ol BB
ELSEVIER

Journal of Photochemistry and Photobiology A: Chemistry 97 (1996) 14

Journal of

A:CHEMISTRY

Photochemical bistability and oscillations in isothermal closed systems.
Substances in dimer-monomer equilibrium

A Kh. Vorobiev

Department of Chemistry, ivioscow State University, Vorob'evi Gory, 119899, Moscow, Russia

Received 1 September 1995; accepted 14 December 1995

Abstract

New reaction schemes showing photochemical instabilities in closed isothermal conditions are proposed. Bistability and oscillations are
predicted for a system in which one reactant is in rapid dimer-monomer equilibrium. The necessary feedback originates from the light
absorption law at high total absorption of a stirred solution. For the experimental observation of instabilities, the rates of thermal and
photochemical reactions must be comparable. The necessary relations of the parametcrs are obtained from the presented equations.
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1. Introduction

“Exotic’’ kinetic behaviour, i.e. bistability and oscilla-
tions, involves chemical instabilities. In some systems [1-
7], instabilities have been observed experimentally in reac-
tions incorporating a photochemical step. In most cases, unu-
sual kinetics have been studied in a continuous flow stirred
tank reactor (CSTR), i.c. in systems open to mass flow, or
at thermokinetic conditions, when the necessary feedback
involves heating by light and the temperature dependence of
the equilibrium constant.

So far, no experimental observations of instabilities in an
isothermal closed system on light exposure have been
obtained. In Ref. [8], the photochemical transformation of
products into reactants has been introduced into the model
reaction scheme to obtain a closed system. In the model, the
autocatalytic step, or substratum inhibition of the enzyme
reaction, is used as the feedback. The possibility of photo-
chemical instabilities in closed photochemical systems has
been shown [9-11]. Known bistable photoreaction schemes
include [10,11]: (1) thermally reversible photochemical
reactions in which the reactant is subject to concentration
quenching; (2) three-membered cyclic reaction with a ther-
moreversible phctochemical step; competitive light absorp-
tion is the feedback in the second case. Oscillatory behaviour
has been observed for a more complicated scheme in which
the system contains two independent photochemical reactions
induced by light with two different wavelengths. One of the
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reactions is bistable and the other reaction is connected with
the first by the absorption of light at both wavelengths.

Bistability in a CSTR and in thermokinetic experiments is
observed for molecules which form associates or, in the cim-
plest case, dimeric particles [1-5]. In the present work, we
have considered photochemical reactions which include a
substance in rapid dimer-monome ' equilibrium. This is a
simple example of a system with bistable and oscillatory
behaviour.

2. Results

Let us consider a substance A which is in rapid dimer-
monomer equilibrium with a constant K’

A
- :‘ N\
D == 2M

The concentrations of dimer and monomer are
poATM. Vi+8AK' —1 o
T2 T 4K’
where A is the total concentration of monomer and dimer
expressed in moles of monomer.
Now, let us suppose that both monomeric and dimeric
molecules absorb light. The light intensity absorbed by the
monomer in a stirred solution is
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L1—exp(—Ds);
Dy
Dy =Meyl: Ds=Meyl+Depl (2)

IM/lo=DM

where €, is the molar absorptivity of the monomeric form of
A, & is the molar absorptivity of the dimeric form, Dy is the
total absorbance, Dy, is the absorbance of the monomer (here
the molar absorptivities and absorbances are multiplied by a
factor In10), Iys and J, are the intensity of light absorbed by
the monomer and the incident light inteusity respectively and
Lis the optical path length.

The concentration dependence of the light intensity
absorbed by the monomer is shown in Fig, 1. It can be scen
that the dependence is substantially non-linear. A maximum
is observed at a sufficiently high total absorption. The max-
imum occurs when the molar absorptivity of the monomer is
larger than that of the dimer, and vice versa, It is clear that
the absorption maximum is related to the screening effect,
i.¢. the shielding of light by the dimer as the concentration of
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Fig. 1. Concentration dependence of the light © msity absorbed by the
monomer {in accordance with Eq. (1)): (a) S 1lmol™! em”Y
K'=100 1 mol™"; ep/eq=01 (1), 1 (2),3(3),a . 30 (5), 60 (6);
(b) € =10°1mol~'em~"; €5 =0.164; K (I mol~Y): 103(1),5%10° (2).
10* (3), 5X10* (4), 10° (3).

A increases arnd the fraction of dimer in the total concentration
increases.

The non-linearity of the absorbed light intensity as a func-
tion of concentration allows bistability in the isothermal
closed condition to be predicted. The simplest reaction
involving substance A is

hy
A ﬂ-? B
Scheme 1.

Let us assume that only the monomeric form of A reacts
with the substance produced (B) and the dimeric form is
unreactive. The kinetic equation for this reaction is

dA __, . (1=exp(~Dy)]
ar IydpDy D, +kB 3)

where ¢ is the quantum yield of the photochemical reaction
of the monomer and B=A,~ A in accordance with the con-
servation condition.

Let us introduce the dimensionless variables

X=AlAy K=4K'Ay t=ki €= —2
2en

The dimensionless representation of Eq. (3) is

@
et =ipg(X)+1-X (4)

where

U=owD), g

¢1+2ﬁm1]
K

8(X) =Dy

Dy = o[ex-i-(e—l)

VI+2KX -1

M/Ay= I3

The steady state equation

l_
om =X (5)
g8(X)

can be numerically or graphically solved (Fig. 2). Three
stationary states are found in the system. Further examination
indicates the first and third stationary points to be stable and
the second point to be unstable. This means that bistability
must occur in the system, and two distinct stationary states
with different concentrations of A can be observed. The tran-
sition from one stationary state to another can be induced by
a variation in the incident light intensity. The feedback is a
result of the light absorption by the dimeric form of A.

The same kind of bistability can be obtained in other closed
photochemical systems. For example, the cycle model
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Fig. 2. Solution of Eq. (5); €= 50; Dy= 10; the numbers are the values of
dimensionless K.
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Fig. 3. Solution of Eq. (7) with factor B/ [iy(1+p8)]=4 (1) and Eq. (9)
withip=2and a/B=13 (2).
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Scheme 2.

also demonstrates bistability. The dimensionless equations in
this case are

dX/dr=—iog(X) +Y

dY/dr=B(1-X) - (1+p)Y (6)
where
Y=C/A0; ﬁ""—kl/kz; T=k2f
The graphical solution of the steady state equation
(a-xp
X)= " (7
RRATEY)

is shown in Fig. 3. The physical significance of the value
g(X) is the fraction of light absorbed by the monomeric form
of A.

Thus bistability is a characteristic feature of photochemical
reactions of substances that can: dimerize. The necessary con-
ditions are a rapid dimer—-monomer equilibrium of the pho-
toactive compound, comparable rates of photochemical and
other thermal steps of the reaction and high total absorption
of the investigated medium.

Bistability of a photochemical system makes the construc-
tion of an oscillatory photochemical mechanism possible. It
has been shown [10,11] that non-stop switching between
stationary states can be achieved by inducing an independent
photochemical reaction, associated with the bistable subsys-
tem, by light absorption. This mechanism, however, imposes
strong limitations on the absorptivities of the reactants. A
simpler switch involves a reaction which changes the amount
of substance in the bistable subsystem. For example, the
model

1 hv
2D &= M&2B

kl

P

corresponds to Scheme 1 with an additional reversible ther-
mal reaction of the photoactive substance. The dimensionless
kinetic equations and steady state condition for this mecha-
nism are
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Fig. 4. Numerical solution of Eqs. (8); (a) shows the oscillatory kinetics of

X (lower curve) and ¥ (upper curve); (b) demonstrates the limit cycle;
parameters: €= 50, Dg= 10, K=1, =2, a=03,p=0.1,
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dX/dr= —ipg(X) — (1- &)X~ (1= B)Y+1
dY/dr=aX -~ BY (8)

- 1-X(1+a/B)

b

&(X) 9

where

Y=P/Ay, a=ky/ky; B=ki/ky;, 1=kt

We can choose parameters iy and a/8 so that the steady
state equation has one solution in the falling part of the g(X)
curve (Fig. 3). In this case, oscillatory kinetics are observed
by numerical solution of Eq. (8) (Fig. 4). The oscillatory
behaviour can be explained in the following manner. Let us
assume that k, and k; are small. Then the bistable subsystem
rapidly achieves one of the two stationary states and the
concentrations of the substances vary slowly according to the
switch equilibrium, If, according to the ratio ky/kj, the equi-
librium concentration of A (X, in Fig. 3) falls near the unsta-
ble stationary point of the bistable subsystem, the global
stationary state is unattainable. On moving to X,, the system
will transfer from one stable branch to another, i.e. oscillation
will be observed.

By a similar method, oscillatory mechanisms can be con-
structed for an arbitrary bistable photochemical system (for
example, for Scheme 2). Suitable parameters can be obtained

by immediate Lapunoff analysis of the corresponding equa-
tions.
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