Journal of Photochemistry, 30 (1985) 13 - 23 13

THE INFLUENCE OF A POLAR MEDIUM ON THE RATE OF FAST
PHOTOPROCESSES

Z. SMEDARTCHINA
Laboratory of Quantum Chemistry, Institute of Organic Chemistry, Sofia 1040 (Bulgaria)

F. DIETZ
Karl-Marx University, Leipzig 7010 (G.D.R.)

(Received April 24, 1984; in revised form July 27, 1984)

Summary

Many photoprocesses include a radiationless non-adiabatic transition
W, ~> ¥, at a critical geometry where the gap between the energy surfaces
is small. Owing to the significant redistribution of the molecular charge the
pelar medium has a strong influence not only on the potential energy but
also on the reaction coordinate. A statistical method which allows the
solvent reorganization effect to be described has been suggested for the case
when the potentials of both the initial and final states in the polar medium
have local minima at some critical geometry. Its application to the photo-
isomerization of cyanine dyes is discussed.

1. Introduction

Many photoprocesses, such as singlet—singlet and triplet—triplet energy
transfer, isomerization reactions etc., have a common feature. In contrast
with thermally activated reactions these processes occur in two steps
(Fig. 1): after excitation of the species an energy barrier [70 on the excited
state surface is overcome and then a radiationless transition ¥, W\Ifl
takes place at a critical geometry where the energy gap between U, and U,
is small enough (about 1 - 2 eV) for the probability of such a transition to
be significant. In Fig. 1 the path of such a process is shown by arrows: ¢’
is the reaction coordinate in the gas phase (or in a non-pclar medium),
q' = @’y corresponds to the critical geometry, and regions a and ¢ correspond
to the reactants and products respectively.

It has been shown by Veisko and Fleming [1] and Rentsch {2] that
in the case of the isomerization of polymethine dyes in polar solvents the
rate of population of the local minimum of the excited state potential
at ¢’ =q', is sufficiently large at room temperature for the preferred path
for the deactivation of the photoexcited state to be that shown by arrows
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Fig. 1. Curves of the potential energy 171 and [72 for the isomerization reaction as a func-
tion of the intramolecular coordinate gq’: , gas phase; - - -, polar solvent. Regions a
and ¢ correspond to the reactants and products respectively, and region b corresponds
to the critical geometry g’ = g¢.

in Fig. 1. Therefore, the probability that a radiationless transition will take
place is significant. Such a transition can affect other deactivation channels,
e.g. the fluorescence decay kinetics [3, 4].

Two aspects of the effect of the medium on the rate constants of the
photoprocesses are discussed in the literature. Firstly the effect of the
viscous drag on the motion along the reaction coordinate has been investi-
gated [5-7] and has been found to lead to a change in the energy barrier
Uo (Fig. 1). Secondly the effect of polar solvents on the potential energy
surfaces has been studied [8,9]. The difference between the potential
energy surfaces in a polar medium and in the gas phase (or in a non-polar
solvent) is particularly large for photoisomerization reactions which proceed
via a torsional motion around a C—C bond because this motion is accom-
panied by charge transfer [8, 10]. In the case of polar solutions the potential
energy surfaces in the ground and first excited states may have local minima
at the critical geometry, whereas in the gas phase (or in a non-polar medium)
the ground state surface has a maximum at this geometry (Fig. 1).

In both cases the problem of determining the effects of the medium
reduces to the correct evaluation of the potential energy surfaces in the
polar solvent. Despite the importance of this aspect, such an approach
takes into account only the static effects on the potential energy surfaces
and does not include analysis of the liquid dynamics. Therefore it seems
to be unsatisfactory. In the present paper we use the quantum-classical
approximation [11]} in an attempt to develop a consistent description of
the effects of polar media on the probability of radiationiess transition.

. As has been mentioned earlier the population of the local minimum of
U, at ¢’ =qy proceeds at a faster rate than any of the other processes of
deactivation of the photoexcited state. We assume that in a polar solvent
a quasi-equilibrium distribution of the nuclear system in this minimum is
established and that this should be treated as the initial condition of the
kinetic stage [12]. This assumption is valid if the probability per unit time
of the radiationless transition is much less than the rates of vibrational and
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polarization relaxation of the nuclear system [2]. Thus it is necessary to
determine the decay with time of the quasi-equilibrium distribution due to
the non-adiabatic interaction.

2. Method

Only two adiabatic electronic states ¥, and ¥, with adiabatic poten-
tials U 1(g) and U,(q) respectively need be taken into account in the region
where the potential surfaces approach each other (Fig. 1, region b). If the
nuclear subsystem is classical it can be described by the 2 X 2 density matrix
P [11]. The diagonal elements 5;;(p, q, t) = 5;(p, q, t) represent the classical
distributions of the nuclear coordinates ¢ and impulses p in the electronic
states ¥;, and the non-diagonal elements j;,(p, q, t) represent the phase
relations between the quantum states W¥; and W, (i # k&, i, k = 1, 2). The set
(P, @) consists of the nuclear coordinates and impulses (Pin¢, Gint) and (Ds, g,)
of the reactants and solvents respectively. In the following treatment we
assume that the internal coordinate set (p;n, @in:) consists of a single degree
of freedom (p’, q¢') which is the reaction coordinate in the gas phase.

The equation for the density matrix is of the Liouville type [11] and
describes the time evolution of the system with the hamiltonian

H=K+U+aUg,+ Vo, )

where the &6; (i=1, 2, 3) are Pauli matrices, K is the kinetic energy of the
nuclei, U= (U, + (71)/2 AU=(0,—0U,)/2 and V represents the non-
adiabatic interactions proportional to the velocities of the atomic nuclei
[11].

In this paper we assume that the potential surfaces in both the initial
and final states have local minima at a critical geometry in a polar medium
(Fig. 1). Then the process under discussion, which can be described as
movement of the representative point from region b of the excited state
potential U2 to region ¢ of the ground state potential U,, consists of two
steps: a radiationless transition ¥,~-W¥, in region b and a thermally ac-
tivated transition in the state ¥, to the product region c. We assume that
region b which is a region of quasi-equilibrium can be treated as a relatively
long-lived transient (isomer) with a characteristic electronic and vibronic
spectrum [13, 14]. The adiabatic potentials 7, and ¥, can then be approx-
imated as the sum of two independent contributions [15]:

U,=Uia") + U7(q,)
U,=Uiq") + U%(q.)

where U'(q') and Uj(g’') depend only on the intramolecular coordinate
q’ and correspond to the potentials in the gas phase, and U;(q,) and U%(g,)
involve the interaction between the polar medium and the transient in
which the internal coordinates are fixed and are equal to their equilibrium
values in region b.

(2)
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The Liouville operators I; and I,, which describe the dynamics of the
system in the electronic states ¥, and ¥, respectively, can be represented,
by analogy with egn. (2), as the sums [15]

E - Lr + En

1 1 1 (3)
Ly=Ly+L;
where the dynamic operators L), denote the one-dimensional Poisson
brackets

Lyy.= —3 —F — — —F (4)

The expressions for the operators 1":'1"2 are analogous but they consist of a
very large number of terms.

The contribution of the solvent atomic nuclei to the non-adiabatic
interaction in the case of fast relaxation of their velocities can be neglected.
Thus the non-adiabatic interaction consists of a single term proportional to
the velocity of the intramolecular motion [11]:

#ip' AFT,
V= r ’ ¥ (5)
2m' (AU’ + AU")?

where AF is the difference between the diabatic potential ranges in the gas
phase in the region q’ = g at which they cross, 2I'; is the energy gap in the
gas phase, AU’ = (U, — U})/2 and AT" = (0, — U))/2.

It can be concluded from eqns. (2), (3) and (5) that the many-particle
effects in the Liouville equation enter only through the Poisson brackets
L7, and the difference

F T Fy i
Q=A0"= YU (6)
, 2
This means [15] that the time evolution of the system can be described by
the partial density matrix p(p’, ¢’, @, t) which depends on a single solvent
collective coordinate Q. ,

As the potentials U/, and U, in polar solvents have minima at q¢’' = Qo
the time evolution of @ has the characteristics of a relaxation process in both
the initial and final states. Q(#) is usually considered [16, 17] to be a quasi-
stationary fluctuation [18] in polar media. Then the effective operators
LY(Q) and L3(Q), which describe the time evolution of the @ coordinate
of the medium in the electronic states ¥, and ¥,, can be expressed as dif-
fusion operators in the effective potentials U7 and U} [15 - 17]:

" -D 92... N 1 2 e} - T
1,20+ EY T ax | 5;(‘ 1,2 i (7)

where
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B 2Q ______A"
X (2Er)1/2
T
TS
w_ Ax— (E/2)132— A
Ul =
2
" {X+ (Erlz)llz}z +A"
U2 = 2

E_ is the energy for reorganization in the medium owing to the electronic
transition W, W¥, at g’ = g, A” is the difference between the equilib-
rium polarization energies in the states ¥, and ¥, at this geometry, 7, is
the relaxation time of the orientation polarization of the solvent and T is
the temperature in units of energy.

The equation for the partial density matrix 5(p’, q¢', @, ) is [15]

8p i[ Ag , (E, 1/2 A"% ] L,+L,
— = — 15, 1{AU + x|— + — ¢+ V6, + —— +
ot #nl° X 2) 2 02 2
b6+ O30

4

L,,=Lj,+Lj7, (see eqns. (4) and (7)) and the non-adiabatic interaction V
is given by eqn. (5). This equation is solved using the initial conditions

pik(p”q’:XsO) = 6i26k2p:3q(p':q,)pgq(X)

+(Lz—Ly) (8)

P;q(P',Q') = const X eng_ U27(~q )g o
U"
p:q(X) = const X exp ;_ 2;X)§

which correspond to the quasi-equilibrium distribution of the nuclear sub-
system in the local minimum of the excited state potential U,.

The probability of the radiationless transition ¥, ~~- ¥, in region b
is [15]

P(¢) = [dp’ dg’ dxp1(p',q"sX:t) (10)
b

The effective potentials
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U,=Ui(¢")+UTx)

U,=Uy(q") + Us(x)

(11)

which replace the real potentials (2) in eqn. (8) are paraboloidal in the region
g’ = qp corresponding to the critical geometry (Fig. 2). These potentials
intersect at X* = —A.¢/(2E,)? where A =20+ A” is the difference
between the minimum energies (Ac¢r = (U)min — (Udmin (Fig. 2)) and
21", is the energy gap in the gas phase. The non-adiabatic interaction is
greatest in the region (qg, X*); therefore the dominant contribution to the
probability (10) comes from this region, and

P(t) =~ W(gqo,x* )t

where W(g', x*) is the probability per unit time of a radiationless transition.
Since the effective potentials given by eqn. (11) intersect along the solvent
coordinate x, the probability W(g’, x*) has the usual Arrhenius form

, U
W(g',X*) = Wess €Xp (— —T—O) (12)

It is not necessary to solve egn. (8) in order to obtain the main parameter,
i.e. the activation energy U,. Under the condition Uy> T, U, is approximate-
ly equal to the height of the crossing point (g’, x*) above the potential
minimum of the initial state (Fig. 2):
_ 2
U, = Er— Berr)” (13)
4E,
The frequency wese at which the region x = x™ is attained is the average of
the intramolecular frequency £2 and the solvent relaxation rate 7, !. Its value
can be obtained by solving egn. (8) for the initial conditions (9). However,
this problem is not actual because the activation energy U, cannot be
calculated with sufficient accuracy. It has recently been shown by Zusman
[19] that in the special case 2 > 7,7!

b -

i T

aeff

/ T *
%

F‘1g 2. The paraboloidal effective potentnals U.(q', x) and Uy(q’, X) (eqn. (11)): U, is
the height of the crossing point (q’, x*) above the minimum of U, and A.¢¢ is the differ-
ence between the values of potentlal minima.
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_‘rs_1 - (Er +Aeff)7r (Er)1/2
Wers = sm —
T 2E, T

Equation (12) gives an estimate of the probability per unit time of the
radiationless transition at the critical geometry @' = gp. As a result of this
transition the system is in the local minimum of the ground state potential
(Fig. 1). The product region ¢ can be reached by an activation transition over
the energy barrier (Fig. 1). The probabilities per unit time of the forward
and backward reactions (to the product and reactant regions respectively)
are

oo exa(= 7
c T We EXp T ——
T

(14)

U,
Wa =Wy exp(—— ?

w, and w, are effective frequencies which depend on the solvent viscosity
[20], and U, and U, are the energy barrier values for the forward and
backward pathways along the coordinate ¢’ in the medium.

3. Discussion

The results obtained illustrate the significant effect of a polar medium
on the dynamics of the photoprocesses under discussion. This effect leads
to a shift of the potential energy surfaces in polar solvents relative to those
in the gas phase or in non-polar solvents. It has also been shown that in a
polar medium the reaction coordinate coincides with the aggregate coordi-
nate x of the solvent which describes the reorganization in the medium
owing to the electronic transition ¥, ~~~> ¥, at q' = qp, whereas in the gas
phase the coordinate ¢’ of internal motion plays the role of a reaction coor-
dinate. The energy E, for reorganization of the medium can be large (E, =
1 eV) as a result of the substantial difference between the charge distribu-
tions of the transient at configuration q@' = gy in the electronic states W,
and ¥,. Thus the influence of the polar medium on the rate constant of the
radiationless transition can be significant.

We shall now discuss the photoisomerization reaction of the strepto-
cyanine dye pentamethinecyanine in a polar solvent (water) using the
method discussed above.

The reaction proceeds by torsion around bonds 3—4 and 2—3 in the
molecule (Fig. 3). The corresponding potential energy curves in water [8]
are shown in Fig. 4. The potential energy curves in the gas phase were ob-
tained using a Pariser—Parr—Pople calculation including a doubly excited
electron configuration, and the solvation energies were evaluated by means
of a model corresponding to Klopman’s solvation concept. :
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Fig. 3. Schematic diagram of the isomerization of pentamethinecyanine.
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Fig. 4. Potential energy curves of the trans—cis isomerization of pentamethinecyanine in
a polar medium (water) as a function of the torsion angle ¢ [8].

A significant effect of the polar medium is the decrease of the energy
barrier I, (Fig. 1). The barrier for rotation around the 2—3 bond (about
80 kJ mol™?) is higher than that for rotation around the 3—4 bond (about
40 kJ mol™1!). Therefore the second pathway should be preferred.

The rate constant of the radiationless transition S, ~~~~» §; resulting
from the non-adiabatic interaction proportional to the velocity of the
torsional motion requires to be calculated. As has been mentioned, the
potential surface of the ground state of polymethine dyes in the gas phase
has a maximum at ¢ = 90°. The following inequality is a necessary condition
for the application of the proposed method (i.e. the introduction of an
aggregate coordinate @ for the solvent):

Q, <7, (15)

where £2, is the torsion frequency in the medium and 7, is the time required
to establish a partial equilibrium over all the degrees of freedom of the
solvent except Q. When this condition is obeyed eqn. (8) can be used to
describe the deactivation of the photoexcited state. It should be noted that
this equation is an exact dynamic equation which does not imply any
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relation between the frequency §2 of the intramolecular motion and the
rate 7, ! of solvent relaxation, as is also the case for the equation proposed
by Zusman [19] (see ailso ref. 21).

Since 7, !~ 10!3 s7! [22] (ie. T, is much less than 7,) and the esti-
mated value of £ in the gas phase is about 3 X 103 s~1, the inequality (15)
means that a high viscosity situation (£2 <) exists [1] (8 is the viscous
drag coefficient and is assumed to have a value of about 104 s™1),

It is necessary to determine the parameters E, and QA.¢¢ in order to
use eqn. (12) to calculate the probability of radiationless transition at ¢ =
90°. At 90° torsion the structure is characterized by charge transfer from one
part of the molecule to the other. The polymethinic fragment is uncharged
in the ground state whereas the polyenic fragment bears a positive charge;
however, in the S, state the polymethinic fragment at ¢ = 90° has a positive
charge +e whereas the polyenic fragment is uncharged (Fig. 5). The charge
redistribution caused by the electronic transition S, ~~' S, at ¢ = 90° can
be approximately described as a transfer of the elementary charge from the
centre of the polymethinic fragment to the centre of the polyenic fragment.
In the metallic sphere model the reorganization energy E, and the relative
solvation energy A" are [23]

1 1 1 1 1
E. =l ——||l-+ = ——|~34
e(n2 )(Za 2b r) 3.4eV

A"=e2(1m}.)(1 _]...—)%0
2b 2a

where a and b are the radii of the polymethinic and polyenic fragments
respectively (b ~a=~1.4 A [8]), r is the distance between their centres
(r~ 8.5 A [8]), n is the refractive index of the solvent and € is the static
dielectric constant (if the solvent is water n? = 1.8 and ¢ = 78).

In the Debye model the solvent relaxation time is 7, = Tpn?/e [24]
where 7p = 0.85 X 107! 5 is the Debye reorientation time for a single dipole
in the medium. By using the potential curves [8] we find 2I'g = 2 eV and
A.er =2 eV, so that the activation energy U, (eqn. (13)) is about 15 kJ

40, 122 +0.008 / +0,280 +0.390
+0.174 AN TN +0.390
+0. 278 +3.059 Soss N O-ﬁ -0.004

N o 431 N'40.156
(54)0n0
(a) (30)900 (b) 1790

Fig. 5. 7 electron density distribution of (a) the ground state and (b) the first excited
state of pentamethinecyanine twisted through 90° determined by means of a quantum-
chemical caleulation [8].
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mol~!. Then the rate constant of the radiationless transition S, ~* S,
at ¢ = 90°is

W~ 2X 101051 (16)

where we have assumed wee; = min(2, 7,7!) =7, ' = 5 X 102 57!, The rate
constant given by eqn. (16) corresponds to the formation of the transient
(isomer) at ¢ = 90° in the ground state. The rates of the transformations to
the stable cis or trans forms are given by egns. (14). At high viscosity (£2 <
) the frequencies w, and w. in egns. (14) are [20] w, = 282, /273 and
w, = Q8. /278, where 2, and €2, are the frequencies of vibration in the
“upturn’ potential near the barriers U, and U_ respectively. According
to ref. 8 Q, ~, ~Q~3X101 5!, U, =50 kJ mol™! and U, = 20 kd
mol~!l. Then the rate constants of the transition from the short-lived con-
formation at ¢ = 90° to the trans and cis isomers are

Werans =~ 7 X 108 571

(17)
Wee~3X103s!

Estimates (16) and (17) are in qualitative agreement with the results of inves-
tigations of fast photoprocesses in polymethine dyes performed by Rentsch
[2]. We assume the double-valley scheme suggested by Rentsch for the
isomerization of streptocyanine dyes: the two valleys correspond to the
potential minima of the trans isomer and the short-lived conformation at
¢ = 90°. Rentsch’s experimental results for a number of polymethine dyes
are

WxP) = (4.0 - 15.0) X 101°5™!

Wtrans(exp) =(2.0-3.3)X 109 ¢!
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