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We investigate the excitation wavelength and &vent viscosity dependence of the rate of formation and distribution of 
ground&ate isomers in a Landau-Zener (LZ) electronic transition from the excited state. We fmd that both the rate and 
the distribution depend strongly on the excitation wavelength. A viscosity-mediated crossover from a dynamic LZ tiansi- 
tion to one governed by an exponential gap law is predicted. 

1. Introduction 

Avoided crossings of potential surfaces play an important role in the ~te~retation of organic photoche~~ 
reactions [l-3] . An essential ingredient for our underst~~g of these processes is the expression for the transi- 
tion probability derived many years ago by Landau and Zener [4,5]. This expression is usually given in the follow- 
ing form 

P = exp(-rQW2/u), 0) 

where AE is the energy gap between the two adiabatic surfaces at the cros@g point of the associated diabatic sur- 
faces, u is the velocity with which the system passes through the crossing region. y is given by [S] 

Y = (2~)2~~~~2 - Q, 

where F1, F2 are the “forces” acting on the two crossing diabatic surfaces and h is Planck’s constant. 

(la) 

In this Letter, we are interested in the consequences of avoided crossings on photochemit;af reactions in con- 
densed media. Consequently we need to generalize eq. (1). One effect of the interaction of the reactive system 
with the solvent molecules is to broaden the Landau-Zener transition zone. In this case we have to consider a po- 
sition-dependent transition probability p(x) which will be sharply peaked in the region of avoided crossing. At this 
juncture we would like to point out that if electronic relaxation is much faster than solvent relaxation (that is, in 
the limit of static modulation), the broadening of the energy surfaces may be of inhomogeneous character. In the 
opposite limit of faster solvent relaxation, the broadening may be homogeneous. Experimental situations [l-7] 
may vary widely between these two limits and it may be necessary to deal with each specific case separately for 
qu~titative purposes. Here we assume that the decay from the excited surface can be described by a positionde- 
pendent sink whose functions form we assume to be still given by eq. (l), with AE and u now position dependent. 
The details of the solute-solvent interactions may be parameterized by AE and u. The assumption of a position- 
dependent sink is useful, as shown below, in obtaining general, qualitative results. For a general potential surface, 
F2 - F, may also depend on the position coordinate, but this position dependence is negligible for the harmonic 
surfaces that we assume in this work. 

* Contribution number 354 from Solid State and Structural Chemistry Unit. 

0 ~9-2614~86/$03.50 0 Elsevier Science abler B.V. 
(North- Holland Physics PubB~g Dixon) 

521 



Volume 128, number 5,6 CHEMICAL PHYSICS LETTERS 8 August 1986 

Let us assume that the ground state has two isomeric forms, A and B. Let the molecule be excited by a light 
pulse of suitable wavelength from the well A and placed at time t = 0 at the position x = x0 on the excited state 
surface. Here x denotes the reaction coord~ate. Subsequent relaxation of the system wilI bring it down towards 
the avoidedcrossing region where the transition probability p, given by eq. (l), is large. If p is close to unity, then 
most of the product will be formed in well B. On the other hand, ifp is very small (p -4 1) in the avoided-crossing 
region, then the ground state isomers A and B will be formed in almost equal amounts. The situation, however, is 
not so clear when p takes intermediate values. Another interesting point in L,Z transitions is that the product dis- 
tribution may depend on the excitation wavelength. The rate of formation of the ground-state products may also 
depend on the excitation wavelength. For isomerization reactions the solvent viscosity may also have an important 
effect both on the rate of formation and on the distribution of ground-state isomers. We are not aware of any de- 
tailed calculation of these quantities and their interdependences. 

In this Letter we present simple analytic expressions for the fo~ow~g quantities: (a) the distribution of ground- 
state products formed by I&Z transitions from the initially formed excited state, (b) the excitation wavelen~ de- 
pendence of the rate of product formation and (c) the effects of viscosity on the rate of formation and on the dis- 
tribution of ground&ate products. We believe that these expressions are new and will be useful in understanding 
organic photochemical reactions. A detailed presentation of the results along with comparison with existing experi- 
mental data will be published elsewhere [8] . 

2. Distribution of ground-state isomers 

In this section we present expressions for the fraction of products, FA and FB , formed by LZ tr~sitions from 
the excited state. These expressions are valid in the limit of small solute-solvent interactions; we shall consider 
medium effects later. 

Subsequent to the initial excitation, the system relaxes towards the avoided-crossing region. There is a finite 
probability of decay as the system passes through the avoided-crossing region. Let fB denote the probability of 
transition to well B when the system passes from left to right and fA denote the transition probability in the re- 
verse situation. Note that fA and fB are different from the Landau-Zener transition probability p given by eq. (1). 
Here they represent the total transition probability on each passage across the avoided crossing region. They may 
be obtained by integrating eq. (1) over a trajectory. We shall evaluate fA and fB in section 3. Here wejust make 
the observation that they will depend both on the ground and the excited state potential surfaces. In general fA 
andfk will be unequal. Let I;A and J$ denote the fraction of isomers formed in the wells A and B, respectively. 
Then our scheme is as follows. In the absence of interactions with other degrees of freedom, the system oscillates 
back and forth on the excited surface. We can calculate the transition probability on each passage across the 
avoided crossing region and sum up all the contributions to obtain FA and FBI Then FA is given by 

FA = fA(l - fB) + fA(l - f,)2(1 - fA) +f,(l -f~)~(l -fAj2 + -‘. =f# -f&l - t1 -f# -f,)l ’ 

(2) 
Similarly, FB is given by 

FB = fB t fB(l - f,)(l - fA) +f& -f,j2(1 -fA,2 f .** =fBf t1 - c1 -f,)(l -f,)]* (3) 

In summing the above series, we used fA, fB > 0. The series does not converge for fB = 0 which is unphysical. Note 
that& +FB = 1. 

Several comments on eqs. (2) and (3) are in order. Firstly, &‘u is always greater than FA for fB = fA =f, for 
non-zero values off. As f + 0, FB + FA in a non-linear fashion depicted in fig. 1. FB rises slowly at first as f is in- 
creased from zero, rising more rapidly as f + 1. In the limit f + 1, fB is linearly dependent on f, FB 0: f. Secondly, 

eqs. (2) and (3) predict that even for a fairly large value off, approximately equal amounts of A and B will form. 
Some insight into the behaviour for the general caSe fA # fB can be obtained by considering a small asymme- 

522 



Volume 128, number 5,6 CHEMICAL PHYSICS LETTERS 8 August 1986 

1-o 

0.9 - 

I 
0.6 - 

h 
0.7- 

0.6 - 

Fig. 1. The fraction of B isomer, FB, plotted against the funa 
tion f. 

try. tit fA =f and fB =ft 6 with 6 small. Then a first-order correction to FB is given by 

FB =FgO(l+6[1-(1 -#I], (4) 

where f;i is the fraction of B for the symmetric case (8 = 0). Eq. (4) predicts that the effect of the asymmetry de- 
pends on the value off itself, being larger for small f and vice versa. This is expected. 

3. Excitation wavelength dependence of the rate of formation and distribution of ground-state products. 

In this section we shall present an expression for the rate of formation of ground-state isomers formed by LZ 
transitions from the initially prepared excited state. The expression is derived under the assumptions that the ex- 
cited potential surface can be approximated by a harmonic well of frequency w centred around the minimum on 
the surface and that interactions with non-reactive degrees of freedom are negligible. We shall also present an ex- 
pression for the factor f - the decay from the excited-state surface on each passage through the avoided crossing 
region. 

We first note that a rate-law behaviour can be expected only for small values of the total tran~tio~ probab~ity 
f_ Also, in this limit, the rates of formation of the two isomers are appro~ately equal. So, it suffices to calculate 
the rate of decay of population from the excited surface. Secondly, the L.Z transition probability p depends on the 
position coordinate x through its dependence on the energy gap AE and the velocity u. It is, therefore, convenient 
to write the transition probability in the following form 

P(X) = P&.@ w+qJ, Q’ (5) 

where p,, is the probability of decay from the minimum on the potential surface (where the probability of decay 
is a maximum) and S(X) is a sink function that contains the position dependence of the transition probability. 
Here x0 =x(t=O)anduo= _( u t = 0). The forms of p. and S(x) can be obtained from eq. (1). 

_ Next we estimate the change in population density after each passage through the sink region. We follow the 
procedure outlined in refs. [g-12] . Let us consider a solute particle, initially at the phase point (x0, uo), undergo- 
ing inertial motion in a harmonic well of frequency o. The amount of time spent by the particle in a region be- 
tween x and x + dx is 

dx,‘[u; + c.J”(x; - x2)] U2, (61 

The probability of absorption by the sink at each x is po(.) S(x) and, therefore, the total absorption pro&&i&y 
per particle over a short time is 
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~o@o) f dx [u; t C&X; -x2)] -“’ S(xlxO, uo). 
~(~lxo,uo) 

(7) 

The above expression is a line integral over the particle trajectory, x(rixu, uu). If we sample from a thermal distri- 
bution for uu , then the fractional change in excited-state population during a sitrgle passage through the avoided 
crossing region is given by 

where p is the effective mass of the reactive motion, 2” is the temperature and PC- (kBT)-1 ) with k, the Boltzman 
constant. 

Before we calculate fe, let us relate the rate of decay to f,. Since the excited-state population can change only 
during the particle’s passage througb the sink, the total population, Pe , rerna~~g on the excited state surface after 
n passes is 

Pe(t = nn/w) = (1 - fe)“Pe(0) ) (9) 

and, therefore 

In Pe{r = nrr/w) = n ln(1 -f,) + In P,(O). (10) 

From (lo), we can derive an expression for the C‘coarse-grained” rate constant k 191 

k= -(dn) hn(l -fe> *I wfeh, fe g 1. 01) 

The last app~o~mation is consistent with our assumption that the change in total population during a single pass 
through the sink region is small. In the other limit, no rate constant can exist. Next, we evaluate fe by evaluating 
the integral in eq. (8). 

We first note that the sink function is sharply peaked near the origin. The potential energy of the solute parti- 
cle in the sink region is then negligible compared to the initial kinetic energy of the particle, so that ui t ~2x02 
B 02x2 near x = 0. Then w2x2 can be omitted from eq. (8). We further assume c&&i % kBT/p. The last assump- 
tion is expected to be valid for some, if not for all, isomerization reactions [lo). With these assumptions, fe can be 
evaluated analytically to obtain 

(12) 

I(u) = j dx exp(-x2- ux4). 
--oo 

(13) 

A&u is the energy ~fferen~e between the ground and the excited surfaces at x = 0 (see fig. 1) and 6$, is the har- 
monic frequency that characterizes the barrier region of the ground-state surface. 

Several comments on the expression (12) are in order. Firstly, it has the expected dependence of rate on 
(AB0)2. The prefactor of this term in the exponential is new. Secondly, the expression shows a dependence of the 
rate on the frequency o+, of the ground state barrier; however, this dependence is rather weak, 0: (w + G_Q-~~~. 
Thirdly, and most importantly, fe - and hence the rate k - shows a strong dependence on x0, the initial position 
on the excited surface. 

As discussed earlier, for small value off, fe is identical with f (= fA =fB) of eqs. (2) and (3). Thus, eq. (12) pre- 
dicts a strong dependence of the product distribution terms FA and FB on x0. 
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4. Medium effects 

In this section, we present an expression for the medium effects on the LZ transition probabi~ty p, and hence 
on fand k. The original derivation of the LZ formula was based on a semiclassical formalism. It is, of course, desir- 
able to modify that treatment to include the medium effects. We are aware of no calculation which is appropriate 
for the present avoided-crossing problem. In this work, we have adopted a simpler, somewhat ad hoc, approach. 
We shall consider that the reactive motion is coupled to external degrees of freedom and that the equation of mo- 
tion of the reactive mode (motion along the coordinate x) can be described by a Langevin equation in a potential 
surface with a deltacorrelated random force related to the friction parameter 5 by the first fluctuation-dissipation 
theorem. The average transition probability @) is then obtained by performing an average over eq. (l), 

@I = {exp(-~A~)2/u)~. (14) 

The main effect of the random forces is to damp the velocity u. We expect that the average velocity, hence the 
average transition probability <p>, will go to zero rapidly as the value of the friction parameter (which is the mea- 
sure of solute-solvent coupling) is increased. Here we obtain an analytic expression for the dependence of <p> on 
5. 

In order to perform the averaging in eq. (14), we proceed in the following manner. First we perform a Laplace 
transform on eq. (14) to obtain 

~~s),=(jdXexp-x~p(X,u))=(u/(l +su)), 
0 

where X = HAJ.Q2. Next we use the identity 

u/(1 + su) = (u)l(l + s(u)) - ((u> - u)/ [ 1 + s(u + <u>) + s%(u)] , 

and make the approximations * 

u(u) a (u?, u + (u) m 2(u), 

to obtain 

(16) 

(17) 

(ul(l + su)) = (u}/(l + s(u)) + [<u)/(l + So] {l - exp[-(l~2{u}2)({u2) - (uj2)]) . w 

Next we substitute (18) in eq. (15) and Laplace invert to get 

(p(AE)) = exp(-r(AE)2/(u)){l + [Y(AE)~[(u>] (1 - exp[--(1/2~~~~)(G~~~ - (uj2)] 1). (19) 

For Brownian motion in a harmonic well, (u) and (~2) are given by [ 131 

(u> = -(2xow2/&) sinh(4&t) exp(- ict), (20) 

(u2) = k&//J + (4C&J/p;)(x; - kBT/gw2) sinh2(&t) exp(- +gt), (21) 

with 

pi = (f2 - 402)lR (22) 

We need the average quantities at the times of the solute particle’s passage through the avoided crossing region. 
This can be obtained from the zeros of the average position given by [ 151 

b) =x0 [cosh($PlO + (SIP1) sinh( exp(- iSO. (23) 

* For relaxation in a potential well, these approximations are reasonable. 
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Fig. 2. The average velocity of b(tt)) of the system at the 

025 050 075 100 125 150 1.75 2 00 
time (rl) of its first passage across the origin (x = 0) plotted 
against the friction parametez 2. w is the frequency of the ex- 

c/w - cited-state potential surface. 

In fig. 2, we have plotted the average velocity (u(bl)), at the time t1 of the f’vssf passage through x = 0, as a func- 
tion of the friction parameter. As can be seen from the figure, (u(t$ decreases rapidly as 5 is increased from zero. 
This implies that the LZ transition probability may be severely quenched in the condensed phase if the reactive 
motion is strongly coupled to the solvent molecules. 

The result of this section raises an interesting question: what are the conditions that will give rise to si~i~c~t 
LZ transitions? There is obviously a competition between (AE)2 and <u); both may become small near the avoided 
crossing region in the condensed phase. The interesting situation is where both are comparable. 

In refs. [9-l l] , an exponential gap law for non-radiative transition probability was assumed in order to de- 
scribe the electronic relaxation in the absence of an activation barrier. The present case of Landau-Zener transi- 
tions is different because this is a dynamic transition that can occur only when the system approaches the avoided- 
crossing region with a finite velocity. The exponential gap law has a completely different origin 1141. As the sol- 
ute-solvent interaction increases, there may be a cross-over from the LZ transition to the one governed by an ex. 
ponential gap law. 

5. Conchrsions 

The main results of this paper are summarized below. 
(1) We have obtained an expression (eq. (2)) for the dist~butiou of bond-site isomers formed by Landau- 

Zener electronic relaxation of the initially prepared excited state. This result is depicted in fig. 1. 
(2) An expression for the rate of formation of the ground state products is obtained (eqs. (9) and (13)). Our re- 

sult shows a strong dependence on the wavelength of the light used to prepare the excited state. The distribution 
functions FA and FB also depend strongly on excitation wavelength. 

(3) We have obtained an approximate expression (eq. (19)) for the dependence of the transition probability on 
the solvent viscosity. We have argued that LZ transition may be severely quenched in the presence of strong cou- 
pling between the reactive mode and other non-reactive modes. 

The basis of this paper is purely classical. At low tem~ratures and in the low-viscosity limit the qu~tum na- 
ture of the vibrational motion will begin to have an effect. However, we do not expect these quantum effects to 
alter our conclusions significantly. 

The theoretical predictions of this paper will be tested against experiment in a separate publication 181. 
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