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ORGANIC PHOTOCHEMICAL STORAGE OF SOLAR ENERGY
Gui]ford'Jones, II

Department of Chemistry, Boston University
ABSTRACT
The prospects for driving endoergic feactions'of‘simp1e, relatively abun-

dant organic chemicals by photochemical means have been examined. Strategies

for utilization of light of varying wavelength involve sensitization mechanisms

. which depend on the redox properties of energy storing substrétes and photo-

sensitizers. Of principal interest is.valence isomerization which can be in-
duced by electron donor-acceptor interaction between substrate and sensitizer
4n an excited complex or-exciplex.

Completed photophysica] studies show that potentially .isomerizable sub-

strates efficiently intercept redox photosensitizers. The quenching of emission

of electron acceptor sensitizers by'non'conjugated hydrocarbon dienes is indeed
a function of the reduction potential of the acceptors (a se?ies of aromatics
with varying absorption'charaﬁteristics) and the oxidatfon potentials of the
substrates. Electron deficient dienes have been shown alternatively té be.
efficient quencher§ of excited donor sensitizers.. That exciplexes are formed
between isoherizab]e substrates and donor or acceptor sensitizers has been con-
firmed by emission spectroscopy. The rearrangement of hexamethyldewarbenzene

to hexamefhylbénzene, a model exciplex isomerization has been examined in some

detail.
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INTRODUCTION

Criteria for the use of orgénic chemicals in reversible photochemical
systems which store radiant ene}gy as latent heat have been previously des-
cribed.] App]ications of these 1ight driven cyclic systems qou]d be as modest
as the development of inexpen;ive devices .for the measurement of solar inten-
sity (co]or test pyranometers) or as ambitious as the use of an organic fluid

2 If the

to collect and photdchemica11y store solar energy on'a large scale.
latter objective is to be met, efficient photochemical activity fof some abundant
chemical available on an industrial scale must be demonstrated. A principal
objective of our work is the examination of potentially energy storing photo-
reactions of several inexpensive chemicals with emphasis on sensifization of

the energy storage step to visible Iight.

| Fundémenta] difficulties with choice industrial cheﬁica]s such as dicyclo-
pentadiene (l) and cyéiooctadiene (%) are their genéra]]y modest chemical proper-
ties and their lack of low lying excited states (e.g., isomerizations 12 and

% > Q have been shown to occuf wifh éhort wavelength uv 1light on]y); An impor-
tant goal is the development of new sensitization séhemes'not involving classi-
cai transfer of excitation energy. Such a mechanism was described in detail

in our original proposal and‘is.outlined in Scheme 1. The mechanism depends

for driving force on the attractive interaction of an electron acceptor and a
non-conjugated diene system. This polarization i§ expected td induce t rans-
annular bonding to give valence isomer. The norbbrnadiene-quadricyclene photo- .
isomerization (g +~ b, R = H) whicﬁ has been shov_m3 recently to occur on 6bmp1exa-

tion with transition ﬁeta]slmay employ such a mechanism.
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PHOTOPHYSICAL MEASUREMENTS

Electron Donor Substrates. The first step in the evaluation of the indus-

trial dienes and similar substrates is the demonstration that these rather un-
reactive chemicals can efficiently intercept excited photosensitizers. Several

dienes capable of acting as modest electron donors were paired with a series of
robust.e]ectron acceptors. ‘The latter, a group of cyano-substituted aromatics

were selected for their range of electrochemical properties (reductioh bqtentia]s,
E]/2 = 40.82 to <1.80 V vs. SCE) and their varied use of ultravidlet and visible light
(Amax 290 - 400 nm). These sensitizers are also high]y fluorescent so that

the interception of excited states by the quencher dienes could be assayed
spéctrophotpmetrica]]y. Substantial electron transfer in a donor-acceptor

complex of sensitizers and substrates was judged,to be favorable according to

the Weller equation,4

AG = E]/z(ox) - 'E]/Z(red)> - E00 - C

which relates the free energy for electron exchange within a complex to ground
state rédox properties, sensitizer excitation energy, and a solvent parameter.

Analysis of the quenching results (Table 1) shows that the dienes in fact
intercept the fluorescent state of the acceptor sensitizers with moderate ef-
ficiency, Thé.recorded values are quenching constants computed from the slopes
of Stern—yémmé;ﬁ plots of relative emission yields and quencher concentration.
The electron donor ability of the dienés is indicatéd by experimental ioniza-
tion potentials and the electron acceptor ability of the sensitizers is given
by ground state reduction»potentia1s.. The dependence of quenching rate on

structure for substrate sensitizer pairs is illustrated in Figure 1. Clearly,

.
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Table 1. Rate Constants (kq, x 1007 M sec']) for Quenching of the Fluorescence

| of Electron Acceptor Sensitizers in Cyclohexane

: Sensitizers
Substrate " CN | CN _ N CN
(1.P., eV) CN . Cl\i
. | |
@3 (1) 5.2 0.049 0.009 ——
oy
8.93 . ‘
' O (3) 5.9 0.009 —- —
n o
9.06
@ (5, R=H) 6.1 0.095 0.008 0.014
8.70
L1l o 10.8 4.79 0.12 733
|
} |
7.90
6.4 0.029 - 0.005
/ ‘ .
8.90

—©T<\ 6.8 0.18 0.027 0.010
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the quenching phenomenon involves the expected electron donor-acceptor inter-
action. Note that for the most potént sensitizers quenching rates are at a

10 ,~1

maximum (near the diffusion Timit, K ~ 100 M sec']) and that as sensitizer

q
acceptor potential (a function of ground state reduction potential and excitation,
E(red)* = E]/z(red) + Eoo) becomes more modest, the sensitivity to diene donor
ability is revealed.

In addition to showing that the emission of acceptor sensitizers is quenched
by isomerizable dienes, it is important to show that bona fide exhip]e*es (of
the type proposed in Scheme 1) result from the quenching process. Direct evidence
\for diene-acceptor exciplexes has been obtained. The quenching of sensitizer
fluorescence is accompanied by the appearance of new emission (broad structure-
" less bands at longer wavelength). We assign these hew emissions (Table 2) to
exciplex fluorescence. Although exciplex emission has been observed with in-

. . . 5 ' . .
creasing regularity for organic systems,” our measurements are the first involv-

ing sensitizer complexes with substrates capable of isomerization.

Electron Acceptor Substrates. Two norbornadiene derivatives (e.g.; §) have

been synthesized and their ability as redox quenchers determined. A group of
electron donor sensitizers was sélected for quenching studies. These .fluoraphores
represented a range of donor ability (oxidation potentials, E]/z(ox) =0.9-1.4V
vs. SCE) and again a range of 1light absorption capability (Amax 320 - 450 nm).

The results of emission quenching for the donor sensitizers and acceptor sub-
strates are shown in Tab]é 3. The quenching constants obtained by Stern-Volmer
analysis are unifofh]y high indicating that sensitizer-substrate interaction is
especially favorable. Emitting exciplexes were not observed for donor sensitizer
quenching, suggesting that a rapid photochemical decay channel exists for these

systems.
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Table 2. Exciplex emission maxima for acceptor sensitizers and donor dienes

in Cyclohexane Solution.

Sensitizer (Amax, nm)

Diene p-dicyanobenzene ' 1-cyanonaphthalene
dicyclopentadiene (l) 310 tail
cyclooctadiene (%) 370 | T 394
hexamethyldewarbenzene (Z) 393 363
hexmethylbenzene (8) 393 - 367
norbornadiene (5, R = H)' - | 345

. 5-vinylnorbornene

- : 345

Table 3. PRate Constants for Quenching of Electron Donor Sensitizers by Electron

Acceptor Substrates in Cyclohexane.

Donor (kq, M sec'])

R / Ph
Sensitizer C
R R = CO,Me R
2-methoxynaphthalene 6.4 x 109 5.2 x 1010
2,6-dimethoxynaphthalene 9.7 x 109 ' 9;6 X 109,
1,4-dimethoxyanthracene 6.4 x 109 1.9 x 109
9,10-dimethylanthracene 1.0 x 109 0.8 x 109




Hexamethyldewarbenzene Isomérization. The quenching of acceptor sensitizer

fluorescence by hexamethyldewarbenzene (Z) gave unusual results and was studied
in somewhat mofe detail. It appeared from photophysical measurements alone
that éxcip]ex isomerization oécﬁrs for this system. The exciplex emission from
Z - sensitizer pdﬁrs has an unusual feature - it is identical to the new emission
which appears when sensitizers are quenched with hexamethylbenzene (g), the val-
ence isomer of /!

" - We have shown independently that quenching by 1 in fact leads to 8,
a.true redox sensitization. The results raise the nove1‘possibi1ity‘that exciplex
formation induces ring opening of Z to both ground and excited (still complexed)

hexamethylbenzene.

Photochemical Studies. The valence isomers of all isomerizable substrates

have been prepared by conventional ultraviolet photolysis or other'meansL Devel-
opment of analytical methods for rapid and thorough assay of valence isomeriza-

tion induced by redox sensitization is now underway.

CONCLUSIONS

An early objective of the program has been reached. Chemicals selected

on the basis of their availability and photochemical energy storage potential
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have been shown to form complexes with photosensﬁtizers having widely different

1ight absorption properties. The binding of sensitizers and substrates appears

to depend on electron donor-acceptor interaction (the redox properties of sensi-

tizer-substrate pairs). The formation of exciplexes is efficient for both donor

and acceptor substrates and all potentially isomerizable substrates have been

complexed with one or more sensitizers in one of the two donor-acceptor regimes.
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