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In this paper we discuss the oxidation and reduction potentials of a solvated redoxcouple in photoexcited
states, these being the extension of our foregoing theoretical treatment pertinent to the energetics of sequential

electrooxidation (E$3) and reduction (ET) steps. After formulating the ionization potential and electron

affinity of solvated molecules by using the E‘{’/‘g and E’{*}‘; values, the equations on the oxidation (E‘ﬁg, exc)

and reduction (E{e/g,exc) potentials in excited states are derived. From these the important relation

(ESS. o TE . J=EFHES) is obtained.  For the case of a benzenoid alternant hydrocarbon (BAH) the above
left-hand-side summation would become constant. Also, the mutual correlation of the E‘;’/‘g exc OTE {5‘; exc Value
at 1L, excited state to the ET or E$% potential at ground state is discussed for BAH’s. Finally the electron-

transfer interaction between an electron donor and an electron acceptor has been considered in photoexcited
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states by virtue of oxidation and reduction potentials.

formulated semiempirically by Rehm and Weller.
Rehm and Weller equation.

In previous papers we reported the general treat-
ment of the energetics of sequential electroreduction
and electrooxidation steps of organic substances by
applying thermodynamic energy cycles and SCFMO
calculations.2-4 In this paper we have extended this
procedure to electronic excited states to derive the
general formulas of oxidation (E$%...) and reduction
(EXS...) potentials in excited states. Using the equa-
tions thus obtained the mutual relation of ES..,. and
ES. .. is discussed and also electron-transfer interac-
tions between electron donors and acceptors at pho-
toexcited states are formulated and discussed in com-
parison with the semiempirical equation proposed by
Rehm and Weller.®

Results and Discussion

Ionization Potential and Electron Affinity in Sol-
vents and at Excited Electronic States. From the fore-
going papers2~% we know that the first oxidation
(E?J) and reduction (E}) potentials for reversible
redox systems in the ground state are given by Eqgs. 1
and 2 in eV unit, respectively.

E(l”/(g (R+/R) = AGO o + AE‘;)]V (1)
ET4 (R-/R)=AG°—¢, — AE, @)

solv

where the absolute potential of a reference electrode is
expressed by AG® and where AE ,=(E;,—E.,,) and
AEt=(EL, —E,,,) are the solvation energy differences
(negative values) between monoanion or monocation
and neutral species. Under the Koopmans theorem®
electron affinity (EA) equals —¢, and ionization
potential (IP) equals —&,,, where &, and &, are respec-
tively LUMO and HOMO energies. We can now
rewrite the Eqgs. 1 and 2 as Eqgs. 3 and 4, respectively.

IP,,,=E§—AG°=IP+AEY,, (3)

T Present address: Inazawa Women’s Junior College, 1-1-
41, Nishimachi, Inazawa, Aichi 492.

The equation thus obtained is of the same type as that
Our treatment provides theoretical background for the

EA,, =E{§g —AG°=FA—AE,, 4)
Here, it is easily understood that the (E{3—AG®)
should correspond to IP in solvents (IP,), and
the (EI9—AG°) to EA in solvents (EA,,,). Since
AG°=—4.40 eV [P, and EA,,, would be easily
evaluated by measuring the E$% and the ET values,
respectively; i.e., IP,,, decreases by |AEY,,| from the IP
in a gas phase, but EA,, increases by | AE,,|from the
gas phase EA.

Let us now consider the ionization potential (IP%)
and electron affinity (EA) in an excited stage (AE"Y).
We can write as AEYV=(E®“—E,) by employing the
total energies in the ground (E,) and excited states
(E), so this AEYY value means the adiabatic 0-0
transition energy. Since the gas-phase ionization
potential (IP*°) in the excited state of AEYY may be
given by IP*=(E/—E™) in the total energy expres-
sion, and since EX=E+AEYY, [P*=(IP—AE"Y)
because of (E#—E)=IP in a ground gas state. Of
course, as stated before, the IP equals —¢,, in the
approximation of Koopams’ theorem (Eq. 1).

Alternatively, ¢, in Eq. 2 corresponds to the total
energy difference written as (E;—E,) so that the
EA=(E—E)) in the ground state.2=4 This treatment
may lead to the expression EA“=(E*—E,), then the
relation of EA™=(EA+AE"") is clear. The values of
IP, IP,,,, EA, and EA,,,, as well as ES and E%, are
listed in Table 1 for benzenoid alternant hydrocarbons
(BAH), these being assessed on the basis of our forego-
ing studies.2—47)

Oxidation and Reduction Potentials in Excited
States. Referring to the Egs. 3 and 4 we can now
formulate the oxidation (E$%...) and reduction
(ET4...) potentials in the AE"Y excited state as follows:

EQY. = AG° +IP—AE™ + AE J o (5)
ElY. . =AG°+EA+AE" — AE (6)

172 exc
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Table 1. Electrochemical Data, IP, and EA of Benzenoid Alternant Hydrocarbons
in the Ground State and the 1L, and L, Excited States”
Ground state Excited state ({La/ Ly)”
Compound ESS Efs IP EA IPwy Edww AEYY  IP™  EA™  Effex EfS-exc
Vvs.SCE Vvs.SCE eV eV eV eV eV eV eV Vvs.SCE Vyvs. SCE

Benzene (2.68) (—3.58) 9.52 —1.12 7.08 0.82 6.21 3.04 5.09 —3.53 2.63
4.76 4.49 3.64 —2.08 1.18
Naphthalene (1.81) —2.56 8.15 0.152 6.21 1.84 4.35 3.80 4.50 —2.54 1.79
4.17 3.98 4.32 —2.36 1.61
Anthracene 1.32 —1.99 7.47 0552 5.72 2.41 3.31 4.16 3.86 —1.99 1.32
Naphthacene 0.98 —1.60 7.04 — 5.38 2.80 2.60 4.44 —_ —1.62 1.00
Pentacene (0.78) —1.33 6.74 — 5.18 3.07 2.13 4.61 — —1.35 0.80
2.90 3.84 — —2.12 1.57
Phenanthrene  (1.74) —2.48 7.86 0.308 6.14 — 4.23 3.63 4.54 —2.49 1.75
3.59 4.27 3.90 —1.85 1.11
Benz[a]- 1.39 —2.03 7.47 0.696 5.79 2.37 3.49 3.98 4.19 —2.10 1.46
anthracene 3.22 4.25 3.92 —1.83 1.19
Chrysene 1.59 —2.30 7.60 0.419 5.99 2.10 3.89 3.71 4.31 —2.30 1.59
Dibenz[a,h]- 1.43 —2.07 7.38 — 5.83 2.33 3.54 3.84 —_ —2.11 1.47
anthracene . 3.15 4.23 — —1.72 1.08
Perylene 1.04 —1.69 7.00 — 5.44 2.71 2.86 4.14 — —1.82 1.17
3.67 3.33 — —2.63 1.98
Pyrene 1.28 —2.09 7.41 0.579 5.68 2.31 3.72 3.69 4.30 —2.44 1.63
3.34 4.07 3.92 —2.06 1.25
Benz[a]pyrene 1.16 —1.87 7.12 — 5.56 2.53 3.23 3.90 — —2.07 1.36
3.08 4.04 — —1.92 1.26
Coronene 1.35 —2.08 7.36 — 5.75 2.32 3.63 3.73 — —2.28 1.55
2.90 4.46 — —1.55 0.82

a) Data were taken from Ref. (4), (15, 16), (17, 18), (7, 19, 20) for electrochemlcal data, IP, E4, and UV (in organic

solvents) energies, respectively. Data in parentheses for Efjs
relation between electrochemical potentials and molecular orbital energies.4

and Ef5 were the calculated values using the
b) The upper and the lower side

numbers for each substance are for the 1L, and 1L excited states, respectively.

The solvation energy difference between a monoca-
tion in the ground state and a neutral species in
a AE" excited state is denoted by AE[ . Also,

solv

AE_;® has a meaning similar to the AEJ;.,® except
for replacing the monocation by the monoanion. We
now calculate the values of (E9S..—EFS) and
(E'S. o —ET9) by using the Egs. 3 and 5 for the former
and Egs. 4 and 6 for the latter. The Eqgs. 7 and 8 are

finally obtained.®
E??g exc ??g (AEUV + Egglcv_Esolv) = 0l)/(g - AE solv (7)
Elrfg exc—E{;g+(AEUV+EeXC solv) Elr;(21+ AE solv (8)

solv

It should be noted here that, as mentioned above,

+-exc— —
AE:solvexC ( solv igiv and AE solv™ (Esolv solv)’ S0,
(AEsg—lvexc_ AE so]v) _(E:)(()?v so]v)' Because Of AEUV:

EX—E, in the vapor state, the value of the term
(AE”"+E‘;’§1€V—ESO,V) turns out to be [(E{“tEg:)—
(E+E,,,)]=AEYY,, which corresponds to the 0-0 tran-
sition energy in solvents,!3 this solvent being recom-
mended as the same employed for the potential mea-
surement. We now do a treatment similar to the
derivation of Eq. 7 for the evaluation of the term of
(ET8. . —E%%). When one calculates the value of
(AE,—AE ™) using the relation of AE_ &=

(Eo—ES,) and AEL =(E,—E,,,), the value comes

out to be (EX,—E,,,). Accordingly the extreme right
hand term of Eq. 8 is easily derived. The sum of Egs.
7 and 8 leads to Eq. 9. This is an interesting and
important relation.

(EVS-extETR o) = (EVZHET) O
It is well-known that the sum (E$HE!) becomes
constant in the case of BAH.24 Therefore it is inter-
esting that this constancy is also true for the oxidation
and reduction potentials in photoexcited states
of BAH. In Table 1 are listed the potentials of
E®S...and EX. . calculated at the 'L, and 'L, excited
states of BAH and also the other physical constants
necessary for evaluating those potentials. The fol-
lowing is an important property of BAH. As was
verified in the forementioned papers,27919 Eq. 10 con-
necting oxidation-reduction potentials and singlet or

triplet electronic transition energies is generally
valid.1))

(ETS—ET9) =k PAER) ,,+ ks (10)

For the case of BAH Eq. 10 was surprisingly satisfac-
tory for the correlation of (E5—E[) to the 'L, excita-
tion energy (AE}Y ), and the constant terms k, and
k, were 1.011 and —0.001, respectively.2” Here, the
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spectral data employed for BAH were those in
organic solvents.”19 Now, within the experimental
error (E‘fﬁg—-AEsolv ('L,)=E™. Equation 7 indicates
(E(l)ﬁg'— solv ( L )) ?)/(g exc lI—‘a): so that E(I”/(g'exc at the
'L, state is equal to E} in the ground state in a good
approximation. Also, we can write (EIS+AEYY
('L.))=E% from Eq. 10 and (EfSH+AEL, ('L,)=E%. o
('L,) from Eq. 8, thus EI%.... at the 'L, state is close to
the E$ value in the ground state. Inspection of
Table 1 clearly reveals the above mutual correlation
between E% and Ef%.... (‘L,) values and between the

ES and EPS.... ('L,) values. Of course, these rela-
tions are not held on the 'L, excited state of BAH, for
which the relation of Eq. 10 is not good because of a

larger CI effect.”
Electron-Transfer Interaction in Photoexcited
States. Let us now consider the electron-transfer

interaction from an excited donor molecule D* to a
ground state acceptor A. This interaction may cause

an ion-pair formation 2D*-..2A- in solution occuring
through an intermediate encounter complex. Refer-
ring to the Mulliken type CT process%!3) this energy
(AF) may be expressed by

AF=IP2,*—EA%

solv

ol " €/exa (11)

where the term —e2/¢- a is the Coulombic stabilization
energy of the ion-pair in solution with the dielectric
constant ¢ a being the cavity radius. Keeping
in mind the aforementioned equations that are
IP*=IP—AE"" and Eq. 3, we can easily derive the
equation IPZ5=(IP.,,—AEYY) (see the Appendix
for details). Also, starting from the Eq. 4 and
EA*=EA+AE"Y we can obtain the equation
EA%,~(EA,,,+AEY,) by a treatment similar to the
derivation of IPY§, (see Appendix). Let us now
modify the Eq. 11 by introducing the relation
IPD xe=JP° —AE2YV  for IPD;*™ to get AF=

solv solv

PY —EALY,,—AED,"V—¢?/¢.a, which follows Eq. 12
by the application of Egs. 3 and 4.
AF=ED™ =By — AEQYY —e2/c-a (12)

When an electron transfer from a ground state donor
D to an excited acceptor A* occurs, AF is written as

AF=IPY,,—EAL —e/e-a (13)
Applying the formula EAAS=EA%, +AEAYY and

solv solv solv

Eqgs. 3 and 4 to the Eq. 13 it is also possible to derive
Eq. 14

AF=E) 4 —Epred - AFA UV —2/p. g (14)
which has the same form as that of Eq. 12, except for
the difference of AE2"V and AES;YY  Itis a surprising
result that in spite of the photoexcitation of different
molecular species, i.e., electron donor or acceptor, the
equation finally obtained has the same form. Note
that this equation is of the same type as that employed
by Rehm and Weller.? They first gave this type of
equation from the semiempirical concept in order to
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interpret the fluorescence quenching phenomena
through an electron transfer immediately following
an encounter complex formation in photoexcited
states.’¥  Accordingly our derivation of Egs. 12 and
14 has turned out to verify theoretically the above
Rehm and Weller’s empirical equation.

Appendix

EXC

Considering the energy cycle shown in Scheme 1 the TP,
is given by IPZS =IP*+E}, —E%,, in which the term of
(Esolv—_Eeolv) is rewritten like [(Es-glv_Esolv)_(Ezfv_Esolv)]:
[AEL,—AE,,,], so that IPZS =IP*+AEf,,—AE,,,. Since
IP*=]P—AE"YY, IPZ’ng—IP—AEUV+AEsolv AE,,,, thus
1P =(IP+AEL, )—(AEYV+AE,,). The first term of the
right-hand-side equation equals IP;, (Eq. 3), and the
second term is expressed by (EF“—E+ESS,—E )=

(BB (B B =A Ei We can then obtain
CXC._.
IPsnlv solv AE solv*
Ipexe
ReXC y R
exc
~Ecolv solv
exc
Rsolv P ? solv
Scheme 1.

The development of this work is due to much
valuable discussion pertinent to the electron-transfer
interactions in photoexcited states with Professor
Yoshifumi Maki of Gifu Pharmaceutical University
and Professors Noboru Mataga and Tadashi Okada of
Department of Chemistry, Faculty of Engineering
Science, Osaka University. The autors wish to
express their sincere thanks to them.

References

1) Presented at the Co-symposium of Electroanalytical
Chemistry and Nonaqueous Solvents (Gifu, Nov, 1988), and
at the 40th Meeting of the International Society of Electro-
chemistry (Kyoto, Sept. 17—22, 1989, Extended abstracts,
Vol. I1, p. 761).

2) T. Kubota, H. Miyazaki, M. Yamakawa, K. Ezumi,
and Y. Yamamoto, Bull. Chem. Soc. Jpn., 52, 1588 (1979).

3) B. Uno, Y. Matsuhisa, K. Kano, and T. Kubota,
Chem. Pharm. Bull., 32, 1 (1984).

4) T. Kubota, K. Kano, B. Uno, and T. Konse, Bull.
Chem. Soc. Jpn., 60, 3865 (1987), and references cited
therein.

5) D. Rehm and A. Weller, Israel J. Chem., 8, 259
(1970).

6) T.Koopmans, Physica, 1, 104 (1933).

7) T. Kubota, H. Miyazaki, K. Ezumi,
Yamakawa, Bull. Chem. Soc. Jpn., 47, 491 (1974).

8) Equations 7 and 8 have the same expression as was
adopted by Mariano and Stavinoha in their review articles.
a) P. S. Mariano and J. L. Stavinoha, “Synthetic Organic
Photochemistry,” ed. by W. M. Horspool, Plenum Press,

and M.



February, 1990]

New York (1984), p. 145. b) P. S. Mariano, Acc. Chem.
Res., 16, 130 (1983).

9) B. Uno, Y. Ninomiya, K. Kano, and T. Kubota,
Spectrochim. Acta, 43A, 955 (1987).

10) B. Uno, K. Kano, N. Hosoi, and T. Kubota, Bull.
Chem. Soc. Jpn., 61, 1431 (1988), and references cited
therein.

11) In principle, 3AEYY ., values measured in vapour
and solution are both applicable to Eq. 10 based on the
procedure for the derivation.2%219 For the solution data,
however, it is recommended that the solvent effect on the
spectral data should be taken into account.

12) R. S. Mulliken and W. B. Person, ‘“Molecular Com-
plexes: A Lecture and Reprint Volume,” Wiley-Interscience,
New York (1969).

13) N. Mataga and T. Kubota, “Molecular Interactions
and Electronic Spectra,” Marcel Dekker, Inc., New York
(1970).

Redox Potential and Electron Transfer Interaction in Photoexcited State 519

14) Private communication from Professors N. Mataga
and T. Okada of Osaka University, Faculty of Engineering
Science.

15) R. Boschi, E. Clar, and W. Schmidt, J. Chem. Phys.,
60, 4406 (1974).

16) K. Kimura, S. Katsumata, Y. Achiba, and T.
Yamazaki, “Handobook of Hel Photoelectron Spectra of
Fundamental Organic Molecules,” Japan Scientific Soc.
Press, Tokyo (1981).

17) W. Wentworth, E. Chen, and J. E. Lovelock, J. Phys.
Chem., 70, 445 (1966).

18) A. Modelli and P. D. Burrow, J. Phys. Chem., 88, 3550
(1984).

19) E. Clar, ‘“Polycyclic Hydrocarbonds,” Academic
Press, London (1964), Vols. 1 and 2.

20) A. Weissberger, “Technique of Organic Chemistry
IX: Chemical Applications of Spectroscopy,” ed. by W.
West, Wiley-Interscience, New York (1968), p. 92.




