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The observed temperature dependence of the rate constant for reduction of (Chl 0 .2Hz0);, by water is fitted to a theoretical 
expression for the rate of an intramolecular electronic radiationless transition. The theory assumes a single effective mediating mode 

and the best-fit value for the frequency of this mode is w, = 680 cm-‘, which corresponds to high-frequency, intermolecular 

librations in water. From an explicit calculation of the nonadiabatic-coupling matrix element, an average electron-transfer distance of 
11 A is obtained, consistent with molecular dimensions available for this system. 

1. Introduction 

Modern time-resolved spectroscopic techniques 
have permitted precise measurements of the rates 
of a variety of biochemical reactions [l-3]. Of 
particular importance are electron-transfer (ET) 
reactions in photosynthetic systems, which have 

been the subject of numerous experimental [4-S] 
and theoretical [9,10] investigations. Many of these 
reactions exhibit a marked non-Arrhenius temper- 
ature dependence indicative of quantum-mechani- 
cal tunneling. The present analysis is based on a 
generalized theory [11,12] for radiationless relaxa- 
tion via quantum-mechanical tunneling, in which 
the nuclear motion induces a transition between 
the electronic states. A central assumption of the 
theory is that a single normal mode R, of 
frequency w, mediates the transition. This ap- 
proach has been successful in describing the re- 
laxation of excited-state rare-earth ions in host 
crystals [11,12]. It has also been adapted to analyze 
hydrogen-atom transfer associated with the early 
events in vision [13]. 

An important experiment was performed by 
Fong et al. [14] in which they followed the photo- 
oxidation and subsequent dark decay of hydrated 
chlorophyll a (Chl a) aggregates (Chl a . 

W%.,~ by ESR techniques. The light-on light- 
off kinetic response of the ESR signal, attributed 
[14] to the reduction of (Cbl a. 2H,O): . by 
water, exhibits two fast exponential components 
and one considerably slower second-order process. 
The two first-order processes are readily attributa- 
ble to the reduction by water of dimeric and 
oligomeric radical cations [14]. The decay rates 
exhibit a non-Arrhenius temperature behavior 
reminiscent of electron transfer processes in uiuo 
[4,5]. The temperature dependence of the fastest 
exponential process was examined in the tempera- 
ture region from 90 to 300 K in a subsequent 
experiment [15]. This decay component was attri- 
buted [14] to the reduction of the dimer radical 
cation, (Chl ~1. 2H,O)i . , by water. The path of 
the one-electron oxidation of water is of great 
interest because of its role as precursor to oxygen 
evolution in water photolysis. 
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In this article, we present a quantum-mechani- 
cal two-state model calculation for the rate of 
electron transfer, FVlO, which may be relevant to 
the primary events in photosynthesis. We assume 
the electron moves in an asymmetric double well, 
the lowest two states of which are localized near 
each minimum. Then, we describe the transfer as a 
transition from localized state +1 to localized state 
(pO. This is accomplished by using projection-oper- 
ator techniques [17,18] to derive a generalized 
master equation for the populations of the states 
& and &_ We solve this equation in the long-time, 
weak-coupling limit [l&19], and find that the 
population of state $1 decays exponentially with a 
time constant T given by 

7 -’ = W,, = (&N,))-lim drib d@,(O) 

x&(t + Xih)) (1) 
Here N1 = 1 l)(l 1 is the occupation number of the 
initial electronic state, the brackets denote a 
canonical ensemble average, and p = (k,T) - ’ 
where k, is Boltzmann’s constant. 

To obtain a more explicit expression for WlO, 
we follow the prescription of Fong [11,12] for the 
treatment of electronic radiationless relaxation in 
condensed media. This requires that we first de- 
termine a set of unperturbed (zero-order) energy 
eigenstates of the system. In our model we shall 
find these states by invoking the adiabatic ap- 
proximation, in which the motion of the electron 
is separated from that of all the nuclei. The sig- 
nificant rate parameters are: AC,,, the difference 
between the minima of the potential-energy 
surfaces corresponding to the ground (i = 0) and 
first excited (i = 1) electronic states; w,, the nor- 
mal mode frequency; gm, which is proportional to 
the shift in the equilibrium position of the normal 
mode; Cl,,, which is proportional to the strength 
of the coupling between the electronic states. 

In the present treatment the transitions be- 
tween the zero-order electronic states are induced 
by the nuclear kinetic energy operator. This is 
different from the standard approach [9,10] which 
invokes the electron-exchange operator as the per- 
turbation. The final electronic state, which in- 
volves the creating of a positive charge on the 

donor, results in a significant polarization and 
consequent reorganization of the solvent (waters 
of solvation) around the donor. This reorganiza- 
tion is reflected in the shift g, of ihe equilibrium 
position of the solvent. In our treatment ‘solvent 
reorganization’ is automatically accounted for by 
the adiabatic states [12]. 

The basic assumptions underlying this ap- 
proach are: (1) the heavy-nuclear motion is 
harmonic; (2) only a single mode mediates the 
process and (3) the normal modes in the initial 
and final states are parallel. In particular, under 
these restrictions the rate may be represented as 
[11,12]: 

w,, = [(2a)1’2A-ZL, 1 c,, ( ‘1 ; A, 
v= -2 

1 
l/2 

X 
sinh( bftw,/2) 

L,g$.Y;( x2 + 1)1’2 

X exp 
i 

A 
-L,gi(2ii + 1) + k 

m 

x 1/2A/3w, - 
( 

ln[ x + (x’ + 1)“2]) 

(2) 

where 

C,, = - ( h3w,,‘2)1’2A~,o’V,0 (3) 

x _ a sinhWw,A ; v = _2 

lJ J%llg:Awm 
I - 1,...,2 (4) 

and 

At,, = 4%) -GM (5) 

where L, and w, are, respectively, the degener- 
acy and frequency of the normal mode that 
mediates the electron transfer; Vlo, the electronic 
coupling, is proportional to aV/aR, and is de- 
fined below (see eq. 11); R, is the equilibrium 
nuclear configuration in the initial state; t0 and e, 
are, respectively, the Born-Oppenheimer eigenval- 
ues of the initial and final electronic states; 
V( I, R) is the potential energy, which includes all 



O.J. Riveros/Electron-transfer dynamics in water oxidation by Chl a dimer 111 

the electron-electron, nucleus-nucleus and elec- 
tron-nucleus interactions: and Fi, denotes the 
(thermal average) number of phonons mediating 
the electron transfer. The remaining quantities h,, 
g, and A, are explicitly given in the appendix. A 
more detailed discussion of the physical basis of 
this theory as well as a comparison with other 
approaches to electron-transfer problems can be 
found in ref. 12. 

To evaluate eq. 2 we must determine the rate 
parameters Ar,,, CiO, w, and g,. We do this by 
introducing a simple model for electron transfer in 
section 2. 

2. Theoretical interpretation 

Electron transfer from a water molecule to (Chl 
a .2H,O): . is reflected by the decay of the ESR 
signal of (Chl a * 2H,O):. Thus, the rate constant 
k, can be directly identified with the transfer rate, 
i.e., k, = IV,,. We performed a Marquardt [20] 
nonlinear least-squares fit of the data in ref. 15 to 
the formula in eq. 2. An initial coarse-grid search 
in the full four-parameter (de,,,, AU,, L,g& 
1 C,, I*) space was first carried out to locate 

roughly the possible minima. Then a more refined 
search in the three-parameter subspace (AC,,, 
L,g,$ 1 Cl,, I*) with fiw, fixed at various values 
over the range 590-700 cm-’ was conducted. The 
resulting sets of ‘best’ parameters are given in 
table 1. 

To interpret the semi-empirical rate parameters 
of table I, we introduce a simple model (see fig. 1) 
in which only the electron being transferred is 
considered explicitly. It is assumed to move in one 

t rD 
E 1 

t 

0 D 

/+D 

+ 
ED 

Table 1 

Numerical values of the effective parameters obtained from 
least-squares fits of eq. 2 to the experimental data in ref. 15 

4n hd~ 40 L, I GO I ’ (eW2 x2 
(cm-‘) (cm-‘) 

544 3.781 2483 0.908 x 1O-‘9 0.471 

670 3.850 2434 3.241 x lo- 39 0.057 

680 3.859 2434 3.094 x lo-” 0.022 

700 3.744 2441 3.622 x lo- 39 0.027 

dimension along a line between the donor D and 
the acceptor A. Moreover, we assume that D and 
A are specific atoms within the supermolecular 
complex (Chl c1.2H20), * (H,O),, where (H,O), 
collectively represents S water molecules of solva- 
tion. More precisely, we take the acceptor, A, to 
be the oxygen atom in the non-structural water at 
the Mg center of one of the chlorophylls and the 
donor water molecule D to be located in the 
solvation water associated with the C-9 keto group 
of the same chlorophyll. There is some experimen- 
tal evidence supporting this particular choice [21]. 
The effective electron-nuclear potential energy is 
taken to be 

where vu and VA are the respective strengths of 
the attractive delta-function interactions. The 
strengths are assumed not to depend on the rela- 
tive positions of D and A. 

The true Born-Oppenheimer electronic wave- 
functions are those that diagonal&e the one-elec- 
tron Hamiltonian with the interaction, eq. 6. How- 

r 
IA 

Fig. 1. Schematic diagram of one-dimensional electron transfer from a donor (D) to an acceptor (A). The distance of the 
delta-function potentials from an arbitrary origin 0 is denoted by ro and rA for the donor and acceptor, respectively. The relative 

energies of D and A are denoted by co and l A, respectively. The wavefunctions, $I+, and cpo, are defined by eq. 7. 
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Fig. 2. Schematic diagram of librating water molecule, with center of mass (c.m.) at origin 0, interacting with acceptor at t;\. For 
simplicity of illustration, the oxygen end of water is placed along the x-axis and the hydrogens are in the x-y plane. The tip of TD is 

at the center of c in the in-plane libration. 

ever, if D and A are sufficiently far apart, then the 
wavefunctions are well approximated by the single 
states of the isolated delta-function wells [22]: 

+X(‘; rDT r*) = (“p exp(-~xI~-M)~ 

X=D,A (7) 

where the associated energies are 

cx= --1y~h’/2m,, X=D,A (8) 

and 

a x = m&Q-2, X=D,A (9) 

and m, is the electron’s mass. Moreover, the 
donor site (X= D) is associated with the first 
excited-state (i = 1) and the acceptor ( X = A) with 
the ground-state (i = 0). 

Using eq. 3 we can rewrite the coupling con- 
stant as 

and j&f,,, is the mass of the normal mode. How- 
ever, the mediating mode R, is in general a 
function of all the atomic displacements, ui, i.e. 

R, = CC,,&, (12) 
i 

where the CAj are constants (i.e., elements of the 
transformation matrix that diagonalizes the dy- 
namical matrix in the harmonic approximation). 
Moreover, the inverse of eq. 12 is 

ui = c CijRj (13) 
i 

where Rj are the normal modes. Therefore, since 
V is a function only of the displacements of D 
and A, we have 

W/a& = C,, avp-, + c,, W/h, 

where 

(14) 

C Xm = arx/aR m, X=D,A (15) 

Combining eqs 7,8, 11 and 14 and integrating 
by parts, we obtain 

V DA = - hn,‘( a*aD)3’2sgn( rD - TA) 

x [CDme-a”l’l - cAme-“d”] 
(16) 
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where IrI =rD - r, and sgn(x) is 1 if x > 0 and 
- 1 if x < 0. 

An additional simplification is now introduced 
to permit an explicit evaluation of the transforma- 
tion coefficients C,,. The best fit to the kinetic 
data shows that the promoting mode for electron 
transfer lies at 680 cm-’ (see table 1). Fourier 
transform infrared spectra indicate the presence of 
a broad, diffuse absorbance beginning at approx. 
700 cm-’ which is ascribed to intermolecular 
librations in water clusters [23,24]. Therefore, we 
assume the mediating mode is a strictly localized 
intermolecular libration of a water molecule of 
solvation with a frequency of approx. 680 cm-‘. 
The maximum-frequency libration is chosen since 
it is the most efficient in mediating the relaxation 
[12]. The electron of the donor is assumed to be 
localized initially on the oxygen atom of the water. 
Fig. 2 shows a schematic diagram in which the 
center of mass of the water is at the origin. The 
orientation of the coordinate system is chosen so 
that the normal coordinates are the displacements 
along the indicated arcs. Only the librations with 
associated motion of the 0 atom can mediate 
electron transfer. These are aA@ and aAB, where 
A@ and AB are angular displacements lying in the 
x -y and x - z planes, respectively, and a is the 
distance between the 0 atom and the midpoint of 
a line connecting the H atoms (see fig. 2). 

Recall that, in deriving eq. 16, we have assumed 
that A and D move along the same straight line, 
i.e., the motion has been treated as though the 
system were in one physical dimension (see fig. 1). 
We take rD to be the projection of ?r, onto the 
vector (?* - r’,) between D and A. Furthermore, 
from the definition of center of mass we have 

Ir’,l =P=Ycr 

where 

(17) 

Y = 2m,/(mo + 2mu) (18) 

and p is the distance between the center of mass 
of the water and the oxygen atom (fig. 2). Since 
y = l/9 and a = 0.6 A, rD -=c rA and we can re- 
place the difference vector simply by <. From fig. 
2, we have 

and 

rt,=p[i+A@j+A&] 

then, the projection of 7, onto G is 

(20) 

rD = p [ sin 6, cos @A + sin 0, sin @,A@ 

+cos e,Ae] (21) 

From eqs 15 and 21 we calculate the rate of 
change of rD with the librational normal mode 
R, = gA@: 

c Dill = y sin 6, sin @A (22) 

and the librational mode R, = aA& _ 

c D,ll = y cos e, (23) 

The other coefficient C,, is zero, as the acceptor 
is not involved in the mediating mode. Combining 
eqs. 16 and 22, we have 

1 V,, I 2 = A4m,* ( aAao)‘y2sin2B, sin2@, 

XexP(-2aAIrII (24) 

Furthermore, we assume that the waters are ran- 
domly oriented. Then, averaging over all the solid 
angle (8,, @*), we obtain the average transfer 
matrix element: 

~VD,~2=A4b,4aD) 
3 2 -2dr1/3m2 

-f e e (25) 

The above model is now used to estimate the 
electron-transfer distance. Combining eqs 10 and 
25, we have 

(CDA~2=constXe-2u~~‘~ (26) 

where 

const = h’w,,,( aAa,,)3y2/6M,Ae&Amz (27) 

We estimate cu, which is essentially the ionization 
potential of an H,O molecule in a water cluster, 
using the Born-Haber cycle. The value [25] of 
-4.11 eV for the hydration enthalpy of Na+ is 
assumed for that of H,O+, and cD = 7.3 eV is 
obtained. From the best-fit value of de,, = 2434 
cm-’ (table l), we have cA = 7.6 eV, which corre- 
sponds to (ho = 1.22 X lo* cm-’ and 0~~ = 1.26 x 

10’ cm-‘. Finally, taking M,,, to be the reduced 
mass associated with water libration, i.e., M, = 
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2mHmo/(2m, + mo) = 2.95 x 1O-24 g, we arrive 
at the electron transfer distance 1 r 1 = 11.0 A. The 
average electron-transfer distance of 11 A ob- 
tained above is consistent with the picture of 
electron transfer from a donor water molecule 
associated with the free C-9 keto carbonyl of (Chl 
a - 2H,O) to the radical macrocycle through a 
non-structural water complexed to the Mg atom of 
the Chl a molecule containing this carbonyl group. 

3. Discussion 

The electron-transfer process treated in this 
work has a lifetime on the order of lo- ’ s, and 
five orders of magnitude larger than that, 10e6 s, 
for the reduction of P680+ by electrons from 
water splitting ’ [26]. If the present model is also 
applicable to the in vivo reduction of P680+, then 
we need to rationalize the great difference in these 
lifetimes. It has been well documented [12] that 
W,, depends sharply on the parameters Aw,, Lgz 
and ArIo. Here we note, in addition, that W,, can 
also be greatly enhanced by shortening 1 r I, the 
electron-transfer distance, by virtue of the ex- 
ponential dependence in eq. 26 of I <,,* 1 2 on 
I t-1. On halving 11.1, from 11 to 5.5 A, W,, is 

increased by seven orders of magnitude, which 
would fall in the range of rates compatible with 
that observed for P680+ reduction. The value of 
1 r I = 5-6 A for the electron-transfer distance 

seems reasonable, although a direct measurement 
of this value is unavailable. 

The polarization and subsequent reorganization 
of the waters of solvation are reflected in the shift 
gi (see table 1) of the equilibrium orientation of 
the liberating water. Thus, the role of libration 
would be analogous to polarization reorganization 
around the donor as in the sense of other 
electron-transfer theories. Moreover, in the limit 
of very low temperatures (T --t 0), where the donor 
and acceptor nuclei can be considered as ‘frozen’, 
the rate yields a constant nonzero value [13] in 
agreement with other theories [9,10]. 

’ P680 denotes the electron-donor pigment in green plant 
photosynthesis that absorbs light with a red maximum in the 
vicinity of 680 nm. 

Finally, an important assumption of our model 
is to approximate the Born-Oppenheimer elec- 
tronic states by the states of the isolated donor 
and acceptor. We argue that this should be a good 
approximation as long as D and A are well sep- 
arated, as they turn out to be in this particular 
case. In general, however, if D and A are close 
together, it is necessary to use the true electronic 
states that take proper account of the electron-ex- 
change interaction. 

Appendix 

In deriving eq. 2 we assume that the heavy 
nuclei oscillate harmonically about fixed equi- 
librium positions. In addition, the rate expression, 
eq. 2, takes into account only a single mode (m), 
with which are associated the parameters given in 
eqs Al -A5. 

P,, = k,/~ *, (Al) 

A_, = -2&(2n, + 1)n, + n, 

X, = g; [6n,(n, + 1) + l] (A2) 

h, = -2gk(2n, + l)(Zm + 1) + n, + 1 

x, = gi(n, + 1)’ 

Furthermore, the parameter g, is a dimension- 
less displacement that is proportional to R,. 

g, = (w,/2tz)l”Rm (A3) 

Z, = (exp( /?Fiw,) - 1)-l (Ad) 

and, finally 

A, = Aqo - Z&J, (A5) 

where 5, is the Bose-Einstein distribution num- 
ber of the effective mediating mode. 
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