Lawrence Berkeley National Laboratory
LBL Publications

Title
Electrochemistry of Excited Molecules: Photo-Electrochemical Reactions of Chlorophylls. |

Permalink
bttgs:ééescholarshiQ.orgéucgitem427c6t97g
Authors

Tributsch, Helmut
Calvin, Melvin

Publication Date
1970-12-01

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at https://creativecommons.org/licenses/by/4.0

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/27c6t979
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

g

Submitted to Photochemistry UCRL-20228
Preprint

and Photobiology
_ d .2

'ELECTROCHEMISTRY OF EXCITED -MOLECULES:
PHOTO-ELECTROCHEMICAL REACTIONS OF
CHLOROPHYLLS. I

Helmut Tributsch and Melvin Calvin

December 1970

AEC Contract No. W-7405-eng-48

a )

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

\- J

i S

8¢202-TYON

LLAWRENCE RADIATION LABORATORY |

V\ | UNIVERSITY of CALIFORNIA BERKELEY [



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not

“infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



%

ELECTROCHEMISTRY OF EXCITED MOLECULES PHOTO-ELECTROCHEMICAL REACTIONS
OF CHLOROPHYLLS. I | -
(1n part, presented at the IIT TUPAC- Sympos1um on Photochem1stry,
st. Morfté, Switzerland, 1970)
o 'HELMUT TRIBUTSCH and MELVIN CALVIN
Laboratory of Chemical B{odynamies, Lewrence Radiation Laboratory,_and
Department of Chemistry, University of California, Befke]ey, California

94720, U.S.A.

Abstract--Semiconductors with a sufficieht]y large energy gap,

- .in contact with an electrolyte, can be used as electrodes for the
study of electrochemical feactiqhs of excited molecules.
The béha?ier of excited chlorophyl1 molecules at single crystal
ZnO-eiectrodes has been investigated. These'm01ecu1es'inject

‘ electronsvfrom excited leVels iﬁto the conduction band ef the -
electrode, thus giving rise to an anodic photocurrent. The

- influence of various agents on this electron transfer has been
studied. In the presence of suitable electron donors (e.g.,
hydfoquinone, phenylhydrazine) in the electrolyte chlorophyll
molecules, absorbing,quanta, mediate. the pumping of electrons
from 1evels of the reducing-agents intb the conduction band of
the semiconductor?electron acceptor. The'electron capturesby
‘fhe semiconductor electrode is irreversible, when an adequate
electrochemical gradient is provided in the electrode surface.
An experimental technique for the study of the kinetics of

photoelectrochemical reactions of chlorophyll molecules is
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1ntroduced and a theoretical approach for its ca]culat1on is
given. Some propert1es of exc1ted ch]orophy]] at sem1conductor
eTéctrodes (unidirectional electron transfer, h1qh1y eff1c1ent
charge spearation, ch]orophyl] as electron pump and able to
convert e]ectronic exc1tat1on 1nto electric energy) show simi-
larity to the behavior of chlorophyll in photosynthet1c reaction

centers.

INTRODUCTION | .

One of the authors (HT) and H. Gerischer recently prbpdsed thé use
of semiconductor electrodes to study photoelectrochemical reacfiqns of"
“excited mo]ecu]es [1]. | | |

It has been found that, depending on the re]at1ve pos1t1on of energy |
bandsv1n the sem1conductqr'and the energy levels in the mo]ecu]e, excited
mo]ecu}és are able either to 1hject an e]ectron ihto the conduétion band
or to accépt an electron from the valence band of.the‘sehicbnductor-
electrode. The Tatter process is equivalent to the injection of a hole
into the valence band. The two possibilities are‘shdwn in Fig. 1 where
;he energy schemes of two semiconductors with different work fuhctions
(ionization energy) are depicted beside the potential model of .an
réxcited mq]eéule.' Both electron exéhange mechanisms haveibeeh obsérved
with various p- and n-conductiﬁg semiconductor electrodes [1-5]. |

At a semiconductor electrode, which is placed in contact with an
electro]yte, the injected e1ectron$ or holes can be measured directly
as anodic ok cathodic photocurrents, which ébectra]ly coincide with

the absorption spectrum of the injecting adsorbed dye.
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) An'eSSéntial prerequisite for the appearance of unidirectiona]
electron transfer befweén excited molecules and solid state electrodes
éppearé to be the existence of an energy gap, which is suffi¢iehtTy
widé; éo:fhat enérgy trénsfer reactions to the electrode are suppressed
and eTecfron exchange is pbssfble with only one of the two.levels of |
tﬁe excited molecules [1]. Af metals, which dbh't have.éh energy gap
as do semiconductors, energy transfer reactions and electron exchange
with both levels of the excited molecules would, essentially, lead to a

quenching of the excited molecule. The photoeffects, measured primarily

- as photopotentials,'that have been reported for met31 electrodes [6,7],

dipped into dye sb1utions or coated with dye films; could be produced
by photochemica1 reaction products of the dye, which can change the

redox potential of the solution, or by photochemical processes in the

" dye ‘layers.

: 1n COntfaSt, with the hé]p of semiconductor electrodes, at a con-

stant electrode potential, a photocurrent can be measured which is the

result of a direct electron exchange between one level of the excited

species and an appropriate energy band in the electrode. Consequently,
a direét correlation between these photocurrents and the reaction
behavior of the excited molecules can be expected.

It has been found that reactions of the.injectingvexcited molecule .1

with other reaction partners in the electrolyte result in a change of

the photocurrent to the semiconductor electrode (Fig. 1). Photocurrents
could thus be used to investigate photochemical reactions. Moreover,

some intereéting differences between homogeneous and heterogeneous
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photochem1ca1 reactions are to be expected because of the electron :
-exchange w1th a solid state e]ectrode | i | |

| It seemed to be especially 1nterest1ng to 1nvestlgate the photo-
eleetrochem1ca] propert1es of chlorophy]] molecu]es They p1ay an
important part in energy conversion and'e]eciron transfer in photosyn-
thesis and some of their‘essential.properties in the'chlordplast are
difficult to understand on the basis of photochemical exper1ments in
homogeneous solut1ons |

These investigations represent an attempi tbduse the electrochemicasz-
method in this way. |
| R MATERIALS AND METHODS

The experiments have been performed in an eTeetfochemieal cell,
consisting of a semiconductor electrode, a pTafinum ebuntere1ectr0de and
a saturated calomel-reference electrode (Beckman) d1pp1ng 1nto an
velectro]yte | ' o '

" As sem1conductor e1ectrodes,.singlé ehystals of Zn0 have beeniused.
Several eXperiments also have been performed with’single'crystaIQCdS and
n-type GaP-electrodes. Experiments with two kinds of ZhO-sing]e erystals
were made. Needle crystals of 1-2 cm length and 2 to 4 mmzvcross-section
‘were kindly supplied by Prof. G. Heiland, 'Technische Hochschule, -Aachen,
Germany P]ate crystals of 1 mm thickness and up to 1 cm? area were
obtained from the 3M Company, St. Paul, Minnesota. All ZnO crystals | e : :
used were not doped with any additional elements, but contained an o |
inevitable excess of Zn that makes the crystal n-conducting.

| To get ohmic contacts indium was diffused into the crystal surfaces

for 1 hour at 700°C. A copper wire then was'eontaeted fo the crystal
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with the,help of a conducting si]ver-emu]sion. The crystal was isolated

~and fitted into a teflon-support with the help of an epoxy glue. The

electreeﬁemeal-investigatibns were all made at the polar <0001> aﬁd-
<0007> surfaces. Differences in the behavior of the two crystal faces
have not been observed. | -

The CdS-crystals were obtained.frbm'Semi-elements; Inc. Before
contacting they here pfétreated byveleEtrolytic reducfioh.' |

The electrochemical cell and the exberimehtal Set-up are eepicted
in Fig. 2. The semicbnductor electrode in the electrochemical glass
cell could be illuminated through a quartz window. |

In the electrochemical measurements the photocurrent passed through

the’semicdnductor-e]ectrolyte interface, the electrolyte and the Pt-

counterelectrode. The potentiel of the semiconductor electrode was

'measuredeagéinst the reference electrode. The e]ectro]yte eould be
- flushed with nitrogen or oxygen and be kept at constant temperature

" with the help of a thermostat. The experimental cell and all electrical

cables were shielded against»e]ectromagnetic perturbations.’

The petential, which was applied to the e]ectrbdeAwas regu1ated
by a fast rise Wenking Potentiostat (1 usec) (Brinkmann, Inc.).

As 1ight source,-a high pressure 900 W Xenon lamp (Ostrom XBO - |
900) and a Xenon flash lamp (20 usec) were used in'conjunction'with
a Bausch and Lomb grating monochromator ane filters (Corning).

-In the measurements light was chopped and éplit ihto_fwo beams. .
One il]qminated the crystal electrode, the other the thermocouple
(Reader; 20 msec rise time). The chopper frequency was regulated

electronically (11.3 cps). The lock-in amplifiers used were models of

] . I
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~Brewer and PAR. The1e1ectrode'photocurreﬁts were corfected.to the
same light ietensfty,IWhich was measured by the thefmocuup1e The ..
electrode dark currents were measured for control purposes w1th a A |
Ke1thley picoammeter. - " | |

Before every experiment the semiconductor surface was ground with
sandpapers and rinsed with electrolyte'solutibn. Etching treatment was
only epplied in special cases andlwes generally avoided becausevof a
pH-dependent double layer which is fonmedvat the Zn0 surface and which
equilibrates only very slowly with an aqueous electrolyte of neutral
pH [8]. Eleven"crystals (7 needle shaped and 4 plate crystals) ha?e”
been used up in the experiments. A new surface could be produeedfﬁere.: |
than 300 t1mes | | B

For the investigation of electrochemical reactions of the excited
chlorophyll molecules two techniques have been used. In the one, chloro-
phy11 waslsimply added to the electrolyte. In this ease an electrolyte
had to be chosen in which chlorophyll could be dissolved. Because of
the low photocurrents a high ion concentrétion'inAthe solvent was not
needed. In the second technique one or two drops (1 ul) of a defined .
chlorophyll solution (10-6 to 5 x 10-5 M in benzene) were deposited on
the semiconductor with the he]p of a micropipette; After evaporation
of the solvent the semiconductor electrode was placed in contact with .
an aqueous electrolyte, which doesn't dissolve the ch]orophyl] (a, b,
or bacter1ochlorophyll)

The surface areas of the crystal electrodeS‘measured between 2 and
20 mm2. In a typical experiment one ul of a 3 x 105 M chlorophyll a | v
solution-(benzene) corresponding to 3 x 10-17 Mol or 1.8 x”10f13 chlorophyll



“4

-7-

" molecules were deposited on a 10 mm? semiconductor surface. Considering

a reasonable roughness factor of 4 for the electrode surface, 220 RZ
surface area per Chl a molecule is aVéi1ab1e on the average (the mean
area need for a”ch]orobhy11’a molecule in é monolayer is 75 to'125_R)
[9a]."0n1y on.the larger crystals did the whole benzene-chlorophy11
drop evapdfate within the'semiCOhdUCtor'surféce'aréa.'IWith the small
cﬁysta]s cofrettions‘had to be‘made. With cdréfu1 depositiqn of the
benzene drdp the ch]brophyl]-sensitized.photocurrents at the éléétrbde
were quantitatively reproducible within 10%. |

Care Was taken that less thah a mono]éyer; on'the average, Was
present at thé sémiconductoF electtode in the kinetic méasurements.

Ih\a11véxperimént§ the illumination was monochromatic.

" Mesochlorine eg and mesochlorine monomethy1 éstér’was'kihdjy
providediby Dr. Koller, Munich. Chlorophyll a, b aﬁd bacterfbth]orophyll
were isolated ih a proéedure accoridng‘to Sauer, Smfth and Schultz [10].
Théy'Were checked spettroscopiéally for their purity. |

‘The experiments have been pérformed with unbuffered electrolyte
solutidns of neutral pH. If necessary, the pH was adjusted by addition
of small quanfities of acid or base and periodically checked during the
experiment. Buffering of the electrolyte was avoided in'drder to pre-
vent adsOrption'andvpossible photochemical reactions of thé buffer
agents. For quantum measurements a calibrated thermocouple (Readef) was
used. The.temperaturé in the electrochemical cell was kept ét zoéc;

RESULTS

General prqperties of excited chlorophyll molecules at semiconduttor'
electrodes: |

An initial aim of the 1nvestigations has been to find suitable

il
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semftonductor electrodes and experimental tondiffons for the inveétigé-‘
tion of molecu]es of the ch]orophy]] group (ch]orwns, ch1orophy111des, o : ..
ch]ornphy]] a, b, and bacterwoch]orophy]]) |
' Mesoch]or1ne eg or chlorine eg monomethy1 ester (chlorophyll a -
Mg - phytol +'c1éavége 6c-6d) can easily be disso1ved in water..”when_
added. to an'équeousveleétkolyte (1 N KC1) which is in contact with a
Zn0 semi¢ondUctor electrode (0.5 volf'positive voltage) they produce
an anodic electrode photocurrent. | | _
In Fig. 3 the spectral dependence of the phptocurrent, Whiéh is 
produced‘by chlorin eg monomethyl esterrat a In0 electrode is shoWh. 
It can be seen that electron transitions within electronic levels of
the semiconductor itself already produce anodit.photocurrents'[11].
They decreésé towards longer WaVe1engths as electron transitiohsAbécdme.
more impfobab]e because of the forbidden energy gép'(3.2 ev). The -
sharpneSS'Of_this "band edge" is somewhat dependgnt on the purity and
the'éryStalline state of the sehiconductor crystal. The photocurrent"
injected_by excited Ehlorine eg monomethyl ester is superimposed on the
backgrounﬂ photocurrent of the semiCbnductor electrodes. In order to
obtain an electron 1njection spectrum for the dye, the background has
to be Subtracted. this is easily poSsible in the spectral range beyond
600 nm but increasingly difficult at shorter wave]engths,vwhere the e
' background4photocurrenfs increase. The photocurrent which is produced |
by the tranéfer of electrons from the excited molecule into the condﬁction
band of Zn0 reaches a 1imiting value at very Iow pos1t1ve electrode

potent1als [2,3]. When the external vo]tage is d1sconnected the photo-

currents dgcrease somewhat; however, they sti]]if]ow in the same '
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dfrectidn (Fig.v3). In this arfangement, the electrochemical syStem
is operating aS'photoélement and photochemical energy i$ cohverted
iﬁto electrfc,energy.* ‘ | |
Also _at CdS-single crystals anodic phbtocurrents could be injected

by dyes;‘ This is shown in‘Fig. 4 for meso;h]ofine eg +vphehy1hydrazihe
in .an aqueohs electrolyte. However, the band edge'of this semiconduttdr'
appears at unfavdrdb1y long Wave]engths'and detailed measurements have
not been continued with this system.  | | |

.An attempt was made to find'chlbrophy1145ensit{zéd'hole injéétibh
into GaP electrodés, at which fluo}esceih dyes, cyanine dyes, and tri-
phenylmethén dyeSZWere'f0und'to be active [5]. These experiments,
however, have not been sﬁcceséfui. Consequent1y, only expériments with
ZAO-eTectrodes have been continued. | | | |

: Chlordphyl]ides, ch]okophyllva, b, énd bacferioth]orophyll are not
soluble in aqueous ‘electrolytes. For this reason‘alcdhol'(+ sé]t) and
mixtures wifh.benzene, acetone and mineral oil have been used. . Because
of the low photocurrénts, the electrolytic conduction in these organic
solvents was adequate. Electron injecfion effects at the ZnO-electrode
were observed with the chiorophyllimolecu]es dissolved in these so]vehts,
Compared with the chlorine eg effects, however, the observed'photocgr-'
rents werevrather Tow with chlorophyll a, b,}and'bacteriochlorbphyll,
probably because of a weak adsorption at the electrode surface.

Moreover, we were not so much interested fn studying the photo-

chemistry of chlorophyll.in organic solvents'since, to have comparable

*The principle of energy bonversion is discussed elsewhere in more

detail [12].
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cond1t1ons to those in photosynthes1s, an aqueous: med1um is more -
desirable. For this raason the technique of evaporatlng a drop of ben-
zene sb]ﬂtuon of chlorophyll on the electrode surface was adopted. An
aqueous eléctro]yte in contact'with this electrode prevented the disso-
1ution‘of‘the adsorbed chiorbphyl] molecules. With this prepakation;-
‘satisfactory photoeffects were found. As the amount of deposited
molecules was known and usuaily an average covefage of less than a
' moﬁo]ayer was prepaked, some interesting advantages for kinetic experi-
ments were obtained: Information about the consumption of chlorophy11
molecules was to be expected and an inhibition of the Semfconduétor
surféce by reacfion products of the molecules could be prevented.

Fig. 5a shows the course of the photocurrents on illumination iﬁ
the red band (670 nm) of Chl a, when 1.55 x 10']2 Mol of chlorophyll a
wefe'déposited on a 4 mm? electrode. Fig. 5b shbws the analogoué'photo-
currerit course for the 20-fold amount of"thlorbphy]] a.

When the illumination is interrupted during the decay of the‘pﬁdtbf
.currents fo]lowing illumination, the photocurfenttcontinues its decay
from the point of interruption upon reillumination (Fig. 6), so that
the unperturbed decline function can be constructed from partial funt-
tions (dotted line). |

 When the decay curves of the photocurrent are depicted in a 1ogaf|
rithmic scale over a longer time (Fig. 7) it can be seen that they are '
composed of two portions mainly:. alfast decay and a slower, exponentiai
decay. As the excited chlorophyll molecules are producing an anodic

electron-photocurrent at the semiconductor electrode, it is réasonab]e_
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to asshmeffhat the decay of the photocurrents results from the photo-
electrochemical oxidation“of the molecules. |

| Further, there seems to be an exponential decay process, not only
after Tohger\f]]Umination; but also at the very beginﬁfng of the i1lumi-
nation (F}g;_é). The superposition of the two extreMe éXpohentialg is
not sufficfent, however, to describe the éxperimentai curve in the

transition area. Here a somewhat higher phdtbcurreht waé.general]y
observed.’ |

The qualitative decay process of the chlorophyll photocurrents was
reproducib1e at both‘need]e—shapéd crystals and plate crystais. Also,
qua1itatiVe"keproducibi]ity was found with vérious conduction salts in
the electrolyte and dffférent electrode pretreatmenté (Figs. 7 and 8);
Quantitative]y, however, slight deviations were observed. They hay
arise from small differences in the illumination conditions and in the
distribution of the deposited dye at different électrodes. A salt effect
Qas found: With 1 N KC1 solution the magnitude of the phdtocurrents wés
about two times higher than with sat. (~ 0.3 M):KZSO4 solution. The nature
of this effect is not clear.at'the present time. With some exceptions,
the experfments which are discuésed here have been performed in aqueous.
1 N KC1 solution. |
A reaction of excited chlorophyll with an agent which is added to

the electrolyte, will affect the déc]ine characteristic of the photo-.
currents.  This is shown iﬁ Fig. 9 with hydroQuinone.’ This reducing
‘agent can shppress the consumption of chlorophyll a at the semicoﬁductbr
e]ectrdde.- The assumption of a regeneratioh of chlorophyll a a]oné,
however, cannot explain why the photocurrent can rise over the initial

value, which is quantum limited, when all molecules are unconsumed. In
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Fig. 10 some more examples are shown that demohstrate.hdw agenté; which
are added to the electrolyte and don't absorb the incident 670 nm light
can increase the chlorophyll-sensitized e]edtron injecfidh. Ih:these'
experiments the onset of the enhancement effect after'the addition»of
the’reacting‘agents is determined by the diffusion of the added agents
to the electrode surface.

In the presence of hydroquinone, which stabilizes the phototdr- '
rents bestvamong the reducing agents used, the spectral dependence of
the electron injection'by chlorophyll can condeniently'be'meaéured. |
Figs. 11 and 12 show the spectral dependence of the photocurrents,
which are produced by chlorophyll a and b respectively, aftér subf
traction of the electrode-background currents. The.dashed lines indi-
“cate the region where the photocurrent values are somewhat more uncer-
tain. As compared with the absorption spectra {n‘benzene the bandsdare
shifted towardé longer wavelengths‘by about 10 nm. A red shift was
also observed with bacteridchlorophyll. which injects photocurrents
into ZhOéelectrodes in the same way. The e]ectron‘injection spectrum
for ch]orophyllna, however, is fairly comparable to its ébsofption
spectrum in byridine or the absorption spectrum of a monolayer on.
water [9b]. The red shift, observed in the electron injectioh spectrum
is probably due to the polar edvironment at the electrode/water inter-
face.

The results presented demonstrate that with the photoelectrochemi-
cal technique it is possible to measure absorption spectra of adsorbed
molecules. In favorable cases, less than 10~12 Mol of a dye, adsorbed
at a semiconductor surface, are sufficient for the measurement. In |

contrast to ordinary spectroscopic measurements, in which the,relative}

i
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intensity‘of"two light beams is detected with the photoelectrochemical
~ technique an abso]ute measurement of 1nJected e1ectrons is made. [Its
sens1t1v1ty may thus be compared w1th that of f1uorescence measurements

Fig. 13a dep1cts the photocurrent-vo]tage characteristic for "
ch]orophy]] a and hydroquinone as measured w1th the lock -in techn1que
at 670 nm.  In F1g 13b a graph of the potent1a1 dependence of the
dark current for the same plate crysta] is shown. ”The anodic dark

vcurrent was somewhat different from crysta] to crysta] and with the
lock-in measuring techn1que it is automat1ca11y separated from the
photocurrents. o -

Kinetics of photoelectrochemical reactions:

As shcwn in Figs. 9 and 10, the.interaction of chlorophy11 with;
certain agents,"diSSblved in the electrolyte, results in a change of
~the injected photocurrents. "In Fig. 14 this is demonstrated for Various
agents, which have been added to the electrolyte before the onset of
the i]1umination."Compared with the decay functfon of'chlorophy11 a
‘ alone,-reducing'agents can remarkably increase the initial photocur-

rents (Fig. 14). On the other hand, these agents‘don't react with the
semi conductor electrode in'the absence of excited chlorophyll a. The1r '
h1ghest occup1ed e]ectronic levels 11e energetica]]y in the range of
the forbldden energy ‘gap and cannot exchange electrons with the enerqy
bands of the electrode.

In Fig. 14 it can be seen that Hy02 is among the agents which
increasevthe electron injection by chlorophyll a. In the reaction with
_ch]orophyl] ait apparently behaves as a reduc1ng agent.. Quinone was

found to decrease the initial ch]orophyl] a photocurrents, however, it
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had to be bresent in the electrolyte as a’saturatéd-501ution; While
quinohe décreases thé initiél photocurrent, it seems not to decréase
the overall charge gain from exci ted CHlorophyll{;

In Fig.lls_the‘initial decay chafatteristicv6fvphotocurrenfs;; L
sensitized by a small, defined amount of ch]orophy]l a, is depicted
when various concentrations of hydroquinone are breseht in the elec-
tro]yte.- Fig. 16 shows the result of the same experiment with phenyl-
hydrazine.

The enhancement effect of phenylhydrazine appears dnly at higher
cdncentrations when compared With that of hydroquinone. The ke]ativg'
increase of the initial effect, however, is much more proﬁounced with
phenylhydrazine than with hydroquinone. Nevertheless, the photocur-
rent decay is much faster, even when ba1bu1ated‘for‘the same electronic
flow. | B |

It i$_c1ear that the decay functions 6f the photocurrents reflect
the result df‘fhe'1ndividua1'reactions of photoexcited chlorophyll a |
with these agents. | : v" | |

The behavipr.of ch1orophy11 b is similar to that of chlorophyll a.-
Hydroquinone also increases the photocurrents which are produced by
excited bacteriochlorophyll.

Consumption and regeneration of chlorophyll a: o : . B S

ACcording to the Faraday law with the assumption of one equivaleht
of charge passed for each chlorophyll molecule cénsumed, thé faster
decay process of the photocurrents (Fig. 7)_corresponds-to 6n1y about
5% of the deposited ch]oroth]] a being coﬁsumed at the electrode. -

When hydroquinone is present in the electrolyte, many more electrons
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are 1nJected 1nto the conduct1on band of the sem1conductor as a resu]t

~ of light absorpt1on by chlorophyll a than the tota] number of ch]oro-

phyll a mo]ecules ‘that are absorbed at the semiconductor surface. This-
can be seenvin ?ig. 17, where the chlorophyll a photocurrents are
depicted 1n'thevpresence and absénce'of hydroquiﬁgné {n thé electro--
1yte and compared w1th the charge that wou]d theoret1ca11y be ava11ab]e
from ox1dat1on of excited chlorophy]] a. According to the t1me course
of the photocurrents_in the presence of hydroqu1none,(F1g. 17), after
15 hr Ch1 a should have been consumed 20 times over (lower of the two
experimental curves). The decay function is dependent upon'the‘hydro-‘
quinonevconcehtration, and higher turnovers have been observed. Hydro-
quinone thus réacts with excited chlorophyll in such a way that the
electron transfer to the semi conductor is fncreased (initial photocur-
rent incrgaées) and chlorophy1l a tends to remain unchanged in the
reaction. As ajconseqUénce. hydroquinone hac td be come oXidizéd.

Similar observation§ have been made with andther'reducing agEnt

'(phenylhydrazine). " The ultimate consumption of chlorophyli, however,

occurred-faStervwith this than in the'presence of hydroquinone.

The small portion of chlorophyll molecules (~ 5%) with a high
electron_transfer probability, which contribute to the primary faster
decay of the photocurrents, also effectively cdntribufe.to thevenhahced
electron fnjection in the gresence of a reducing agent; When a |
reducing agént is added after the initial fast dec]iné of the photo-
cdrrenf,gj;g;, when only a few percent of the most efficfently situated

molecules are already consumed, the observed absolute increase of the
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bhotdchrrents‘is much'smaller'then when the reducing agent islbfesent
at the beginning of the illumination. ., | |

Oxygen‘had dniy a small effect on fhe faet phofocuhrent eec]ine{ g ‘ " -
It appeared'te accelerate it somewhat. An oXygen'effe;t was obeerved
primariiy oh the iong-time experiments, ahd‘it seems to be fb.a 1arge
extent irreversible. 0bvious1y; oxygen destroys'adsbrbedfehlorophyll"
by photodxidation | | | ‘

Time response of photocurrents

In the search for the time constants for the electron 1n3ect1on
effects it was recogn1zed that the decay times of the inJected photo-
currents, after light has been turned eff, were-dependeht on an RCQh
value of the electrode system. By making the semicondhetor;eIeetrodev
cOntinuohs1y sma]]er,:it was possible to obtain a phototurreht"response
that coincided with the apblied 20 psec flash. From this result it o
can be cohc]uded that the time constant for electron 1njection'from
chlorophyll a is smaller than 2 x 10‘5 sec and that the d1scharge of
the electrode is determined by an- RC constant.

Quantum efficiency:

From the optical density of the chlorophyll a solut1on wh1ch was
depos1ted on the semiconductor electrode and from the area in wh1ch _ ;)
the defined benzene drop evaporated the absorption coefficient of the '
thin chlorophyll layer can be obtained. The quantum efficiency for 1 | St
electron injection by excited ch]ohdphyll a is calculated, with the
help of the Faraday law, separately for the fast decay section (~ 3
min; : 5% of the chlorophyll molecules) and the subsequent slow one.h

The splitting of the decay into only two sections is arbitrany.
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,  Faf those chlbrbphyll’d molecules that contribute to tﬁe faster
'primary,decay Qf thé photoéurrents, thé averagé quantum yier'for
electron transfer from excited levels into the ﬁonduttion band of
the semiconductor electrode was Tound_to.bé'appkoximately 2.5 x 10-2
' eTecfrons/quantum.2 » |
Thé'main portion of chlorophyll molecules showed a Tower quantum
efficiency for electron transfer of approximately 4Vx 10'4. In the
fransifion range an intermediate value obtaihs.. |
In the presénce of reducing agents the quantum efficiéncy increasesQ
considerab]y.' However, it is morevdifffcult to distinguish separate
é]ectron transfer rétes. The observation that the portion of mo]eéules
which contribute to the fast decay'is‘aiso active in the high electron
donor-stimulated increase ofythe_phdtocufrent af_the beginning of
vi]Tumination suggests an anaTogous paktiCipatioh'of efficient eTectron
1njecting‘mo]eéu1es'in the'photocurrent proddctfon fn the presence of
reducing}agents. Then, for the more effective portion of chlorophyll
molecules in the presence of hydroquinone, the-quantum efficiehcy
incréases'towards 5 x 10'2 and with phenylhydraziﬁe towards 1.25 x 10'1;
DISCUSSION
It has been found that excited chlorophyll molecules at}é SUifab]e
electrbde (Zn0) give rise to an anbdic photocurrent. The experiménté]
results are consistent with'the'asﬁumption that in a primary step

electrons from exci ted chlorophy1l levels are transferred into the con-

duction band of the semiconductor (probably by tunneling).
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The electron transfer mechanism is (most évidently) suppdrtedjby
the observation that ch]orophyll is consumed at the electrode surface
and that reducing agents, which react with exc1ted ch]orophyli, can
1ncrease electron ‘transfer and prevent ch]orophyi] consumption An
anodic,vo]tage of as littie as 0.5V is sufficient tovtransfer the
injected electrons irreversibly away from the\semiconductor'surface.
When the applied 'voltage isbdecreased‘Or when no eXternai‘voltage'is
appiied,ra,portion of the'injected eTectronssieaves the semiconductor
electrode again and is Tost in a'reverSe reactidn7with"Ch1+ or other
oxidizing agents. Two mechanisms by which reducing agents can stimu-.
late photoe]ectron transfer and regenerate the 1n3ect1ng molecules
have been discussed in a prev1ous paper.[2]. They are a]so aoplicable
to photeeiectrochemical reactions of ch]orophyll, The simplest ex-
planatton for the action of reducing agents like hydroquinone or |
'phenylhydrazine cn the eiectron‘transfer reactidn'from'the excited
chlorophy11 moiecu]e inte the semi conductor conduction band is that
these agents reduce excited chlorophyll molecules at the ‘semi conductor
" surface as they do in homogeneous solution [13,14]. The resu]ting
~ reduced ch]orophyll'molecule, an anion radical, will have an increased
capacity for donation of electrons to the e]ectrode;. -

According to this mechanism the same electron injecting chlorophyll
intermediate would appear with different electron doners and consequently
similar qualitative kinetic behavior of the'chlorophyil-induced electrcn
photccurrent might be expected‘in the presence of various agents. To
account.for the variety in the kinetics of the ghotocurrent'deCay

(Fig. 14) a more complex reaction mechanism has to be assumed. - The
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reduc1ng molecules cou]d form weak charge transfer comp]exes w1th a |
groundstate absorbed ch]orophy11, or with the exc1ted absorbed chloro-
phy11 molecules. In a complex formed by the sem1conductor, the'ad-
sorbed chlorophy]] mo]ecule, and the reduc1ng molecu]e, electron |
transfer react1ons from the excited leve1 of chlorophyll to the
semiconductor and from the reducing agent into the-ground level of
the chlordphyll‘mo1ecu1evmay occur mere or less simu1tanebusly and
support each other-. | _

Both mechanisms could exp1a1n the enhancement effect of reducing

agents,on the e]ectron transfer reaction, as well as the regeneratIOn

~ of the ch]drophy11 molecules.

In Fig. 18 the main reactions of excited chlorophyll at a Zn0-
semiconductor electrode are depicted. '

When in a first step an electron is transferred from an excited
ch]ordphyllfnoTecule into the conduction band of the semiconductor [18a],
a reverse reactfon of the injected electron with_the oxidized chlorophyll:
can be‘prevented by an eiectrochemiCal'gradient in the semiconductor |
snrface, by which tnevelectron is led away from thevinterface. Until
the oxidized chlorophyll molecule is stabilized by a suitab]e reaction,
it'constitutes a strong oxidizing agent, able to oxidize compounds
with fairly high oxidation potential. | |

fn the presenee of a reducing agent which reacts with excited

chlorophyll molecules a primary reduction mechanism and a charge trans-

fer mechanism [18 b and ¢ resp.] can explain the enhancement of electron

injection and the regeneration of chlorophyll.
An attempt at a quantitative analysis based on any of these models

only confirms the already evident qualitative result, that the ;h1orophy11
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molecules on the Zn0 Surface exist»in a continuous variety of sites
with at 1éast one preferred adsofption-position._ Each of theée
diffefent]y adsorbed molecules may be expeCted to.have.a di fferent
efficiency for electron transfer into the semiconductor band as well
as diffefing reaction properties with the reducinglagents, and cbnse-
quently differing rates of irreversible consumption. |

The nature of the variety of adsorption sites on the surface of
'singlevcrysta1,2n0-electrodes, prepared by grinding, is clearly
visible in the scanning-e]ectron-micrbscope pictures of}Fig. 19.

At.the beginning of illumination those chlorophyll mo]ecu]es“with
a high quantum efficiency for electron trahsfef are the prinicpfe:con-
.tributor$ to the photocurrent. Energy transfer reactions between ,
;hlorophy]] molecules may contribute to the probability that excitation
energy reaches favorabTy Situated chlorophy]f molecules for electron
-1nJect1on The photocurrents w111 then cont1nuous1y decrease as chloro-
phyll molecules are consumed and less efficient electron transfer
react1ons determ1ne}the photocurrent. o | | |

 These experiments do not yet permit a decision as to whether the

singlet or the triplet state of chlorophyll or both are involved in
the electron transfer to the semiconductors. When the ionization energy
for ch]orophyll a (4.8 eV)[15] and the work function of Zn0 (6.3 ev)
[]6]'(band gap 3.2 &V) are plotted in the same energy scale, it is |
apparent that the triplet level of chlorophyll a is situated about
0.3 eV below the edge of the conduction band of Zn0, so that activation
energy is needed for electron transfer from this 1evel.i These valués.
'however, can be somewhat influenced by the special conditions at the

 electrode,

[ A
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The time constant of the chlorophyll photocurrents (t < 2,x_10'5-

éééivadd the observatidn.thaf oxygen and paramagnétic'idns (co™, NitH)
don't decrease photoéufrents very much, indicate that if a metastable
.chiorophyll:stéte is involVed in‘the'eiecfron transfer, its natural
lifetime'is'already shortened for the adsorbed molecule.

-Atfthe present time.there iS ho indication that the assumption,
that the singlet state is active in the electron transfer reaction, is
uhtenaﬁ]e.' A charge transfer mechanism éould then account for the
actfoh of reducing agents on the electron transfer kate and the regenera-
tion of éh1ofophy11g A participation of the triplet in thevelectron :
transfer reaction, especially with the aid of’féducing agents;'c;nnot}
be éxc]uded; in ahy case, trip]et}state chlorophyll cén undergo side

reactions ‘which can lead to non-injecting reaction products.

CONCLUSION

withithé usé.Of aISUitéble single crystal semiconductor as écceptor
for electrons from excited chlorophyl1 nolecules the following obser-
'vationsrcoqu be made: R . |

Excited chlorophyll molecules are able to produce an electron flow
~into the conduction band of a semiconductor electrode. - The unidirection-
"aTityvof the'e]ectronAflow is guaranteed by an electrochemical»gradient
in the‘surface of the semicdnductor electron ‘acceptor. - It preVehts_a
reverse reaction of the accepted electron with the oxidized_ch]orbphy]l
| as it wbu]d océur in homogeneous solution (g;g., in a réaction befween
~excited chlorophyll a and quinone).[17].
In the presence of reducing agents (hydroduinOne, phenylhydraiine)

electroh transfer from excited chlorophyll mo]ecules to the semiconductor
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is 1ncreased and ch]orophy]l molecules can be regenerated From this
result it can be concluded that a cooperat1on of a suitable electron |
acceptor (sem1conductor crystal) and a dpnor 1ncreases the efficiency
of chargeISeparation at ekcited chlorophyll molecules. Ch]orophylj 1‘
mo]ecu]es then, under these édnditions, are acting as photon-powered
electron pumps for electrons from electron1c Tevels of a donor to
electronlc 1evels of an acceptor (here a sem1conductor) When no ex-
ternal potent1a1 is applied to the semiconductor electrode and a
suitablevelectrochemical.gradient for electrons still exists in the
semiconductor-electrolyte interface (as in the case of a In0 e]ectrode
[11]), unidirectional electron flow is maintained a]be)t w1th decreased
eff1c1ency, and photochemical energy of excltedvchlorophyll is converted
-into electrical energy and thus is also arailabIe for transformatidn
into chemical energy. The experimentS'have shown‘that'chlorophyll
sens1t1zed un1d1rect1ona1 e]ectron transfer, i.e., charge separatlon
with fa1r1y h1gh quantum eff1c1ency and energy conversion can be
generated with the help Qf an electron acceptor-that prov1des-an
electrochemical gradient for electrons, which are aecepted from excited '
chlorophylls. Moreover, they have demonstrated that reducing agents

like hydroquinone or ascorbate, which are also oxidized by-photdsystem'll
of chlorop]asts {18,19] are readi]y oxidized in a reaction with excited
ch]orophyll a at the sem1conductor electrode.

The observation that excited ch]orophyll molecu]es at a su1tab]e

sem1conductor electrode show some properties whlch also characterize

the behavior of chlorophyll sensitized reactions in photosynthetic

_reactign'centers suggest an investigation of the possibility that a
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sujtable organic acceptor complex in these is able to provide the
physical-enemical properties which are essential for the occurrence

of photoelectrochemical reaction. A theoretical study - of this

question is in preparation.
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FIGURE LEGENDS '

Fig. 1. Enefgy potential scheme of a molecule at a‘éemiconductor—e]ectrblyte'
interface: a) electron injection at semiconductor with high jonization
energy; . b) hole injection at semiconductor w1th Tow ionization energy
D*; exci ted dye molecule; VB: valence band, CB: conduction band;

EF- Fermi 1evel, R: electronlc level of reducxng agent,' 0: electron1c

1eve1 of ox1d1z1ng agent.

Fig. 2. Scheme of electrochemical cell and experimental set-up: 1) semi-
~conductor electrode; 2) Teflon support; 3) electrolyte; 4) counter
eiectrodg;' 5) feferénce electrode; 6) heat eXchangér. P: potentiostat:_
L: light Source; Mon: monochromator; Ch: chqpper; T: thermocouple; =

AD} analog computing units; Mot: motor; ip‘é photocurrent.
Fig. 3. Sbettral dependence of photocurrents at a Zn0-plate crystal. Elec-

2 -SM

trode surface 12 mn°. 0: electrolyte: 1 N KC1 in water; 1: 5 x 10

chlorin es monohethy1 ester (Ch1 €6 m); 2: 2 x ]0'4 M Chl e m;
3:2x10%

4::like 3, without external potential.

M Chl e m+ 1M phenylhydrazine, electkOde potential: 0.5 volt; .

Fig. 4. Spectral dependence of photcurrents at a CdS-electrode. Anodic
potential: 0.25 volt. —o—, aqueous electrolyte (1 N KC1); -e—, addition

of 5 x lofé-M mesochlorine eg + 1 M phenylhydrazine.

- Fig. 5. Decay of chlorophy]l'a-senitized photocurrents. Monochfomatic

i1lumination at 670 nm. Electrode surface: 4 mmz.

0: without chloro-
phyll a; 1: with chlorophyll a; A) 1.55 x 10712 4 chlorophyll-a deposi ted

- on the’éIectfode; B)3;11x10']] M deposited chlorophyll a.
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Fig. 6. Effect of interruption of illumination on the decay of chlorophyll
a-sensitized photpcurrents;' B |

Fig. 7. Longtime decay of chlorophyll-sensitized photocurrents.
650 nm;

-, chlorobhyl] b, aqueous 1 N KCl1, electrolyte,

—0—, chlorophyll a, aqueous 1 N KC1, electrolyte, x = 670 nm; o
— chlorophyll a, aqueous saturated KZSO4. e]ectrolyte Anotic.bqten-

t1a1 0.5 vo]t, p1ate crysta]s

.jijng. Init1a1 decay of chlorophyll sensitized photocurrents
-%}—, chlorophyl] a, sat. aqueous K2504, needle cnystal
-—A—.'chlorophyll b, 1 N KC1, needle crystal; |
¥0~; ch]orophy]] a, 1N KC1 plate cnystal, after etch1ng 1n 3 M KOH;
—a—, chlorophyll a, 1 N KC], needle crystal.

Fig. 9. ',Influence of hydroquinone on the decay of chlorophyll a photocurrent:
0: photocurrents in the absence of chlorophyll a; ~1: photocurrents in
the presence of chlorophyll a; 2: photocurrents after the add1t10n of

hydroqu1none (4 x 10° -2 M) (arrow).

Fig. 10. Influénce of various agents on the decay of chlorophyll a-sensitized
photocurrents. Electrolyte: aqueous 1 N KC1. A: addition of Mn+f
(4 x 1072 M) and hydroxylamine (4 x 1072 M); B: addition of ascorbic

acid (4 x 107 M). C: addition of pheny]hydraz1ne (4 x 107 -2 M)

Fig. 11, Speetral dependence of chlorophyll a-sensitized photocurrents.
Electrolyte: aqueous 1 N KC1 plus 4 x IO'Z.M hydroquinone.

Fig. 12. - Spectral dependence of chlorophyll b-sensitized phptocurrents.
Electrp]yte: aqueous 1 N KC1 plus 4 x 10'2 M hydroquinone.



27~

Fig. 13. Potential dependence of chlorophyl1l a-induced photocurrents (A)
v ahd of fhe dark durfent'af a Zn0 plate cryStal‘(B){

Fig. 14. Compérison of.the influence of various agents on the decay of
cﬁlbroph&]l a-sensitized phdtocurrents.' Electrolyte: 1 N aqueous
KC1 éolutioh. 0: in the absence of additional agents; 1: in the

presence of phenylhydrazine (4 x IO'Z‘M); 2: in the preSence'of

hydroquinone (4 x 1072 M);. 3: in the presence of hydroxylamine (4 x 1072 M);

4: in the presence of hydrogen peroxide (5%); 5: in the presence of

ascorbic acid (4 x 10'2 M); 6: benzoquinone (saturated).

Fig. 15. Influence of hydroquinone on the decay of chlorophyll a-sensitized

photocurrents (numbers-indicate molar concentration of hydroquinone).

Fig. 16. Influence of phenylhydrazine on the'decay of chlorophyll a-sénsitized

photocurrents (numbers indicate molar concentratidn of bhenyihydrazine).

Fig. 17. Decay of chlorophyll a-induced photocurrents in the absence (lower
~curves) and in the presence of hydroquinone. Q: charge, corresponding

to amoﬁnt of adsorbed chiorophy]l. ——y, ---=-: different experiments.

Fig. 18. Energy potential schemes of photoelectrochemica]_reactions of a

nnlecu]é at an electron-accepting semiconductor electrode (number; indi-
cate reaétion steps; SC = 5emi¢ondUctor; Chlf = excited chlordphyll
molecule; R = reducing agent). a) primary step: electron transfer from
exbited dye to Sc. b) primary step: excited dye is reduced by reducfng

agent. c) charge transfer mechanism.

Fig. 19. Scanning electron microscope picture of Zn0-single crystal electrode
surface <000T>, prepared by grinding. Fig. b is.a magnification of the

~area shown by dashed Tine in Fig. a.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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