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Light-assisted dynamic titration: From theory to an experimental protocol

In order to design a dynamic titration method, we propose a theoretical model harnessing the kinetic properties of the complexation of the titrated species with a titrating photoswitchable reagent. Forced oscillations of illumination are imposed and concentration oscillations of the targeted species are deduced from the equations of chemical kinetics. We determine analytical expressions of the resonance conditions on the control parameters, angular frequency, mean light intensity, and total concentration of the photoswitchable reagent, which optimize the out-of-phase amplitude of concentration oscillations. A user-friendly protocol of dynamic titration is proposed.

Introduction

In analysis or imaging, addressing a targeted component in a mixture without any separation requires selectively reading-out its signature. When a mixture contains many components, exploiting a spectroscopic signature may be too restrictive for discrimination. Indeed, the signals associated with atoms or functional groups exhibit non-vanishing half-widths and are spread over a finite frequency range, which limits the number of discernable components. As an example relevant for fluorescence microscopy, 1 the absorption and fluorescence emission features of the labels currently used in biology suffer from spectral crowding. Only a few labels can be discriminated 2 instead of the several tens which would be desirable for advanced bioimaging, [START_REF] Weissleder | Proc. Natl. Acad. Sci[END_REF][START_REF] Grecco | [END_REF] multicolored cell labeling, 5,6,7 and highly multiplexed diagnostic assays. [START_REF] Gerdes | Proc. Natl. Acad. Sci[END_REF][START_REF] Liberali | [END_REF] Alternative strategies have to be implemented in order to overcome the preceding limitation.

Titration is such a strategy, which has been extensively used in chemistry and biology. In titrations, discrimination of a targeted component relies on its reaction with a selective reagent, which is read-out by an observable (e.g. absorbance, fluorescence emission,. . . ) reporting on the extent of the titrating reaction. Most titration protocols exploit chemical equilibrium with respect to the titrating reaction. In those protocols, the observable is constant and its value is governed by the thermodynamic constant of the titrating reaction, which has to be singularized in order to achieve successful contrast of the targeted component against interfering species. Dynamic titrations add a new dimension for discrimination. 10,11 As relaxation methods used in chemical kinetics, [START_REF] Eigen | Relaxation Methods in Techniques of Organic Chemistry[END_REF][START_REF] Bernasconi | Relaxation kinetics[END_REF][START_REF] Strehlow | Fundamentals of chemical relaxation[END_REF][START_REF] Nölting | Protein folding kinetics[END_REF][START_REF] Eccleston | [END_REF] they exploit the mixture response to a sudden or periodic change of a parameter, which controls the rate of the titrating reaction. In dynamic titrations, the observable is not anymore constant but it is replaced by a temporal series of observable values, which depends on the impact of the perturbation on the titrating reaction. In particular, both the extent and the relaxation time of the titrating reaction govern the response of any mixture component to the perturbation. Consequently, they add a kinetic dimension to the titration protocols relevant at chemical equilibrium and correspondingly make dynamic titrations more selective.

Several control parameters can perturb the rate of a titration reaction. [START_REF] Eigen | Relaxation Methods in Techniques of Organic Chemistry[END_REF][START_REF] Strehlow | Fundamentals of chemical relaxation[END_REF] Periodic forcing of reaction kinetics via, e.g. modulation of pressure, temperature, or illumination, is a useful tool to improve the reaction performance, the reaction rate, or to control the selection of a given behavior in complex nonlinear reactions. 17,18,19,20,21 Optimizing the quantity of interest consists in determining resonance conditions relating the parameters associated with external forcing and intrinsic chemical dynamics. Analogous optimization could be obtained using noise instead of a periodic forcing leading to stochastic resonance. 22 Protocols relying on temperature modulations and signal demodulation for selective analysis 23,24,25 or mechanism unraveling 26,27,28,29,30,31,32,33 have been proposed.

In this manuscript, we consider perturbing the rate of the titration reaction by changing the concentration of its reactants and products. Such a change would most often involve matter transport. However, this approach may bring limitations originating from poor temporal resolution, detrimental convective flows, or lack of access in the case of compartmentalized systems. We are interested in using light as a fast non-invasive trigger to change the concentration of photoactive species, which is compatible with biological applications. 34 Hence, we consider that the selective reagent used in the titration is reversibly photoswitchable and exchanges between two states respectively reactive and inert towards the mixture components. Our goal is to introduce a highly selective dynamic titration protocol discriminating the mixture components by the rate constants of their reaction with the reactive state of the selective reagent. Interestingly, the same protocol will be as well relevant to add another dimension to discriminate recent biomolecular tags, which non-covalently in-teract with reversibly photoswitchable reagents to provide fluorescent labels. 35,[START_REF] Plamont | Proc. Natl. Acad. Sci. U.S.A[END_REF][START_REF] Pimenta | [END_REF] The paper is organized as follows. In Section 2, we introduce a model of dynamic titration involving a photoswitchable reagent and forced oscillations of illumination.

In Section 3, we analytically compute the concentration response of the reactants and products engaged in the light-assisted titrating reaction when they are submitted to modulated illumination of small amplitude. The observable is the out-of-phase amplitude of concentration oscillations of the complex formed by the targeted species and the photoswitchable titrating reagent. The observable displays an optimum in the space of the rate constants. These resonant rate constants are associated with specific values of the control parameters, i.e. the angular frequency of illumination modulation, the mean light intensity and the concentration of the photoswitchable reagent. Reciprocally, setting the control parameters to resonant values leads to singularizing the species with kinetic properties of interest. In Section 4, we extract analytical expressions of the control parameters associated with an extremum of the observable. The analytical predictions are numerically checked in Section 5. Section 6 is devoted to the design of the experimental protocol for light-assisted dynamic titration. Section 7 contains the conclusion.

The model

We consider the following mechanism accounting for the photochemical isomerization of a reversibly photoswitchable reagent (1F, 2F) and its complexation with a titrated species R:

1F k hν 12 ⇋ k hν 21 + k ∆ 21 2F (1) 
R + 1F k ∆ +1 ⇋ k ∆ -1 1B (2) 
In reaction (1) In this work, the photochemical reaction ( 1) is used to drive the complexation reaction (2) and reveal its kinetics. Numerous molecular backbones exhibit reversible photoswitching when they are exposed to light. 38,39,40,41 The forward and backward photochemical isomerizations of reaction (1) can be light-driven at a same wavelength. Alternatively two distinct wavelengths can be used to respectively govern the forward and backward photochemical processes in many reversibly photoswitchable chromophores (e.g. reversibly fluorescent photoswitchable proteins -RSFPs, 42,43 azobenzenes, 44,45,46 cyanines, 47,48 diarylethenes, 49,50,51 and spirobenzopyrans 52 ).

In the following, we distinguish two regimes of illumination. In the first regime, subsequently referred to as the one-color system, we consider that the forward and backward photochemical isomerizations are driven at one wavelength only. In this regime, the thermally-driven backward isomerization associated with the rate constant k ∆ 21 is essential to control the modulation of the extent of reaction (1). In the second regime, subsequently denominated as the two-color system, we assume that the forward and backward photochemical isomerizations are driven at two distinct wavelengths. The thermally-driven backward isomerization is not necessary to control the modulation of the extent of reaction (1) and we restrict the examination of the two-color system to the case k ∆ 21 ≪ k hν 21 , i.e. to high intensities of illumination.

Concentration responses to small oscillations of illumination

We investigate the response of the system to forced oscillations of the rate constants 

R tot = 1B + R (3) 
F tot = 1F + 2F + 1B (4) 
where R tot and F tot denote the total concentrations of the titrated species and the photoswitchable reagent, respectively. The temporal evolution of the concentrations is governed by

d1B dt = k ∆ +1 1B 2 + k ∆ +1 1B 2F -k ∆ +1 (R tot + F tot ) + k ∆ -1 1B (5) 
-k ∆ +1 R tot 2F + k ∆ +1 R tot F tot d2F dt = -k hν 12 1B -k hν 12 + k hν 21 + k ∆ 21 2F + k hν 12 F tot (6) 
In the one-color system, photoswitching is driven at one wavelength. With a one-photon excitation, the photochemical rate constants can be written

k hν 12 (t) = σ 12 I(t) (7) 
k hν 21 (t) = σ 21 I(t) (8) 
where σ 12 and σ 21 are the photoswitching cross-sections and I(t) is the light intensity.

In the two-color system, photoswitching is driven at two wavelengths with associated 

Steady-state concentrations

In this subsection, we consider steady illumination, I(t) = I 0 for the one-color system and I 1 (t) = I 0 1 and I 2 (t) = I 0 2 for the two-color system. We look for the steady solutions of Eqs. (5,6) for stationary values of the photochemical rate constants

k 0 12 = σ 12 I 0 (11) 
k 0 21 = σ 21 I 0 (12) 
for the one-color system and

k 0 12 = σ 12,1 I 0 1 + σ 12,2 I 0 2 (13) 
k 0 21 = σ 21,1 I 0 1 + σ 21,2 I 0 2 (14) 
for the two-color system. We introduce dimensionless steady concentrations

Ψ 0 1B = k ∆ +1 k ∆ -1 1B 0 (15) 
Ψ 0 2F = k ∆ +1 k ∆ -1 2F 0 (16) 
which obey for the one-color system

Ψ 0 1B 2 + Ψ 0 1B Ψ 0 2F -(ζ R + ζ F + 1) Ψ 0 1B -ζ R Ψ 0 2F + ζ R ζ F = 0 ( 17 
)
-ηΨ 0 1B -[η (γ + 1) + 1] Ψ 0 2F + ηζ F = 0 ( 18 
)
and depend on the four dimensionless parameters ζ R , ζ F , η, and γ given in Table 1.

The dimensionless steady concentrations are

Ψ 0 1B = ζ F - η (1 + γ) + 1 η Ψ 0 2F (19) 
Ψ 0 2F = -f + f 2 -4eg 2e (20) 
One-color system Two-color system 

ζ R k ∆ +1 k ∆ -1 R tot k ∆ +1 k ∆ -1 R tot ζ F k ∆ +1 k ∆ -1 F tot k ∆ +1 k ∆ -1 F tot η σ12I 0 k ∆ 21 σ21,1I 0 1 σ21,2I 0 2 γ σ21 σ12 γ 1 σ12,1 σ21,1 γ 2 σ12,2 σ21,2
(η + 1) (η (γ 1 + 1) + γ 2 + 1) f η ((ζ R -ζ F ) (ηγ + 1) + η (1 + γ) + 1) (ηγ 1 + γ 2 ) ((ζ R -ζ F ) (η + 1) + η (γ 1 + 1) + γ 2 + 1) g -η 2 ζ F -(ηγ 1 + γ 2 ) 2 ζ F
Table 2: Expression of the parameters e, f , and g for the one-and two-color systems where ζ F , η, γ, γ 1 , and γ 2 are given in table 1.

with e, f , and g given in Table 2.

For the two-color system, Eqs. (17,20) remain unchanged and Eqs. (18,19) are

substituted by 0 = -(ηγ 1 + γ 2 ) Ψ 0 1B -[η (γ 1 + 1) + γ 2 + 1] Ψ 0 2F + (ηγ 1 + γ 2 ) ζ F (21) Ψ 0 1B = ζ F -1 + η + 1 ηγ 1 + γ 2 Ψ 0 2F (22) 
where the expressions η, γ 1 , and γ 2 are given in Table 1 and e, f , and g are given in Table 2.

First-order in-and out-of-phase concentration responses

We impose small oscillations of the illumination at the angular frequency ω. For the one-color system, we have

I(t) = I 0 [1 + ε sin (ωt)] (23) 
with ε ≪ 1. In the two-color system, we propose to either modulate one of the two light intensities I 1 (t) and I 2 (t) or anticorrelate both of them at the same angular frequency

I 1 (t) = I 0 1 [1 + n 1 ε sin (ωt)] (24) 
I 2 (t) = I 0 2 [1 + n 2 ε sin (ωt)] (25) 
where (n 1 , n 2 ) = (1, 0) or (0, 1) for one modulated light intensity and (n 1 , n 2 ) =

(1, -1) for two modulated light intensities. The oscillations of illumination lead to oscillations of the photochemical rate constants

k hν 12 (t) = k 0 12 + εk 1 12 sin (ωt) (26) 
k hν 21 (t) = k 0 21 + εk 1 21 sin (ωt) (27) 
For the one-color system, we have k 1 12 = k 0 12 and k 1 21 = k 0 21 . For the two-color system, the expressions of k 1 12 and k 1 21 are obtained by introducing Eqs. (24,25) into Eqs. (9,10). We look for solutions of Eqs. (5,6) in the form of first-order expansions 1B = 1B 0 + ε1B 1 (28)

2F = 2F 0 + ε2F 1 , (29) 
valid for sufficiently small oscillation amplitudes (ε ≪ 1). As previously, dimensionless variables and parameters are introduced. The dimensionless first-order amplitudes of concentration oscillation are given by

Ψ 1 1B = k ∆ +1 k ∆ -1 1B 1 (30) 
Ψ 1 2F = k ∆ +1 k ∆ -1 2F 1 (31) 
In addition to the notations given in Table 1, we introduce three other dimensionless parameters in Table 3.

Under the hypothesis of small oscillations, Eqs. (5,6) are linearized and written in matrix form dX (θδ) dδ = M X (θδ) + F sin (θδ) (32) One-color system Two-color system

κ k ∆ -1 k ∆ 21 k ∆ -1 σ21,2I 0 2 θ ω k ∆ 21 ω σ21,2I 0 2 δ k ∆ 21 t σ 21,2 I 0 2 t
Table 3: Expression of the dimensionless parameters κ, θ, and δ for the one-and two-color systems.

One-color system Two-color system

a κ 2Ψ 0 1B + Ψ 0 2F -(ζ R + ζ F + 1) κ 2Ψ 0 1B + Ψ 0 2F -(ζ R + ζ F + 1) b κ Ψ 0 1B -ζ R κ Ψ 0 1B -ζ R c -η -γ 1 η + γ 2 d -(η (γ + 1) + 1) -(η (γ 1 + 1) + γ 2 + 1) N 1 | n 1 -n 2 | h 1 η(γ1-γ2) ηγ1+γ2
Table 4: Expression of a, b, c, d, N, and h for the one-and two-color systems, where κ is given in Table 3, Ψ 0 1B and Ψ 0 2F in Eqs. (19,20,22), and ζ R , ζ F , η, γ, γ 1 , and γ 2 in Table 1.

where the vectors are

X = Ψ 1 1B Ψ 1 2F = X cos cos (θδ) + X sin sin (θδ) (33) 
F = 0 NhΨ 0 2F (34)
and the matrix is

M = a b c d (35) 
with a, b, c, d, N, and h given in Table 4. Linearizing the dynamical equations in the limit of small forcing ensures that the analysis is generic: regardless of the specific nonlinearities of chemical kinetics, the following results can be applied. The linear system of equations for the dimensionless concentrations is easily solved in the eigenvector basis in which the equations are decoupled. The eigenvalues of M are given by

λ ± = a + d ± (a -d) 2 + 4bc 2 (36) 
In the eigenvector basis, the dynamical state of the system is given by the vector

Y = P -1 X (37) 
where P -1 is the inverse matrix of the change-of-basis matrix

P =   b √ (λ + -a) 2 +b 2 b √ (λ --a) 2 +b 2 λ + -a √ (λ + -a) 2 +b 2 λ --a √ (λ --a) 2 +b 2   (38) 
The coordinates of the vector Y = Y cos cos (θδ) + Y sin sin (θδ) obey the following decoupled equations

dY ± (θδ) dδ = λ ± Y ± (θδ) + α ± sin (θδ) (39) 
with

α + α - = P -1 F (40) 
In the eigenvector basis, the solution is

Y cos ± = - θα ± θ 2 + λ 2 ± (41) Y sin ± = - λ ± α ± θ 2 + λ 2 ± ( 42 
)
and in the initial basis, we find X = X + + X -with X ± = PY ± . Bearing all above in mind, we obtain the expression of the dimensionless first-order amplitudes of concentration oscillations for 1B and 2F

Ψ 1,cos 1B = Nθb (a + d) hΨ 0 2F θ 4 + θ 2 (a 2 + d 2 + 2bc) + (ad -bc) 2 (43) Ψ 1,sin 1B = Nb (ad -bc -θ 2 ) hΨ 0 2F θ 4 + θ 2 (a 2 + d 2 + 2bc) + (ad -bc) 2 (44) 
Ψ 1,cos 2F = - Nθ (θ 2 + a 2 + bc) hΨ 0 2F θ 4 + θ 2 (a 2 + d 2 + 2bc) + (ad -bc) 2 (45) Ψ 1,sin 2F = N [θ 2 (2a + d) -a(ad -bc)] hΨ 0 2F θ 4 + θ 2 (a 2 + d 2 + 2bc) + (ad -bc) 2 (46) 
where the parameters a, b, c, d, N, and h are given in Table 4, the dimensionless steady concentration Ψ 0 2F is given in Eq. ( 20), and the dimensionless frequency θ is given in Table 3. The expressions of the dimensionless first-order amplitudes for 1F and R are obtained using the law of conservation of matter given in Eqs. (3-4).

Analytical approach to the optimization of the out-of-phase concentration responses

We wish to introduce a highly selective dynamic titration protocol discriminating the titrated species by the rate constants of their reaction with the photoswitchable reagent. We are concerned with identifying both the observable and the experimental conditions which are the most favorable to fulfill this goal.

The expressions (43-46) give access to the amplitudes of the in-and out-of-phase terms of the modulated concentrations. In this paper, we adopt the out-of-phase amplitude of the concentration oscillations to build the observable of a dynamic titration protocol. We focus on the behavior of 1B among the species involved in the reactions (1,2). However, for the sake of completeness, we will also mention the remarkable properties of the species 1F and 2F, which could be useful in similar systems. First of all, the out-of-phase amplitude of the concentration oscillations of 1B is proportional to the total concentration of the titrated species. Then, it is expected to present a band-pass filter behavior for species engaged in the set of reactions (1,2), which should facilitate their discrimination. Indeed, species not affected by photochemical reactions do not respond to illumination modulation, whereas light fast-responding species respond in phase with the modulated illumination.

For the one-color system, the first-order amplitudes of the concentration oscillations are controlled by six dimensionless parameters η, γ, ζ R , ζ F , κ, and θ, instead of the nine initially introduced parameters,

σ 12 , σ 21 , I 0 , R tot , F tot , k ∆ -1 , ω, k ∆ +1 , and 
k ∆ 21 .
For the two-color system, the first-order amplitudes are controlled by seven dimensionless parameters η, γ 1 , γ 2 , ζ R , ζ F , κ, and θ, instead of the eleven initially introduced parameters,

σ 12,1 , σ 21,1 , σ 12,2 , σ 21,2 , I 0 1 , I 0 2 , R tot , F tot , k ∆ -1 , ω, and k ∆ +1 .
It is essential to recognize the parameters which can be tuned in a titration protocol and the discriminative parameters which are specific to each targeted species.

The scaled intensity of illumination, η, and the ratios of the isomerization cross-sections (γ for the one-color system or γ 1 and γ 2 associated with the light intensities I 1 and I 2 for the two-color system) characterize the kinetics of the reversibly photoswitchable reagent. The ratio of the complexation rate constant and photoswitching rate constant, κ, and the thermodynamic dissociation constant, 

K d = k ∆ -1 /k ∆ +1 ,

Optimization of Ψ 1,cos 1B with respect to the control parameters

In this subsection, we investigate whether the scaled out-of-phase amplitude of concentration oscillations Ψ 1,cos 1B exhibits extrema with respect to the control parameters. We determine analytical expressions of the control parameters associated with an extremum, further referred to as resonant parameter values labeled by an exponent R.

We first optimize Ψ 1,cos 1B with respect to the scaled frequency of the forced oscillations, θ. Using Eq. ( 43), we find that Ψ 1,cos 1B exhibits a single optimum for a positive value of θ given by

θ R = -(a 2 + d 2 + 2bc) + (a 2 + d 2 + 2bc) 2 + 12 (ad -bc) 2 6 ( 47 
)
Then, we consider optimizing Ψ 1,cos 1B θ R with respect to the scaled intensity of illumination, η. The exact expression of η at the optimum could not be extracted in the general case, but it can be analytically retrieved in two experimentally relevant situations: (i) the complexation reaction ( 2) is much faster than the photoisomerization (1), i.e. κ ≫ 1, which amounts to applying the quasi-steady state approximation to species 1B, (ii) the reaction ( 1) is much faster than reaction (2), i.e. κ ≪ 1, which amounts to applying the quasi-steady state approximation to species 2F. To leading order, we find

θ R ≃ | ad -bc a |, κ ≫ 1 (48) θ R ≃ | ad -bc d |, κ ≪ 1 (49)
Interestingly, both limit cases lead to the same value of the out-of-phase amplitude

for θ = θ R Ψ 1,cos 1B θ R ≃ N | b | Ψ 0 2F 2 | ad -bc | (50) 
Although the expression does not depend on κ, it is nevertheless not valid for κ ≃

1. The expression of Ψ for the one-color system

Ψ 1,cos 1B θ R ≃ Nηζ min ζ max 2 [η (γ (ζ max + 1) + 1) + ζ max + 1] 2 (51) 
We find a single optimum with respect to η for

η R ≃ ζ max + 1 γ (ζ max + 1) + 1 (52)
and the out-of-phase amplitude optimized with respect to θ and η is

Ψ 1,cos 1B θ R , η R ≃ Nζ min ζ max 8 (γ (ζ max + 1) + 1) (ζ max + 1) (53) 
Similarly, we find for the two-color system

Ψ 1,cos 1B θ R ≃ N (γ 1 -γ 2 ) ηζ min ζ max 2 [η (ζ max + γ 1 + 1) + ζ max + γ 2 + 1] 2 (54) η R ≃ ζ max + γ 2 + 1 ζ max + γ 1 + 1 (55) Ψ 1,cos 1B θ R , η R ≃ N (γ 1 -γ 2 ) ζ min ζ max 8 (ζ max + γ 1 + 1) (ζ max + γ 2 + 1) (56) 
An optimum of Ψ 1,cos 1B θ R , η R with respect to the maximum ζ max can be found for the resonant value

ζ R max ≃ γ + 1 γ (57) leading to Ψ 1,cos 1B θ R , η R , ζ R max ≃ Nζ min 8 √ γ 2 γ(γ + 1) + 2γ + 1 (58) 
For the two-color system, we derive

ζ R max ≃ (γ 1 + 1) (γ 2 + 1) (59) Ψ 1,cos 1B θ R , η R , ζ R max ≃ N (γ 1 -γ 2 ) ζ min 8 √ γ 1 + 1 + √ γ 2 + 1 2 (60) 4.2 Optimization of Ψ 1,cos 1F and Ψ 1,cos 2F
with respect to the control parameters An analogous approach is adopted to find approximate expressions for the out-ofphase amplitudes Ψ 1,cos 1F and Ψ 1,cos 2F of the modulation of 1F and 2F concentrations and the associated resonance conditions. Depending on the rates of complexation with respect to photoisomerization described by the κ parameter, different behaviors are obtained. In the case of a slower complexation (κ ≪ 1), we find not one but three extrema in the (θ,η) parameter space. The resonant parameter values associated with a nonvanishing amplitude obey

θ R 1 ≃ | d |, θ R 2 ≃| ad -bc d | (61) 
The first resonance R 1 is associated with the behavior of the photoisomerization subsystem given in Eq. ( 1). leads to the same condition (Eq. ( 49)) as for species 1B.

In the case of a slower photoisomerization (κ ≫ 1), Ψ 

θ R ≃ | ad -bc a | ( 62 
)
which corresponds to the resonance condition associated with 1B given in Eq. ( 48).

5 Numerical approach to the optimization of 1B 1,cos with respect to the control parameters

Behavior in the space of the control parameters

The analytical calculations rely on approximations and provide partial knowledge of the behaviors of the out-of-phase amplitudes. Whereas the analytical θ R expression is exact, the corresponding η R expression is not explicit when the rate constants associated with reactions (1) and ( 2) are comparable (κ ≃ 1) or when the dimensionless concentrations ζ R and ζ F take similar values. In order to validate the approximations, we compare the analytical predictions with numerical solutions. We determine the parameter values associated with optima of the scaled out-of-phase amplitude. 

(θ R , η R )/ min(R tot , F tot ) exhibits a maximum ζ R F > 1 with respect to ζ F when ζ R < 1.

5.2

Behavior with respect to the kinetically fixed parameters

One-color system

We address the case of photoswitchable reagents whose isomerization is driven at one wavelength and study the impact of the parameters γ and κ on the resonance of the out-of-phase amplitude 1B 1,cos .

We first examine the significance of the photoswitching features expressed by γ on the position of the resonance of 1B 1,cos in the (θ,η) space (see Fig. 1a). As shown in Fig. 2a, θ R does not significantly depend on γ. In contrast, η R strongly depends on γ (Fig. 2b). In particular, for large γ, η R is proportional to 1/γ.

Then, we analyze the role of γ on the resonance of 1B 1,cos in ζ F for fixed ζ R < 1 (Fig. 2c). For small γ, ζ R F is proportional to 1/ √ γ but converges to 1 for large γ.

In Figs. SI 1a,b,c of the Supplementary Information, we report on the deviations between the analytically and numerically computed values of θ R , η R , and ζ R F , which originate from the expansion used to derive Eqs. (52,57). As shown in Fig. SI 1a of Supplementary Information, the introduction of the approximate values of η R and ζ R F into the exact expression of θ R given in Eq. ( 47) induces a difference between the values retrieved from analytical and numerical computations. It is worth noting that the observed deviations are small compared to the width of the resonance peak where the amplitude drops to half of the resonance value. As a result, the analytical predictions are fully exploitable. Finally, we study the impact of γ on the amplitude of the resonance of 1B 1,cos (θ R , η R , ζ R F ). Figure 3a and Eq. (58) show that 1B 1,cos (θ R , η R , ζ R F )/ min(R tot , F tot ) is a decreasing function of γ and essentially vanishes for γ > 1. The maximal 1B 1,cos value reaches 14% of min(R tot , F tot ) and 25% of the steady state value 1B 0 .

a -3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 log 10 (θ R ) log 10 (γ) b -3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 log 10 (η R ) log 10 (γ) c 0 0.5 1 1.5 2 -3 -2 -1 0 1 2 3 log 10 (ζ R F ) log 10 (γ) d -3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 log 10 (θ R ) log 10 (κ) e -3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 log 10 (η R ) log 10 (κ) f 0 0.5 1 1.5 2 -3 -2 -1 0 1 2 3 log 10 (ζ R F ) log 10 (κ)
We examine the effect of the complexation kinetics expressed by the parameter κ on the resonance. As shown in Fig. 2d, θ R is proportional to κ at small κ values, whereas it does not significantly depend on κ at large κ. This observation was expected from Eqs. (48,49). As anticipated from Eqs. (52,57), η R and ζ R F are essentially independent of κ (Figs. 2e,f). However, a second-order dependence of ζ R F on κ is numerically observed when γ ≪ 1. Figures SI 1d,e,f of the Supplementary Information show that the deviations between the analytically and numerically computed values of θ R , η R and ζ R F can be neglected. The out-of-phase amplitude 1B 1,cos (θ R , η R , ζ R F )/ min(R tot , F tot ) does not significantly depend on κ as illustrated in Fig. 3b and Eq. (58).

Two-color system

For a two-color system, the kinetic parameters to be considered are γ 1 , γ 2 , and κ.

The choice of the dimensionless parameters has introduced a symmetry breaking in a system initially symmetric with respect to the permutations between the light intensities I 0 1 and I 0 2 and the isomerization cross-sections (σ 12,1 , σ 21,1 ) and (σ 12,2 , σ 21,2 ).

It is worth noting that the sign of the amplitude 1B 1,cos is imposed by the sign of γ 1 -γ 2 . We discuss the results in the case γ 1 < γ 2 leading to a negative amplitude.

We study the impact of the ratios γ 1 and γ 2 of the isomerization cross-sections corresponding to the light intensities I 0 1 and I 0 2 on the position of the resonance 1B 1,cos in the control parameter space. Analytical expressions given in Eqs. (47,55,59) and numerical results both lead to the following conclusions. For κ ≫ 1, θ R is an increasing function of γ 1 and γ 2 , whereas θ R does not depend on γ 1 and γ 2 for κ ≪ 1.

The resonant value η R is a decreasing function of γ 1 and an increasing function of γ 2 . We find that ζ R F is an increasing function of γ 1 and γ 2 . Figures 4a,b,c show the numerical results in the particular case γ 2 = 1/γ 1 which corresponds to reasonable experimental conditions. The comparison between the analytical predictions and the numerical results is made precise in Figs. SI 2a,b,c of the Supplementary Information for γ 2 = 1/γ 1 The analytical results can be used with a satisfying accuracy in a wide parameter range.

The impact of γ 1 and γ 2 on the resonance of 1B 1,cos The dependences of θ R , η R , and ζ R F on κ are similar to the ones that have already been discussed in a one-color system. Figures 4a,b,c display the numerical results for γ 2 = 1/γ 1 . Figures SI 2d,e,f of the Supplementary Information show that the discrepancies between the analytically and numerically computed values of θ R , η R , and ζ R F are small. The amplitude 1B 1,cos 

(θ R , η R , ζ R F ) is shown in
(θ R , η R , ζ R F
) is nearly independent of κ, as displayed in Fig. 5b and in Eq. (60).

The behaviors of the one-and two-color systems are similar. However for a twocolor system with two modulated light intensities, the optimized amplitude can be doubled with respect to the one of the one-color system.

Protocol for light-assisted dynamic titration

The preceding results can be used to propose a highly selective dynamic titration protocol, able to discriminate components R in a mixture by the rate constants k ∆ +1 and k ∆ -1 of their reaction with the photoswitchable reagent, viewed as the titrating reagent. Focussing on a targeted component, we suggest to tune the control pa- 

-3 -2 -1 0 1 2 3 1B 1,cos(θ R ,η R ,ζ R F ) N min(R tot ,F tot )
log 10 (κ)

Figure 5: Two-color system. (a) Dependence of the resonant out-of-phase amplitude of oscillation of concentration 1B 1,cos θ R , η R , ζ R F /N min(R tot , F tot ) on γ 1 for several fixed values of κ equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line), 1 (black solid line), 10 1 (blue dotted line), 10 2 (blue dashed line), 10 3 (blue solid line). (b) Dependence of the resonant out-of-phase amplitude on κ for several fixed values of γ 1 equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line). The numerical computations are performed for a fixed value of ζ R = 0.1 and with variable γ 2 = 1/γ 1 . and η provide a significant observable for 1B proportional to the total concentration R tot of the targeted species while eliminating the contributions from the other mixture components. According to Tables 1 and3, choosing ζ R , ζ F , θ, and η imposes constraints on the concentrations R tot and F tot of the targeted component and the titrating reagent, the angular frequency ω of the forced illumination oscillations, and the illumination intensities I 0 in a one-color system and I 0 1 and I 0 2 in a two-color system. In a user-friendly approach, we derive the optimized expressions of the dimensioned control parameters and design an experimental titrating protocol.

Setting the concentrations of the targeted component and the titrating reagent

We assume that the total concentration R tot of the target cannot be tuned but is significantly lower than the tunable total concentration of the photoswitchable reagent F tot . We further assume that R tot ≪ K d which leads to simpler expressions of the illumination control parameters presented in the following.

We use Eqs. (57, 59) to relate the resonant value F R tot to the dimensioned pa-rameters of the targeted component. We obtain for the one-color system

F R tot ≃ K d 1 + σ 12 σ 21 (63) 
and for the two-color system

F R tot ≃ K d 1 + σ 12,1 σ 21,1 1 + σ 12,2 σ 21,2 (64) 
where (σ 12 , σ 21 ) and (σ 12,1 , σ 21,1 , σ 12,2 , σ 21,2 ) are specific to the photoswitchable reagent and

K d = k ∆ -1 /k ∆ +1
is the thermodynamic dissociation constant specific to the couple formed by the photoswitchable reagent and the targeted component.

Setting the illumination parameters

The control parameters associated with illumination are the frequency ω and the light intensities, I 0 in a one-color system and I 0 1 and I 0 2 in a two-color system.

One-color system

Using Eqs. (48,49,52), valid in the approximation R tot ≪ F tot , we find the following resonant values for the one-color system

ω R ≃ k ∆ 21 1 + 1 + σ 12 σ 21 , for k ∆ -1 ≫ k ∆ 21 (65) ω R ≃ 2k ∆ -1 , for k ∆ -1 ≪ k ∆ 21 (66) 
I 0,R ≃ k ∆ 21 σ 21 (σ 12 + σ 21 ) (67) 
Only Eq. (66) links the resonant value of the angular frequency with the specific kinetics of the target. The other resonance conditions on the illumination parameters only involve the kinetics of the titrating reagent, which is common to all the titrated species. Extracted from Eq. (58), the optimized amplitude is given by

1B 1,cos (ω R , I 0,R , F R tot ) ≃ R tot 8 σ 21 σ 12 2 σ 21 σ 12 σ 21 σ 12 + 1 + 2 σ 21 σ 12 + 1 (68)

Two-color system

In a two-color system, we use the resonant values of the dimensionless parameters given in Eqs. (48,49,55), valid in the approximation R tot ≪ F tot and obtain

ω R ≃ σ 21,2 (σ 12,2 + σ 21,2 ) 1 + σ 12,1 σ 21,1 (69) 
+ 1 + σ 12,2 σ 21,2 I 0 2 , for k ∆ -1 ≫ σ 21,2 I 0 2 ω R ≃ 2k ∆ -1 , for k ∆ -1 ≪ σ 21,2 I 0 2 (70) 
I 0 1 I 0 2 R ≃ (σ 12,2 + σ 21,2 )σ 21,2 (σ 12,1 + σ 21,1 )σ 21,1 (71) 
As for the one-color system, only the resonant value of the angular frequency is related to the kinetics of the target according to Eq. ( 70). The optimized amplitude is deduced from Eq. ( 60)

1B 1,cos (ω R , I 0 1 /I 0 2 R , F R tot ) ≃ NR tot σ 12,1 σ 21,1 - σ 12,2 σ 21,2 8 σ 12,1 σ 21,1 + 1 + σ 12,2 σ 21,2 + 1 2 (72) 
Choosing to scale the light intensity I 0 1 and the angular frequency ω by the light intensity I 0 2 is arbitrary, the roles of I 0 1 and I 0 2 being symmetrical. Interestingly, optimization of the illumination parameters imposes two conditions whereas the experimentalist has three degrees of freedom, I 0 1 , I 0 2 , and ω. The method is therefore very flexible. The resonance condition on the illumination intensities does not independently set I 0 1 and I 0 2 , but sets the ratio

I 0 1 I 0 2 R
. In the case of fast complexation compared to isomerization, increasing the illumination intensities leads to increasing the angular frequency, whereas the angular frequency remains unchanged otherwise.

In addition, the choice of I 0 2 determines the rate-limiting step: Small I 0 2 values lead to slower photoisomerization and large I 0 2 values lead to slower complexation.

Comparing k ∆ -1 to k ∆ 21 in the case of the one-color system and to σ 21,2 I 0 2 in the case of the two-color system amounts to comparing the relaxation times of photoisomerization (reaction (1)) and complexation (reaction (2)). The expressions of the resonant angular frequency given in Eqs. (65,69) are obtained when photoisomerization is the rate-limiting step. Conversely, Eqs. (66,70) are obtained when complexation is the rate-determining step. Equations (65,66) for the one-color system can be written

ω R ≃ k ∆ 21 + I 0,R (σ 12 + σ 21 ) , for k ∆ -1 ≫ k ∆ 21 (73) ω R ≃ k ∆ +1 1F 0 I 0,R , F R tot + k ∆ -1 , for k ∆ -1 ≪ k ∆ 21 ( 74 
)
and Eqs. (65,66) for the two-color system lead to

ω R ≃ (σ 12,1 + σ 21,1 ) I 0 1 I 0 2 R + (σ 12,2 + σ 21,2 ) I 0 2 , for k ∆ -1 ≫ σ 21,2 I 0 2 (75) ω R ≃ k ∆ +1 1F 0 I 0 1 /I 0 2 R , F R tot + k ∆ -1 , for k ∆ -1 ≪ σ 21,2 I 0 2 (76)
Hence, in the two limit cases, the resonant angular frequency is equal to the inverse of the relaxation time of the rate-limiting step, exactly as in a chemical scheme with a single step. 11,53,54 Moreover, when complexation is slower than isomerization, the value of the angular frequency, tuned to discriminate the targeted component, is the same in the two-color system (Eq. ( 70)) as in the one-color system (Eq. ( 66)).

It is worth noting that the resonance conditions setting light intensity I 0,R or (I 0 1 /I 0 2 ) R according to Eqs. (67,71) impose

k 0 12 I 0,R 1F 0 I 0,R , F R tot ≃ k 0 21 I 0,R 2F 0 I 0,R , F R tot ( 77 
)
for the one-color system and

k 0 12 I 0 1 /I 0 2 R 1F 0 I 0 1 /I 0 2 R , F R tot ≃ k 0 21 I 0 1 /I 0 2 R 2F 0 I 0 1 /I 0 2 R , F R tot ( 78 
)
for the two-color system, where the rate constants are given in Eqs. (11-14) and the steady concentrations in Eqs. (19,20,22) for resonant values of light intensity and total concentration of the photoswitchable reagent. Hence, the photoisomerization reaction is at equilibrium when the control parameters are resonant. Similarly, the resonance conditions setting the concentration F R tot of the photoswitchable reagent according to Eqs. (63,64) lead to

1F 0 I 0,R , F R tot ≃ K d (79) 1B 0 I 0,R , F R tot ≃ R 0 I 0,R , F R tot ≃ R tot /2 (80) 
for the one-color system and

1F 0 I 0 1 /I 0 2 R , F R tot ≃ K d (81) 1B 0 I 0 1 /I 0 2 R , F R tot ≃ R 0 I 0 1 /I 0 2 R , F R tot ≃ R tot /2 (82) 
for the two color system. Thus, the complexation reaction is at equilibrium for resonant values of the control parameters.

In summary, the optimized conditions bring out specific links between the kinetics of the target and the control parameters. From Eqs. (63,67) and Eqs. (64,71), it comes out that both the unbinding rate constant k ∆ -1 and the thermodynamic dissociation constant K d = k ∆ -1 /k ∆ +1 are discriminating parameters for both the oneand two-color systems. In both cases, k ∆ -1 only affects the choice of the angular frequency ω R while K d affects the choice of the concentration F R tot of the titrating reagent. From Eqs. (68,72), the optimized out-of-phase is proportional to the total concentration of the titrated species R tot .

The light-assisted dynamic titration in action

In view of the preceding results, we design a protocol relevant to discriminate a targeted species R against interfering compounds. The choice of the titrating species sets the photoisomerization cross-sections and the thermal isomerization rate constant. For both the one-and two-color systems, we propose a titrating protocol using k ∆ +1 and k ∆ -1 as discriminating parameters, for a given choice of the titrating reagent. The total concentration of the titrating species F R tot is set according to Eqs.

(63,64): the ratio of rate constants, Figure 6a for the one-color system and Fig. 6b for the two-color system display isodensity curves associated with the out-of-phase amplitude of 1B for three targeted species with different unbinding rate constants k ∆ -1 in the (ω, I 0 ) space and the (ω, I 0 1 /I 0 2 ) space, respectively. For targeted species with different k ∆ -1 but the same value of the dissociation constant K d , the position of the resonance with respect to I 0 and I 0 1 /I 0 2 is the same for all the three targeted species, whereas the position of the resonance with respect to ω varies with the unbinding rate constant of the targeted species. Kinetic discrimination is efficient provided that k ∆ -1 < k ∆ 21 for the one-color system and k ∆ -1 < σ 21,2 I 0 2 for the two-color system. Hence, the choice of the titrating agent has to be adapted to the targeted species for dynamic titration to be successful.

K d = k ∆ -1 /k ∆ +1 ,
Figure 6c for the one-color system and Fig. 6d for the two-color system show how the isodensity curves associated with the observable move in the (F tot , I 0 ) space and the (F tot , I 0 1 /I 0 2 ) space, respectively, when the thermodynamic dissociation constant K d of the targeted species changes. For targeted species with different values of the dissociation constant but the same value of the unbinding rate constant k ∆ -1 , the position of the resonance with respect to I 0 or I 0 1 /I 0 2 is the same for all K d values. On the contrary, the position of the resonance with respect to F tot significantly varies for the investigated values of K d . Hence, kinetic discrimination for targets with different k ∆ +1 values will be efficient. 

I(t) = I 0 [1 + ε sin (ωt)] I 1 (t) = I 0 1 [1 + n 1 ε sin (ωt)] I 2 (t) = I 0 2 [1 + n 2 ε sin (ωt)] Total concentrations R tot ≪ K d F R tot ≃ K d σ12+σ21 σ21 F R tot ≃ K d 1 + σ12,1 σ21,1 1 + σ12,2 σ21,2
Illumination parameters

I 0,R ≃ k ∆ 21 √ σ21(σ12+σ21) I 0 1 I 0 2 R ≃ (σ12,2+σ21,2)σ21,2 (σ12,1+σ21,1)σ21,1 if k ∆ -1 ≫ k ∆ 21 , ω R ≃ k ∆ 21 + I 0,R (σ 12 + σ 21 ) if k ∆ -1 ≫ σ 21,2 I 0 2 , ω R ≃ (σ 12,1 + σ 21,1 ) I 0 1 I 0 2 R + (σ 12,2 + σ 21,2 ) I 0 2 if k ∆ -1 ≪ k ∆ 21 , ω R = 2k ∆ -1 if k ∆ -1 ≪ σ 21,2 I 0 2 , ω R = 2k ∆ -1
Table 5: Summary of the analytical expressions of the control parameters associated with the dynamic titration protocol in one-and two-color systems.

It is worth noting that the protocol is also well adapted to discriminating targeted species with both different values of k ∆ +1 and k ∆ -1 , using the resonance conditions on F R tot and ω R . When complexation is slower than photoisomerization, the resonance condition setting ω R involves k ∆ -1 and the condition setting F R tot involves K d , i.e. k ∆ +1 when k ∆ -1 has already been singularized by the choice of ω R . Then the titrating protocol involves the values of both the forward and backward rate constants and not only the equilibrium constant K d : the protocol fully deserves the title of dynamic titration protocol. However, when complexation is faster than photoisomerization, the resonance condition imposing ω R does not involve k ∆ -1 , as shown in Eqs. (65,69). In this case, the protocol belongs to the class of standard titrations relying on the variation of the equilibrium constant of reaction between titrated and titrating species.

The conditions on the control parameters to be imposed to implement the dynamic titration protocol are summarized in Table 5 for one-and two-color systems. 

Conclusion

A dynamic titration method is proposed for compounds that can react with a reversibly photoswitchable reagent. The principle relies on applying light modulation which imposes forced concentration oscillations. We have chosen to detect the outof-phase amplitude of concentration oscillations. This observable presents satisfying properties for dynamic titration because it is proportional to the total concentration of a species of interest and takes appreciable values only for the targeted species. Sin-gularizing a targeted species amounts to setting the control parameters to resonant values that optimize the observable. The resonance conditions consist in adjusting the period of the forced illumination to the relaxation time of the slowest reaction.

Moreover they impose that both reactions, photoisomerization and complexation, are at equilibrium at leading order: At the resonance, the chemical system obeys detailed balance. We have derived user-friendly analytical expressions that relate the resonant control parameters to the kinetics of the titrated/titrating couple. The validity of the analytical predictions has been numerically checked. Using these results, we have proposed an experimental protocol able to dynamically titrate any targeted species, provided that the photoswitchable reagent has been adequately chosen.

From an experimental point of view, the implementation of the titration protocol requests to preliminarily study the kinetics of photoswitching and complexation which can be accomplished with standard photochemical and stopped-flow methods.

Then, collecting data should not be a problem and data processing is expected to be easy.

The present titration protocol relying on periodic light excitation should yield a better signal-to-noise ratio than titration protocols relying on thermodynamic equilibrium or on the analysis of the response to a jump like in a standard dynamic titration. [START_REF] Eigen | Relaxation Methods in Techniques of Organic Chemistry[END_REF] Indeed although the observable reaches half the value of the steady concentration in the most favorable case, lock-in detection acts as a band-filter around the resonant angular frequency, which efficiently filters the noise spectrum. As such, this titration protocol should find useful applications in analysis and imaging under demanding conditions.
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k hν 12 and k hν 21 around their steady values k 0 12 and k 0 21 .

 21 Denoting 1B, R, 1F , and 2F the concentrations in 1B, R, 1F, and 2F respectively, we express the laws of conservation of matter

  are associated with the kinetics of the complexation of the targeted species. The parameters γ or γ 1 and γ 2 are imposed by the photoswitchable reagent and κ is set by the couple formed by the photoswitchable reagent and the titrated species. In contrast, the normalized concentration ζ R of the targeted species, the normalized concentration ζ F of the photoswitchable reagent, the scaled frequency θ of the forced oscillations, and the scaled intensity of illumination η are monitored by the experimentalist and called control parameters.

Figure 1 Figure 1 :

 11 Figure 1 displays the numerically computed dependence of the out-of-phase amplitude of the 1B concentration on the control parameters. Experimentally relevant values of γ or γ 1 and γ 2 have been chosen. The 1B concentration is scaled by its upper value min(R tot , F tot ). Figures 1a,b evidence the predicted resonant behavior in the (θ,η) space and underline the relevance of the analytical resonant conditions.For the one-color system, the analytical predictions lead to (θ R = 0.69,η R = 0.92)

Figure 2 :

 2 Figure 2: One-color system. Dependence of the resonant values of the control parameters on γ (ratio of backward and forward photochemical isomerization rate constants) and κ (ratio of complexation and isomerization rate constants). Dependence of (a) θ R , (b) η R , (c) ζ R F on γ for several fixed values of κ equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line), 1 (black solid line), 10 1 (blue dotted line), 10 2 (blue dashed line), 10 3 (blue solid line). (d,e,f) same caption as in (a,b,c) by exchanging γ and κ. The numerical computations are performed for a fixed value of ζ R = 0.1 (dimensionless concentration of the titrated species).

Figure 3 :

 3 Figure 3: One-color system. (a) Dependence of the resonant out-of-phase amplitude of oscillations of concentration 1B 1,cos θ R , η R , ζ R F /N min(R tot , F tot ) on γ for ζ R = 0.1 and for several fixed values of κ equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line), 1 (black solid line), 10 1 (blue dotted line), 10 2 (blue dashed line), 10 3 (blue solid line). (b) same caption as in (a) by exchanging γ and κ.

  Fig. 5a in the particular case γ 2 = 1/γ 1 . The amplitude is an increasing function of | γ 1 -γ 2 | and reaches a plateau for | γ 1 -γ 2 |≫ 100, according to Eq. (60). The largest | 1B 1,cos | reaches 12.5% of min(R tot , F tot ) for a single modulated light intensity and 25% of min(R tot , F tot ) for two modulated light intensities. Similarly, | 1B 1,cos | reaches 25% of the steady state value 1B 0 for a single modulated light intensity and 50% of the steady state value 1B 0 for two modulated light intensities.

Figure 4 :

 4 Figure 4: Two-color system. Dependence of the resonant values of the control parameters on γ 1 (ratio of forward and backward photochemical isomerization rate constants corresponding to the light intensity I 0 1 ) and κ (ratio of complexation and isomerization rate constants). Dependence of (a) θ R , (b) η R , (c) ζ R F on γ 1 for several fixed values of κ equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line), 1 (black solid line), 10 1 (blue dotted line), 10 2 (blue dashed line), 10 3 (blue solid line). Dependence of (d) θ R , (e) η R , (f) ζ R F on κ for several fixed values of γ 1 equal to 10 -3 (red solid line), 10 -2 (red dashed line), 10 -1 (red dotted line). The numerical computations are performed for a fixed value of ζ R = 0.1 (dimensionless concentration of the titrated species) and with variable γ 2 = 1/γ 1 .

  rameters and maximize the amplitude of the out-of-phase response of its associated bound state 1B. Indeed, resonant or optimized values of the parameters ζ R , ζ F , θ,

  of the targeted species specifies the total concentration F R tot . The angular frequency ω R is set according to either Eqs. (65,69) or Eqs. (66,70), depending on the value of the unbinding rate constant k ∆ -1 . The light intensity I 0,R or the ratio (I 0 1 /I 0 2 ) R is set to the resonant value given in Eqs. (67,71).

Figure 6 :

 6 Figure 6: Isodensity curves corresponding to 50% (thin line) and 95% (thick line) of the resonant out-of-phase amplitude 1B 1,cos /N min(R tot , F tot ), optimized with respect to the three control parameters, for R tot = 0.1K d . (a,c) One-color system:σ 12 = σ 21 = 1 in arbitrary units, k ∆ 21 = 1 s -1 . (a) k ∆ -1 = 10 -2 s -1 (red), k ∆ -1 = 1 s -1 (black),and k ∆ -1 = 10 2 s -1 (blue), for K d = 100 nM, in the (ω, I 0 ) space, (c) K d = 1 nM (red), K d = 10 2 nM (black), and K d = 10 4 nM (blue), for k ∆ -1 = 10 -1 s -1 , in the (F tot , I 0 ) space, (b,d) Two-color system: σ 12,1 = σ 21,2 = 1 in arbitrary units, σ 12,2 = σ 21,1 = 5 in arbitrary units. (b) k ∆ -1 /I 0 2 = 10 -2 s -1 (red), k ∆ -1 /I 0 2 = 1 s -1(black), and k ∆ -1 /I 0 2 = 10 2 s -1 (blue), for K d = 100 nM, in the (ω/I 0 2 , I 0 1 /I 0 2 ) space, (d) K d = 1 nM (red), K d = 10 2 nM (black), and K d = 10 4 nM (blue), k ∆ -1 /I 0 2 = 10 -1 s -1 , in the (F tot , I 0 1 /I 0 2 ) space.

  , the thermodynamically most stable state 1F is photochemically converted into the thermodynamically less stable state 2F at rate constant k hν

	12
	from which it can relax back to the initial state 1F either by a photochemically-
	or a thermally-driven process at rate constant k hν 21 + k ∆ 21 , where k hν 21 and k ∆ 21 are the
	photochemical and the thermal contributions of the rate constants, respectively. In
	reaction (2), the state 1F interacts with the titrated species R to yield the bound,
	fluorescent state 1B. The thermally-driven on-and off-rate constants, k ∆ +1 and k ∆ -1 ,
	are used as discriminative parameters in a dynamic titration protocol.

  , σ 12,2 , σ 21,1 , and σ 21,2 are the photoswitching cross-sections. The thermal rate constant k ∆ 21 is neglected in front of the photochemical rate constants, implying that the light intensities are large enough.

	where σ 12,1	
	k hν 12 (t) = σ 12,1 I 1 (t) + σ 12,2 I 2 (t)	(9)
	k hν 21 (t) = σ 21,1 I 1 (t) + σ 21,2 I 2 (t)	(10)

light intensities I 1 (t) and I 2 (t). The rate constants obey

Table 1 :

 1 Expression of the dimensionless parameters ζ R , ζ F , η, γ, γ 1 , and γ 2 for the one-and two-color systems.

		One-color system	Two-color system
	e	(η (1 + γ) + 1) (ηγ + 1)

  11,53,54 Indeed, in a two-state exchange, the resonant value of the angular frequency is equal to the inverse of the relaxation time of the reaction. Here, the dimensionless parameter d corresponds to k 0 12 + k 0 21 + k ∆ 21 for the scaled parameters. The second resonance R 2 associated with species 1F and 2F

  One-color system Two-color system Fixed parameters associated with the titrating reagent σ 12 , σ 21 σ 12,1 , σ 12,2 , σ 21,1 , σ 21,2

	k ∆ 21	k ∆ 21 negligible
	Illumination modulation