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Appendix

In this section, we follow the development of Krichevsky and Bonnet [1] to compute the auto- and
cross correlation functions of the intensities of emission that account for the physical and chemical
fluctuations occurring in the illuminated open volurilesupposed to contain an ideal solutionof
reactive components; (local concentrationsi;(7,t), average concentrationd;, = (A;(7,t)), local
deviationsi A; = A;(7,t) — A;).

General Formalism

At a given wavelength\, the number of photons(\, t) emitted during the sampling tim&¢ from the

illuminated volumeV is:
DTN .
n(\ 1) = At / S 2L gyt 1)
Vier T

In Eq.(1),9,, Z;(\) andr; respectively designate the quantum yield of fluorescence, the normalized emis-
sion spectrum i Z;(\)dA = 1) and the lifetime of the considered excited st4te For longer sampling

times than the typical lifetime of a singlet state (a few ns), one can assume that partial equilibrium with
regards to the excitation/desexcitation process is reached for ad 8pecies in every point of the illu-

minated volume. Indeed, excitation/desexcitation is the fastest process among the processes altering the
number of photons emitted from the illuminated volume [2, 3, 4]. At low light intensitigs,., ) (in

number of photons per unit of surface and per unit of tim&), t) ~ o, ;(Aexc)l (Aexe, 7)Y T Ai (7, 1)

whereo,, ;(Aezc) CONtains the cross section for light absorption aftgrhoton excitation ak.: o1; =

2.3¢; andog; = %62@» whereg; andds ; are respectively the molar absorption coefficient and the cross
section for two photon absorption & (after averaging on time, a similar relation holds wh¢h...., )

is a function of time). Under such conditions, Eq.(1) transforms into Eq.(2):
n(A 1) = At/ I(Aewer ™D Qi Newe)Li(N) Ai (7, t)d°F )
v =1

whereQ;(Aeze) = ®ioyi(Aezc) designates the brightness.df at A upon excitation ab...
To reduce the shot noise and to allow for cross correlations, our FCS set-up (Figure 1S) possesses

two detecting avalanche photodiodegk=I or II) that collect part of the photons emitted duriig:

nk(t) = At / I(Aexe, T)" f: OF (Newe) Ai (7, 1)d>7 (3)
4 =1
with
Qi’g()‘exc) = Qi()\e:cc) AOO ak(A)fk()\)Sk()\)L()\)d)\ (4)

In Eq.(4),a%()\), F¥()\) and&F(\) respectively designate the collection efficiency of the chahragl\,
the transmittance function of the optical elements located between the sample and tiie @iRDthe

dependence of the APPBresponse on.
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The correlation functio?’-/! (1) is defined in Eq.(5):

(6n([A1, Ao], 7, 0)0n L ([Ay, Ao, 7, 7))
n (A1, Ao]?, 7) Rt ([Ar, Ao]HT, 7)

in which the notatiorj\;, \;] stands for the range of wavelengths collected by each collection channel,

IandII. le”(r) can be written:

Gl (r) = (5)

GI II

// TOrer ) TOvres ™'Y - Q) Q1T Qe (047, 0045 (7, 7)) 77 (6)

nz nH -
G!'I(r) is a convolution of the auto- and cross-correlation functions of the concentration fluctuations
with the excitation profile.

In Eq.(6),(0A;(7,0)0A, (7', 7)) can be calculated as soonds; (7, 7) is known as a function of the

initial conditionsé A; (7, 0). Indeed, the ideality of the solution imposes:
(0.A;(7,0)04; (7', 0)) = A;0;;0(7 — 77) (7)

The dependence of4; (7, 7) on 0 A; (7, 0) is obtained from solving Eq.(8):

9 6A;(r,t)

o = D;V25A;(7,t) + Z KijOA; (7)) (8)

7j=1

In Eq.(8), the first term refers to the concentration changes resulting from diffusion (diffusion coefficient
D;) whereas the second linearized term is related to concentration changes close to equilibrium originat-
ing from occurrences of chemical reactions (thecoefficients of the matri¥ = [«;;] are combined
from the rate constants of the chemical reactions, anditheEq.(8) is solved after Fourier transform
leading to Eq.(9):

8A s
Z 9
whereA;(q,t) = (27)3/2) [ exp(igr)d A; (7, t)d*7 and Mi; = ki; — Digd;;. Introducing the eigen-
values\®) and the eigenvector&®) of the matrixM = [M;;], and the inverse matriX—* of the

eigenvectorsY(*), Eq.(6) eventually provides [1]:

IIT - (2m)~3 vy <Y (g2 +q2) - .
G = (0, OFA) (X7, QI Aj) /VJ ]ZHmd (10)

with
Hij = Q) QM Nere) 4 Y. XD eap(n&r)(x )P dPq (11)

In Eq.(10), one assumes that the illumination intensity profile is 3D-Gaussian:

2(z% + y?) _ 2Z2‘|

2 2
Wy wz

I(7,t) = Ipexp [— (12)

wherew, andw,, are the sizes of the beam waist in the direction of the propagation of light and in the
perpendicular direction respectively.
The final expression of:/://(7) can be obtained by determining thielependence off; for each

particular case.
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| somerization coupled with diffusion

The chemical processes involving the smallest number of interconverting states that can be observed by
FCS are displayed in Figure 3S: An isomerization occurs between the ground.4taed .45, and

between the excited statelg and.A3. In the present case, Eq.(8) becomes:

0 0A1(7,t)

D (a4 ki )JSALE 1) + RandAa(7,0) + ks Ave (7, 1) + DiA SA(F, ) (13)
%t(m) = a0 AL, 1) — (kar + kooe )5 Aa(F, ) + kav26 Az (F, 1) + Dok 5As(F, ) (14)
“Alai*t(m) — ke SAFE) — (kiea 4 kie2)SArs (7, 8) + ke 1e0Aoe (7 8) + Di= A 641+ (7,t)  (15)
%}W) — g 6 Aa(7t) + kivar SAL (Fyt) — (koore + kawo)0Age (Fyt) + Dow A 6 A+ (7 1) (16)

Isomerization as well as excitations occur without major change of molecular volume leading the diffu-

sion coefficients unchanged [5]. Thus it is reasonable to assum@itkatD« = Dy = Dox = d.

The reactivity of the ground state is observed by FCS

The intrinsic relaxation times;;» = (kiy« + k1+1) "' and o« = (kao+ + ko+o)~! associated to the
excitation/desexcitation processes lie in the ns range (typical lifetimes of the singlet excited4states
and.43). In most chemical circumstances;- and gy« are much smaller than the intrinsic relaxation
timestis = (k1o + ko1) ™! @ndry«or = (ky+2+ + ko+1+) ! @associated to the isomerizations. For longer
sampling times than the typical lifetime gff and.A3 , one can thus assume that partial equilibrium with

regards to the excitation/desexcitation processes is reached in every point of the illuminated volume:

% ~ Ki1» = zl—l* andg ~ Koox = QA Then the mechanism (13-16) reduces to Eq.(17) by
1 1*1 Az 2% 2
summing Eqgs.(13) and (15), and Eqgs.(14) and (16):
1 K } N { 1 Ko }
Aq, AT = Aa, A3 17
{1+K11* Pl Kt . 1+ Koo " 2 1+ Kope 2 an
with
1 K1+
= — K — . Kqwon 18
K12 1+ Kips 12+1+K11*12 (18)
1 Koo+
Ky = ———k —|—ik‘2*1* (19)

In the present investigation, the typical values of the laser intendities., ) and of the cross sec-

tions for two-photon absorptio® (A..) are such thak(;« < 1 et Koo+ < 1[6]. Then{ 1 - Ay, 1K“* A{} ~

1+ K44 +Kqqx
1 K22* * ~ .
A]_ and{ 1+K22* A27 1+K22* A2 ~ A2.

K12 ~ k12 (20)

%

K21 ko1 (21)

Thus, although relying on the analyses of the fluctuations of the fluorescence intensity from the excited
statesA} et A3, FCS reveals the reactivity of the ground states in most encountered experimental sit-

uations. This is especially significant since the rate constants of chemical reactions can be sometimes
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considerably altered by the nature, ground or excited, of the state (acid-base reactions for instance)
[7,8,9].

Expression of the correlation function G-/ (r)

Eq.(17) is now rewritten:

Ay = As (22)

keeping in mind thai; and.4, are averaged species involving the ground and the excited states.

Eq.(8) is written here:

%}f”) = R16AL(F, ) + ka8 Aa(7, ) + dA 6AL(F, 1) (23)
%t(r’t) = K120A1(7,t) — k210 Aa(7, 1) + dA §Ax(7)1) (24)

and the matriXM associated to (13,14):

— (k12 + dg?) K21
M =
K12 — (K21 + dg?)
whose eigenvalues are:
AL = _gg? (25)
A@ = Ry —dg? (26)

with Ris = k12 + k1. The eigenvalue\(l) reveals the conservation law during the chemical reac-
tion (22); then only diffusion can alter the density.ia and.4;. A\(?) additionally contains the relax-
ation towards chemical equilibrium following a fluctuation of the concentrationg iand .4, due to
occurrence of reaction (22).

Introducing the apparent equilibrium constdqt = :—;f and the total concentratiafl = A; + A,

one obtains:
o, - Q{QéIA_ﬂ (14 Kppe~ ) o~ 27)
Hy — QéQéfA? <1+ K%Q eth> ot (28)
Hy, = 7Q{Q£;A_1A_2(1—6R12t) e—da’t (29)
Hy = 7Q£Q{;A_1A_2(1—6R12t) e—da’t (30)
and:

(QI4A + Qf4,) (QfT 4y + Q74

ZHij = O
1,J
QI -1 QII —1 —Riot —dth
31
bR <Q1+K12 QU 1 Kiz) ° ‘ (1)
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with
f

k
— 32
Q ok (32)
leading to the final expression of the correlation function:
1 7\ ! T —1/2
1,11 _ 2 T
G (1) ~ (1 + TD> (1 + LUQTD)
QI -1 QII -1 Rt

1+ K 12 33
o <Q1+K12 QU 1 Kiz) ° (33)

=T - . . . . 2
whereN is the average number of molecules contained in the illuminated volgme, 2% andw =

Wz
Wy "

In this particular case where the chemical reaction is assumed not to change the diffusion properties,
G (1) is the product of the diffusive term and of the term in square brackets associated to the chemical
relaxation. Forr < 7—:

QI QI'Ny + Q4 Q4N
(O + QI N, ) Q1T + QU1 ;)

G (r) (34)

where N; and N, respectively designate the average numbers of moleculgs ahd.4, contained in

the illuminated volume. At such short times, the reactive mixturgyodind. A, essentially behaves as a
nonreactive mixture of two fluorescent species. After the relaxationimne R%Q of the reaction (22),

the chemical reaction does not contribute anymore to the correlation function: In this kinetic regime,
A; andA; are in “fast” exchange and the system apparently contains only one virtual species }

associated to the diffusion coefficiedit

One chemical reaction coupled to diffusion; three species

One is now interested in the more general situation encountered in chemistry where three species are
involved in the reaction (1). In relation with the present purp@salesignates the reactant of interest
whereag A;, Ay} is theH-specific probe exchanging between two states of different brightness. In line

with the present series of experiments, we consider that:

¢ the diffusion coefficients of4; and .4 are identical and equal t@. In contrast, the diffusion

coefficient of the third reactarit is equal taD.

e 7 is not fluorescent@}, = 0).

One introduces the equilibrium constakit, = ﬁ—;i and the total concentration id; and Ay: C =
Ay + As.

Eq.(8) here becomes:

%t(ht) = —rR120A1(7,t) + K210 Aa(7t) + KGH (7, 1) + dA 6 A, (7, ¢) (35)
ol

OORED _ kiabA(F.1) — monbAalF. ) — KSH(F.) + A DA (7.) (36)

aégiint) = K120A1(7,t) — k10 A9(7,t) — kH (7, t) + DA 0H (T, 1) (37)
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with

K12 = ko (38)
ko1 = koH (39)
E = koA (40)
and the matriXVI associated to (35-37):
—(k12 + dg?) K21 k
M = K12 — (k21 + dg?) —k
K12 —K21 —(k + Dg?)
the eigenvalues of which are:
A = —gg? (41)
A = —%[le + ko1 + k + (d+ D)g?]
+%\/[(f€12 + ko1 + k) + (d — D)%) 4 4k(D — d)¢? (42)
A® = —%[m + ko1 + k + (d+ D)g?]
V{12 o1+ B) - (d D)@ + k(D — d)g? (43)

In the general case, the preceding expressions do not lead to a simple analytical expression for the
correlation functionG’-/Z(7). Nevertheless, an approximate analytical expression can be obtained in

two limiting cases.

Therelaxation time 15 associated to the chemical reaction ismuch smaller than the diffusion time

D

In their pioneering work involving complexation of ethidum bromide by DNA, Magde, Elson and Webb
developed the expressions of the eigenvalues (41-43) t&giag a small term [10, 11, 12]. Lamb et al
revisited and extended these calculations [13]. They also performed a series of experiments in which the

corresponding approximation was relevant [13, 14].

The concentration of 4; and A5 is much less than the concentration of H

The availability of sensitive detectors (APD for instance) allowed to envisage a more favorable approx-
imation than the latter. Provided that< k15 + ko1, the second term under the square root in the

expressions ok®) and\®) can be neglected in front of the first. Then:

A= _gg? (44)
A2 = _pg? (45)
AB®) = _Ryy—dg? (46)

With Ris = k12 + K21. The conditionk < k12 + ko1 iS noticeably fulfilled as soon a8 < H [13].
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The occurrence of a chemical reaction (1) is naturally coupled to the diffusion of the gtatad
As. For instance,4; becomes in local excess aod} is locally lacking with regard to the external
reservoir when reaction (1) takes place forward. Then relaxation is obtained by diffusipraod.A;.
‘H is either produced or consumed during the same reactive event and the reaction (1) is similarly coupled
to the diffusion. Nevertheless, the occurrence of reaction (1) does not maiiyenC' < H. Under
such conditions, the concentratidh is independent on the occurrences of the conversions between the
A; and A, states and the reaction (1) becomes equivalent to the reaction (22). Indeed, the expressions of
A and\() here identify to the expressions (25) and (26). The additional eigen@lus associated
to the diffusion ofH.

If @ = 0, the different expressions obtained in the isomerization case apply to the more general
situation addressed in this subsection by substituting the apparent isomerization cmstrant’%
to K19 in Egs.(27-33). When the channdlsand 71 share identical optical elements, the cross corre-
lation functionG?!!(7) is equal to the autocorrelation function of the fluorescence emission from the

illuminated volumeV, G(1), given in Eq.(3).
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Supplementary Materials

Figures
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Figure 1S: FCS set-up relying on two-photon excitation that was used to perform the present series of
experiments. Experiments were performed with a mode-locked femtosecond Ti:sapphire laser (Mira)
pumped by a diode laser (Verdi) that delivers photon pulses at 76 MHz repetition rate in the 700-1000
nm range.M: mirror; OD: optical density].1, L2: focusing lensesB E: beam expander)C' dichroic

mirror; F': short-pass filterf/1, L'2, L'3: focusing lensesBS: 50/50 splitting cubef'I, FII: band-

pass filtersAPDI, APDII. avalanche photodiodes. The incoming beam is focused in the observed so-
lution. Due to two-photon excitation that quadratically depends on light intensity, fluorescence emission

is only significant from a tiny volume approximated as 3D-Gaussian in the micrometer range. Fluores-
cence is collected by the objective and the intensities measured by the avalanche photodiodes are cross

correlated.

S9



Glass tube
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Silicone cork
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—
T Water

Glass plate (€=0.17 mm
P ¢ ) Microscope objective

Figure 2S. Sample-containing cell under argon that was used during the present FCS experiments.
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* kl*z* *

A1 A,
k2*1*
K11 || K1x1 Koo || Koxo
k
A 12 Ay
Ko1

Figure 3S. Chemical process involving the smallest number of interconverting states that can be observed

by FCS: An isomerization occurs between the ground stdfeend. A5, and between the excited states
At and.A3.
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Figure 4S. Evaluation of the reliability of the parameter values that can be extracted from FCS auto-

correlation curves by using Eq.(9). We used Eq.(3) to generate FCS autocorrelation@{mewith
N=1,w=10,H = K, andQ = oo for the following k7p values: 103, 102, 107!, 1, 10, 1¢?, 10°.

Then we introduced some noise in the calculated autocorrelation functions to simulate “experimental”

autocorrelation functionér. (7) (markers) by adopting the typical noise level that was observed during

our present FCS measurementg)(l <

Ge(T)=Gy (T
Gy(7)

) < 0.1). We finally used Eq.(9) to fit the simulated

experimental data in the 18-10° range for% by usingkrp, N, and% as floatting parameters (solid

line). We only present the autocorrelation curves that gave satisfactory resultgajld (b), 10' (c),

10 (d).
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Table 1S. Derivation of the intrinsic relaxation times; associated to the six chemical reactions
displayed in Figure 7bry = (k1o + kot (H + OH)| ™', 113 = [k13 + ka1 (H + A)] 7Y, 7o3 = [k3o +
kos(AH+OH) ™!, 1y = (kg + ks (H+Y)] 71, 7oz = [kzro + oy (YH+OH)| ™, 733 = [ksy (A+
YH) + kys(AH + Y)Y pKo(AHIA)=5; k1o = 2.5 107° s [15]; kgy = 1.4 10 M~1s7! [15];
k31 = k3 = kag = koz = ksz = 101 M~!s™!; C' < 100 nM. Casel: pH is fixed by dilution of)’H
(pK,(YH/Y)=0) into the.A aqueous solution; Case The Y'H buffer (pk,(YH/)Y)=5) at 0.1 M fixes
the pH of the A aqueous solution.

PH 12 73 T3 Tiz(l) m3(l) m3(l) mz(2) my(2) 733(2)
(us)  (us) (ms)  (ps) (ms)  (ms)  (ns) (ns) (ns)

4 0.07 091 11 100 >1 >1 11 1.1
45 023 240 1.3 100 >1 >1 4.2 1.3
5 0.71 499 19 100 >1 >1 2.0 2.0
55 226 755 35 100 >1 >1 1.3 4.2
6 7.07 9.02 5.0 100 >1 >1 11 11

PR R RR

Table 2S. Evaluation of the reliability of the parameter values that can be extracted from FCS au-
tocorrelation curves by using Eq.(9). We used Eq.(3) to generate FCS autocorrelation @Gmes
with N=1, w=10, H = K, andQ = oo for the following k7p values: 103, 10°2, 107, 1, 10, 1C?,
10°. Then we introduced some noise in the calculated autocorrelation functions to simulate “experi-
mental” autocorrelation function§,(7) by adopting the typical noise level that was observed during
our present FCS measurement(l < % < 0.1). We finally used Eq.(9) to fit the simu-
lated experimental data in the 19-10* range for% by usingkmp, N, and% as floatting parameters
(Levenberg-Marquardt algorithm implemented in Kaleidagrah with a 0.1 % allowable error starting from
a same set of initial valueg:rp = N = % = 1). We only present the results that were obtained for the
following k7p values: 101, 1, 10, 10°. The other values df7p led to nonreliable results.

krp(theor) krp(fit) N % Linear Correlation Coefficienk
107! 951102 1.19 1.39 0.996
1 0.960 1.02 1.03 0.997
10! 9.44 1.00 0.990 0.997
107 98.3 0.996 0.974 0.997
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