℎ = 0.005) because the photo-excitability of MPh is very 

high (see the data in Table 2). On the other hand, [Co(SpO)] is appreciably out-of-phase (∆𝜑𝑆𝑝𝑂 =

0.07) because its photo-excitability is much smaller at 250 nm. Of course, [Co(MPh)] and [Co(SpO)] 

are also out-of-phase with each other, as shown in Figure 7A. In Figure 7A, the two coloured patches 

located at the extremes of the ellipse (obtained by plotting [Co(MPh)] vs. [Co(SpO)]) represent the 

colours of the solution when [Co(MPh)] and [Co(SpO)] are at their largest and smallest values, 

respectively. When 𝜆𝑖𝑟𝑟(𝑛𝑚) = 272 𝑛𝑚, the situation is similar. However, the photo-excitability of 

MPh is smaller and that of SpO is larger than at 250 nm. Therefore, ∆𝜑𝑀𝑃ℎ increases and ∆𝜑𝑆𝑝𝑂 

decreases (see the data in Table 4). Since the difference ∆𝜑𝑆𝑝𝑂 − ∆𝜑𝑀𝑃ℎ obtained when 𝜆𝑖𝑟𝑟(𝑛𝑚) =

272 𝑛𝑚 is smaller than that obtained when 𝜆𝑖𝑟𝑟(𝑛𝑚) = 250 𝑛𝑚, the ellipse of Figure 7B is more 
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compressed than the ellipse appearing in Figure 7A. When 𝜆𝑖𝑟𝑟(𝑛𝑚) is 308 nm or 322 nm, the product 

𝜀𝑈𝑛(𝑀𝑃ℎ)Φ𝑃𝐶(𝑀𝑃ℎ) maintains larger than 𝜀𝑈𝑛(𝑆𝑝𝑂)Φ𝑃𝐶(𝑆𝑝𝑂) (see data in Table 2), but the difference  

∆𝜑𝑆𝑝𝑂 − ∆𝜑𝑀𝑃ℎ becomes negative because SpO has other features that make it swifter to respond to 

the temporal variation of 𝐼(𝑡). These features are (1) a larger 𝑘∆ and (2) a positive autapse (𝜀𝐶𝑜(𝑆𝑝𝑂) <

𝜀𝑈𝑛(𝑆𝑝𝑂)) vs. a negative autapse of MPh (𝜀𝐶𝑜(𝑀𝑃ℎ) > 𝜀𝑈𝑛(𝑀𝑃ℎ)). Since the differences ∆𝜑𝑆𝑝𝑂 −

∆𝜑𝑀𝑃ℎ are negative and tiny when 𝜆𝑖𝑟𝑟(𝑛𝑚) is 308 nm or 322 nm, the ellipses of Figures 7C and D, 

are traced anti-clockwise (the ellipses appearing in Figure 7A and B are traced clockwise and they 

are more compressed. Finally, when 𝜆𝑖𝑟𝑟(𝑛𝑚) = 375 𝑛𝑚, the stronger photo-excitability of MPh is 

counterbalanced by the faster thermal recovery of SpO, whereby MPh and SpO generate the same 

∆𝜑. Therefore, they are perfectly in phase with each other, as depicted in Figure 7E, wherein the trend 

[Co(MPh)] vs. [Co(SpO)] appears as a segment. 
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Figure 7. Trends of [Co(MPh)] vs. [Co(SpO)] at different periodic excitatory irradiation 

wavelengths: 250 nm (A); 272 nm (B); 308 nm (C); 322 nm (D); 375 nm (E).  
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Finally, it is worthwhile noticing that by changing the wavelength of the periodic excitatory signal, 

𝜆𝑖𝑟𝑟(𝑛𝑚), the recurrent network, constituted by MPh and SpO, responds by generating different 

colours whose features change periodically (reported in Table 4 and Figure 7). The spectral 

composition of the light transmitted by the network and its time evolution can be used as a signal to 

be sent to other photo-excitable systems to implement artificial neural networks with a larger number 

of nodes.  

 

6 Conclusions 

This work is a contribution to the development of neuromorphic engineering. Through simulations 

carried out by using experimental data, we have shown that a solution of two direct photochromic 

compounds, i.e., MPh and SpO, can be used to implement a recurrent network based on two Artificial 

Neuron Models, responding to UV and generating visible signals. By altering the wavelength of the 

excitatory UV signal (𝜆𝑖𝑟𝑟), phenomena mimicking neuromodulation have been achieved. They are: 

(I) changes in photo-excitability, i.e., the products 𝜀𝑈𝑛(𝜆𝑖𝑟𝑟)Φ𝑃𝐶(𝜆𝑖𝑟𝑟) ; (II) changes in the synaptic 

strengths represented by the changes in the values of the absorption coefficients going from the 

uncoloured to the coloured forms; (III) changes in the wiring of the circuit because at 𝜆𝑖𝑟𝑟 = 405 𝑛𝑚, 

the system SpO+MPh is no longer a recurrent network since only SpO is excited; (IV) changes in 

the optical signals that the system can send because the transmittance in the visible modifies as a 

function of 𝜆𝑖𝑟𝑟 ; (V) changes in the dynamics of the system when it receives a periodic signal because 

different types of synchronization are achieved. These results will be useful to devise artificial neural 

networks with a larger number of nodes communicating through UV-visible signals and implemented 

in a liquid phase. The development of neuromorphic engineering in solution has the advantage of 

guaranteeing the possibility of having even the phenomena of chemical waves, which cannot be 
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observed in the solid phase. Artificial neural networks will be the essential ingredients of brain-like 

computing machines that will complement current electronic computers based on the Von Neumann 

architecture (Gentili 2018).  
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