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Summary

Analytical expressions for the rate constants k; and n/" of the photo-
chemical reaction scheme:
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with steady-state, modulated and pulsed excitation of A are derived.

The evaluation of kinetic rate constants k; of a three-component system:
k 1 k 3

= =~ B < ~ C
k2 kg

in the ground state is described in the literature [1]. Steady-state and tran-
sient (relaxation) methods are used. The present state of experimental devel-
opment has been described in a book [2]. Kiithne and Walter [ 3] have
reported on special mathematical procedures and methods for analysis of
the equilibrium.

A photochemical system with three components is involved in the change
in the fluorescence spectrum of aromatic carbon acids [4], and possibly also
in the diabatic deactivation of naphthalene derivates [5, 6].

The general photochemical system is:

P ka4
i l ”'l ”"l
I(t) > A, B, C (1)
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A, B and C are the concentrations of the electronic excited states of the com-
ponents A, , B; and C; ; k; the photochemical and n¢"’ the photophysical

rate constants; I(t) the excitation intensity. It is assumed that the photons are
absorbed only by A, . In the case of the protolytic fluorescence change of "
1-naphthol (ROH) we have: A = ROH* + H,O, B = (ROH-H,0)*,C= RO+
H3;0" and k, = k, [H30']. The reaction scheme (1) leads to the following
system of differential equations:

dA

dB ,

Fra Ry A—(n'+ky +ks)B +k,yC (2)
e ks B~ (n' +k,)C

—_— —{(n

dt 3 4

To determine the constants experimentally three methods can be used to
disturb the equilibrium: steady-state [I(t) = I, = const.], modulated [I(t) =
e'”!] and step- or delta-shaped [I(t) = 1 fort = 0 and I(t) = O for t > 0].

Steady-state excitation
In the stationary case, the concentrations are time-independent: dA/df =
dB/dt = dC/dt = O. The system (2) is reduced to:

k] A_(n’+k2 +k3)B +k4C =
ksB—(n'’ +ks)C=0

By using Cramer’s rule the solution may be shown to be:

_Da 5 _Ds _Do
D’ D’ D
D is the coefficient determinant: D = — (nn’ + n'k; + nky) (n'' + ky) —

(n + k1)n""' k3. The Cramer’s determinants are:

Dy =—Io[(n' +ky)(n"" + ky) + kan'']

Dy = —1Iyky(n" + ky)

D¢ =--Ioki k3
The intensity I, can eliminated by using A, as a reference {e.g. for the fluo-
rescence change of 1-naphthol: Ay = A([H30"] - o)L

Harmonically modulated excitation: I(t) = e'"!
w means the frequency of modulation. The particular solution of sys-
tem (2) for this type of excitation is:
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A(t) = g e'twt-¥1D)
B(t)=b el(wt—ya}
C(t) = c e’ (®i™¥3)

where @, b and c are the degrees of modulation of the emission and the g;
the phase difference between the signals due to the emission and the excita-
tion. By using the Cramer’s rule we obtain:

a e_'iV’l = .D_A’ b e—‘i‘P2 ES D__B_, ¢ e_i\o3 = .PE.
D D
and so:
Im(D*D,)
tan P T ———
Re(D*Dy,)
and similarly for ¢, and g3 substituting B or C for A:
iw +n+ kll —k2 0
D= —ky iw+n' +ky +kj —ky
0 —kg iw+n" +ky

D* denotes the conjugate complex of D. D,, Dg and Dc may be obtained
by the method of the previous section. Substituting these determinants into
the formula for the tangent, we obtain by simple algebra:

tany;  w2a; by tazb; —ayb,
w  w?(agby —a,by) +azby
tan g w?a; —ay +az(n’' +ky)
w  w?lag —a;(n +ky)] +ag(n’ +ky)
tan 3 _ as
w @y —wa,
where

a, =n+n’"+n’" +ky +hy +ky +ky

az =(n'' +ky)(nn' + n'ky +nky)+n'"kz(n +ky)

az; =—w? +nn’ +n'ky +nky +nky + ki ky +n''ky +(n” +ky)X
(n+n" +ky +ky)
by =—w? +n"ky +(n" +Ry)(n +ky)

bo=n'"+n""+ky +kg +k,

The solution for the degrees of the modulation is not given because their

experimental determination is complicated and inexact especially at higher
frequencies.



100

Pulse excitation: Ift) =1 fort=0and I(t) =0 for t > 0

By using A = Ay exp(—At), B = By exp(—\t), C= Cy exp(-—At) and
substituting into eqgn. (2), we obtain the secular determinant and then the
characteristic equation:

A —arZ + N —v=0

where:

a=a,,B=ag +w?, y =a, (see previous section)
This equation is best solved by computer. The sohftion of the system (2) is
given by:

3
Alt) =T A, e N

i=1

3
B(t) = 2 B, e M

i=1

3
C(t)=X C;, e !

i=1

For the determination of the coefficients the boundary conditions A(o) =1
and B(o) = C(¢) = 0 are used. By substituting these equations into the ho-
mogeneous system (2) a set of boundary conditions is obtained for the first
derivatives and hence by a similar procedure the boundary conditions for
the second derivatives. The equations for the coefficients A;, are then:

Ajo tAzo T A3z =1
AN Ao tA3A50 Y A3A30 =+ Ry
AMAp + A3 Ag0 +A5A30 = (n + k1 )® + Riks

It follows from the well-known procedure that:

Dqg
Alﬂ"b""""{h3(7\2_n_k 1) —AE(Ag —n— k) —
[(n+ky)? + ki k21(A2 — 23D}
Dyo 1
Agp=—=—{A}A3g —n—Fky)—AE(\y —n—Ry) —
20 = 3 D{ i(Aa 1) 3(Xy 1)

[(n+Eky)® +Ekika]1 (A3 — )}

1
Agg = =22 =030 —n — k) — A3\ —n—ky) —

y| o

[(n +Ek1)? + Rkl (M —A2)}
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where:
D=22(\3 —Xg) +A3(A; —23) + A3 (A2 —2y)

with corresponding expressions for B and C:

_D;I.O_kl 2 2 ’

B,yo "-1*5"""5[7\3 —A3 —(n+n Ry thy +R3) A3 —A2)]
D. k

Bao =on= 5} A=A —(m+n +ky +Rky +E3)(A1 —23)]
D. k

B3g = 5’3‘9'=1")}[7\§ —AF —(n+n’ +Eky +Ey +R3) A2 —Ay)]
DYy kikg

C1o="—D'—= 5 Az —A2)
D3o kiks

Czo"—l")-= D (A1 —A3)
D3y kik;

Cso=D—= D (A2 —Aq)

If, however, the decay of the concentrations of the excited states is distorted
by the finite time of excitation, the solution of system (2) is no longer suf-
ficient. Mathematically this is treated by the convolution integral:

{
A'(t) = f AB)I(t—0)do
0

where A(t) is the solution of the system (2) and A'(¢) the measured signal.

A critical survey of the determination of the system parameters by using this

integral is given by Knight and Selinger [7] and by Shaver and Love [8].
For the fluorescence transformation of 1-naphthol we obtain the fol-

lowing results (the units are 10° s7! or 10° M1 s71):

n=002 n = n''=0.125
k1=7 k2<1 k3=10 k4=93

In the general case, the evaluation of the rate constants requires the use of
all three types of disturbance or excitation accompanied by computer anal-
ysis by simulation or the regression method.
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