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KINETICS OF PHOTOSENSITIZED ELECTRON:TRANSPORT

ACROSS A MEMBRANE BOUNDARY

Carl C. Wamser, John W. Otvos, and Melvin Calvin
Laboratory of Chemical Biodynamits
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

January 1981

Abstract: A generalized system is described which accomplishes
a photosensitized oxidation and reduction and the separation of
the resultant oxidized and reducedispecies across a membrane
Boundafy. A complete reaction mechanism is described and all

of the corresponding kinetic steps are defined. A general rate’

. law and an initial rate law are derived by a steady-state

analysis. Based upon the rate laws, experimental conditions

which should optimize the reaction efficiency are discussed.

The work was supported, in part, by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Chemical Sciences Division
of the U.S. Department of Energy under Contract W-7405-ENG-48.

This manuscript was printed from originals provided by the author.
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Introduction: The utilization of solar energy requires a photo-

chemical conversion of the photon energy to another form: heat,
electricity, or a useful chemical reaction, for example. Photo-
synthesis in plants is a photochemical solar energy conversion
of great utility and relatively good efficiency. "Aftificial %
photosynthesis' describes our attempts to mimic this natural
- process, with the aim of efficiently utilizing solar energy for
the production of fuel, most desirably hydrogen from water.
Imitation of natural photosynthesis has at least three
aspects: imifation of the molecules used in nature, imitation
of the apparatus used in nature, and ultimately imitation of the
reactions used in naturé. The fundamental photochemical con-
version step in photosynthesis is an electron transfer from
photoexcited chlorophyll to a series of electron acceptors
located across the photosynthetic membrane; the electron transfer
sequence terminates at a previously photooxidized chlorophyll
on the opposite side of the membrane (the two-photon Z scheme).
Thus in artificial photosynthetic schemes, the molecules typic-
ally used are chlorophyll analogs (porphyrins), the apparatus
typically used is a membrane and the reactions are typically
photoinduced electron transfers. The electron transfer process | ﬁw
can be coupled to the oxidation and reduction of water in the | (,
cyclic scheme shown below (Figure 1). S represents the photo-

sensitizer, and D and A represent appropriate electron donor
and acceptor systems with oxidation and reduction potentials

suitable to carry out the reactions shown. Catalysts are

typically required for the actual evolution of Hy and 0,
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Figure 1 - Cyclic photochemical scheme

oo1/2 H, S

for decomposition of water

The fundamental conversion Accomplished in the abdve cycle
is the chemical separation of okidizing powér.andvreducing power,
which first appear as pt and A”, respectively. For simplicity,
the later cngersions to O, and Hy will be considered as separate
processes. In such a scheme, the use of a membrane would provide
a boundary to keep the oxidizing and reducing agents (D+ and A7)
physically separated. Thus the sensitizer should be incorporated
into the membrane (as chlorophyll is in the photosynthetic

o membrane), with the donor and acceptor systems located on opposite

\) ' sides.



State of the System

Description

Inner Membrane Outer
Solution Solution
S.
Ground State D S A \\’
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Transported Ion D S AT
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Figure 2

Photosensitized Electron Transfer
Across a Membrane Boundary
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Figure 3

Kinetic Scheme

- photosensitizer (e.g., a
-~ porphyrin)

- acceptor_(e;g., a viologen)

D - donor (e.g., EDTA):

- singlet(excited sensitizer

- triplet excited sensitizer
-fcharge-transfer'(CT) complex
- reduced ac. eptor

- oxidized sensitizer

- transported oxidized
sensitizer

*1
j S .MN
A
I
5.
Definitions
S
A
s*1
8*3
’(S+-w-A')3
A"
S+
+
S
, @ x
D+

- oxidized donor

. . -
natural deactivation of S

- . . - *
‘natural deactivation of S

rate of light absorption

1

intersystem crossing
3
%3

bimolecular encounter, S ~+A

deactivation of CT complex

separation of CT complex
by A~ loss

separation of CT complex
by St transport

bimolecular back reaction,
st + A-

transport of ST (e~ tranmsport)

reverse e transport

bimolecular oxidation, st +p



Description of the System: Figure 2 illustrates each of the

mechanistic steps required in order to‘éccomplish the photo-
sensitized separation of oxidizing and reducing power. Figure 3
locates the wvarious states on a relative cnergy diagram and
defines the kinetic steps which interconvert the states. The
membrane is visualized és containing the sensitizer S in two
distinct populations: molecules of S on the the outer surface

of the membrane which are capable of direct interactions with

the acceptor A in the outer solution, and molecules of S on the
inner surface of the membrane which can interact with the donor

D in the inner solution. In the case of a lipid bilayer membrane

and a hydrophilic, membrane-bound éensitizer, the two distinct
populations of sensitizer are easily visualized. In the case of

a -much thicker membrane with an unknown distribution of sensitizer

throughout the membrane (such as a hollow fiber membrane), the
two populations of sensitizer will be differentiated based upon

the ability to interact with D or A in the inner or outer solu-
tions, respectively.

Step 1 - Excitation: Absorption of a photon by the membrane-

bound sensitizer produces initially an excited singlec state
(S"l). Under conditions of high sensitizer concentration in
the membrane, significantly more light will be absorbed by the

molecules on the outer surface. (For 10'2 M sensitizer with
g = 10% vl em™ L 907 will be absorbed in the first 10u).

Nevertheless, it is important to consider that some absorption
will take place by sensitizer molecules within the membrane. 1In

these cases, energy transfer to the molecules on the outer

v
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surface would be required within the lifetime of the sensitizer
excited state. This energy transfer whould also be facilitated
by high sensitizer concentrations in the membrane.

Step 2 - Intersystem Crossing: For completeness, the possibility

is considered that the photoreaction of interest occurs from a
different excited state (S*g) than that originally produced upon
excitation.  In general, a photoreaction from a triplet state
would be more desirable for several reasons: (1) the typically
longer“excitedvstaté lifetime of a triplet state would facilitate
energy transfer throughout thé‘membrane, as mentioned above: (2)
théft:iplet radical pair produced upon electron transfer would be
less likely to recombine than a singlet radical pair;'(3) triplet
radical pairs may be subject to a magnetic field effect (described
in an accompanying report). It is also possible that the photo- /
reaction of interest may arise from two different excited states,
in which case the kinetics could become substantially more complic-
ated than what is considred here.

Step 3 - Reductive Electron Transfer: Encounter of an acceptor (A)

with an excited sensitizer (rresumably on the outer surface of

the membrane) leads to electron transfer quenching of the excited
state. The initial product of this qﬁenching will be called a
charge-transfer complex. It will be a radical pair, since one
electron has been transferred from S* to A, and it may also be an
ion pair, depending upon the original charges of S and A. (For
simplicity, all molecules have been assumed to be neutral in their

original states).



Step 4 - Dissociation: The charge-transfer complex is a crucial

junction point in the overall mechanism. To aécomplish an effec-
tive photoreaction, the initial radical pair must be separated
before deactivation takes place by a éimple reverse electron
‘transfer. The deactivation step (k4) is typically very rapid -
it is energetically favorcd and the partners are still within

the same encounter solvent cage. The compeﬁing separation pro-
cesses may be either removal of A by diffusion .away from the
membrane surface (kS) or removal of S+ from the outer surface
(k6), by processes described next.

Step 5 - Membrane Electron Transport: The second crucial junction

point is the transport of the oxidizing power (originally as S+)
across the membrane. The competing process is the reencounter

of S+ with A” from the bulk outer solution (the back teaction))
This process is typically nearly diffusion-controlled; thus
removal of S+ from the outer surface must be rapid. Physical
transport of S+ itself across the membrane is conceivable but
probably very slow, at least in comparison to an alternative
mechanism of electron transpext, which accomplishes the equivalent.
In a bilayer system, the electron transport can be a single
electron transfer from a sensitizer on the inner surface (Sx) to
an oxidized sensitizer on the outer surface (S+); this effectively
exchanges the two (to become S; and S). Over distances typical

for lipid bilayers (4-5 nm), electron transport by tunneling is a
feasible process. For thicker membranes, multiple electron

transfers (electron hopping) would be required. This process also

Y/



would be facilitated by high concentrations of sensitizer in the
membrane. Alternatively, additives could be incorporated into
the membrane to assist in conductivity properties, or the membrane

itself could be conductive. Regardless of the mechanism, k8 is
taken to be the net rate constant for removal of S+ from the

oucer surface, and k-8 represents the reverse process.

. Step 6 - Oxidative Electron Transfer: Once oxidized seunsitizer

appears-on the inner surface (S;), it can interact with the
donor (D). Besides the reverse electron transport (k_8), no
processes competing with oxidation of D are considered. With
this step, all sensitizers are returned to the ground state,
and an effective separation of DY and A” across thé membrane
has been achieved.

Kinetichquations:

The following analysis utilizes the definitions shown in
Figure 3 to develop steady-state equations for each of the
reactive intermediates involved in the mechanism and then a

rate law for the overall reaction.



Steady-State Equations:-

*
For [S 1]:‘

For [8*3]:

(kg + k(ST

I

(ko + ky)

(ky + ky[A])[87]

k1 *1y

[S
(ky + kg[A))

I( kq )( 1 )
ey + g/ \k, + kg 4]

(k, + ks + k) [(ST++-a7)3)
ky(A]

*
[s°3]
(k, + ks + k)

ky

10

[
I
: (;o + &/ \k, + kq[A]/\K,

C
v

=
* ks * kg L
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For |S+!:
k [(S+---A-)3] + k_ (sf] = (kg + k087D (57)
5 8'°x 8 7

For [S;]:
kgl (s -a7)31 + kgl8™] = (k_g + kg[D]) (S]]
Two equations with two unknowns:
‘Let x = [S+]
y = [S;]

c=[¢t...a )3]

ksC + k_gy = (kg + ko[aT]) x

keC + kgx = (k_g + 15(D]) vy
- kSC+k_8y
(kg + k,[A 1)
y=k6C+k8x
(k_g + kq[D])
;- k6C(k8 + k7[A’D-+ kS(kSC +k_ g y)
(k_g + kq[D]) (kg + ky[AT])
_ Clkckg + k% k -
(st] = y = (kgkg + kgkg + Relpla D)
kgkg [D] + k_gk,[A7] + k kg[D][A™]

Rate = ko[D][S}]

Rate = 1( ! )( kylAl ])( kg [D] )( kg(ks + k) + kek,[A7] ) .
ky + Kif\ky + ka[Al\k, + kg + kg/\kg[D] (kg + ky[AT]) + kk_gl{a7]/ ~




Consideration of
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Limiting Cases:

1. Initial Rate

Initial‘Rate

ésep

Initial Rate

Law (where [A"] = 0)

. ( ky )( kq[A] ) ( ks + kg .)

= ) (intersystem crossing)
ko +k ‘ '
ka[A]
= (charge transfer)
k, + k [Aﬂ |
k + ke
= (separation)
k4 + k + k6

= 1 'éisc' éct ’ ésep

2. Effect of high concentration of A

(where kB[A]>>k2)

vl

éct N

3. Effect of high concentration of D

(where kg[D]>>k_ g)

No effect on the initial rate.

Rate =

I

( k8(k5 + k6) + k6k7[A_] )
éisc

"Nk, + kg + k) (kg + ko [AT])

“
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Effect of high concentration of S
a. 1increased light absorption at outer surface
b. increased energy transfer rates (to outer surface)

c. 1increased electron transport rates (k6 and k8)
Initial Rate = I 'éisc' éct' ésep

As k6 increases, an increase should be observed in
5 _ k5 + k6 )
sep

In cases in which increased sensitizer produces an increase

in initial rate (W.E. Ford Ph.D. Thesis), this pointé out that
a process such as k6 must be an important kinetic step. Specif-

ically, electron transport to the charge-transfer complex (kg)

AY i ) .
occurs as well as the normal electron transport (k8), since k8

does not appear in the initial rate law.
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Optimization of the Reaction Efficiency:

1. Sensitizer with high triplet yield; §; & 1 (k;>>k_)

2. High concentration of A; éct vl (k3[A]>>k2)

|9

. / \
3. Remove A" as formed; ky[A7] ~ 0 ’ y
4, High concentrations of D; kg[D]>>fi_8
It seems 1ikeiy that each of the four processes above can
be reasonably well optimized by simple adjustments of experimental
conditions. The net effect of all of these would give a total
quantum efficiency limited only by @sep‘
beotal ¥ ‘i’sep = (k ki : k_?_ . )
4 5 6
Optimization of ésep seems to be the major difficulty at
the present time. Efforts to optimize ésep will have three
aspects:
1. Minimization of k4, the rate of deactivation of the charge-
transfer complex by a reverse electron transfer. This is an
extremely rapid reaction and the competing processes apparently
have only limited success in competing with it. This reverse
electron transfer should be slower in the case of a triplet
radical pair than a singlet radical pair, since a spin )
inversion would be required. Furthermore, the application o

of an external magnetic field could decrease the rate of such

a spin inversion, as discussed in an accompanying report.
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Maximization of k6’ the rate of electron transfer across the
membrane. This rate should increase with higher concentration
of sensitizer in the membrane, to facilitate an electron
hopping mechanism for electron transport. It would also be
expected that a thinner membrane would give a more rapid
rate of electron transport. Furthermore, additives or the
membrane itself could be designed to facilitate electron
transport.

Maximization of k5, the rate of separation of the charge-
transfer cormplex by removal of A". The electrical charges on

the acéeptor, the sensitizer, and the membrane surface can be
arranged to facilitate the ejection of A" as soon as it is

formed. 1Initial experiments by Itamar Willner have been

extremely promising in this regard. In fact, the magnitude

of the effects he has observed serve to illustrate that the primary

limitation on the experimental quantum yields has been due to

ésep’ the separation of the initially-formed radical pair.
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