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The first and second reduction (ET3.,, Ef% ;) and the first oxidation (E$% ;) standard potentials of ben-
zenoid alternant hydrocarbons (BAH) were experimentally determined by means of cyclic voltammetry (CV)
in nonaqueous solvents. The second standard oxidation potential (E{j ;) was, however, estimated by checking
the scan rate dependence of the irreversible CV curve. The equations pertinent to these potentials and their
mutual relations were formulated from the points of view of the Born-Haber-type thermodynamic energy
cycle and SCFMO calculations. Of the SCFMO calculations, the MO-paring property established in the PPP-
type m-electron theory was very successful in the discussion of the equations given above. Under the ac-
ceptable assumptions that the solvation energies due to mono- and dications are put equal to those of the
mono- and dianions respectively, and using the MO-pairing property, the equation of (EJ%.,+ETS. )=
(E3)s.9TEYS.2) was derived. The experimental results were well described by this equation. The solvation-
energy values were evaluated by applying the experimentally determined reduction or oxidation potentials to
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the theoretical equations.
interpreted by means of the Born-type equation.

It is well-known that the voltammetric reduction
and oxidation of usual organic substances show two
waves in nonaqueous solvents;2-® these waves are
correlated with the formation of the monoanion
radical R~ and the dianion R= for the reduction and
the monocation radical R+ and the dication R++ for
the oxidation. Especially, the voltammetric reduction
and oxidation behavior of aromatic hydrocarbons in
nonaqueous solvents has been studied by many
workers in connection with their investigations of the
radical ions themselves or electrochemical and
chemical reactions immediately following the radical-
ion formation.6~® The molecular orbital description
for the first half-wave reduction (E%4,) and oxidation
(E$%,) potentials was also discussed®-19 and written by
the sum of the LUMO (&u) or HOMO (éno) energy and
the solvation energy, as is given by Egs. 1 and 2:7-19

FEf5%8.,(R-/R) = AG® — &yu — AE,, M

FEZL(R*R) = AG® — eno + AES,, (2)

where the absolute potential of a reference electrode is
denoted by AG°1® and where AE,,,=(E5,,—FE) and
AEY,,=(Et,—E,,) are the solvation-energy dif-
ference between monoanion and neutral species and
that between monocation and neutral species respec-
tively. The linear relation of the ET§ ; vs. &u plot or the

%1 vs. &no plot has been reported using HMO or
semiempirical SCFMOQO;6-15.17-19 also, the values of
AEY,, and AE?,, have been estimated by means of Egs.
1 and 2.12 In turn, Hush and Blackledge2® discussed
first the reduction potential difference between ET4,
and E74, (the second half-wave reduction potential)
by using 7-SCFMO in neutral species, showing that
the difference stands for the free-energy change
pertinent to the disproportionation 2R"2R+R= and
is in intimate correlation with the two-electron-

An examination of the solvation energies has shown that these values can be

repulsion-integral yx at LUMO.20.20 However, the
monoanion and dianion are necessarily in a quite
different electronic structure from that of the neutral
species, so that their discussion is only qualitative.
Keeping this fact in mind, in a previous paperl® we
ourselves again discussed and formulated the mutual
relation between Et4, and Et4, from the points of
view of the Born-Haber-type thermodynamic energy
cycle and SCFMO calculation under the assumption
that the above reduction waves are for a reversible
system. The theoretical equations thus formulated
were experimentally examined using stilbene deriva-
tives as model substances, with the result that the
theoretical and experimental outcomes were found to
be reasonably compatible.!® Here we have newly
derived the equations with regard to the mutual
relation between the first (E%4,) and the second (E¥%.2)
half-wave oxidation potentials. The equations
mentioned above on the first and second reduction
and oxidation potentials and their mutual correla-
tions have been quantitatively examined using
benzenoid alternant hydrocarbons (BAH) in order to
verify their reliability, because the BAH’s are the
fundamental substances for testing a theoretical
treatment. In addition, the solvation energies of the
monoanion, monocation, dianion, and dication were
evaluated using the above equations. The details of
these examinations will be reported here.

Experimental

Cyclic Voltammetry. The half-wave reduction poten-
tials of various kinds of BAH were polarographically
reported by Hoytink et al.2:® and later by other workers in
nonaqueous solvents.”~12:22.29 Hoytink’s data were mainly
obtained in 75 and 96 % aqueous dioxanes vs. a saturated
calomel electrode (SCE).2:® However, the data of Ef3, were
not sufficient. Parker and his colleagues8:!9 also carried out
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much work on the nonaqueous voltammetries of BAH and
other organic substances; they recommended the use of
neutral alumina,?¥ which is added in a nonaqueous sample
solution in order to remove the moisture thoroughly from
nonaqueous solvents so that one can record the reversible
cyclic voltammograms (CV) for E%3, as well as the Ef3; and
E%% .1, and also for E9% 5 in some organic substances. For our
present purpose, the measurement of reduction and
oxidation potentials in reversible redox systems of BAH is,
of course, to be hoped for, so much effort was made along
these lines using Parker’s alumina method.2¥  Our
experiments were as follows: The instruments used for the
CV measurements were the same as were employed in our
foregoing study.’® In the present experiment, however,
positive feedback circuits were added to the above
instruments for a so- called IR-drop compensation, though
the instruments consist of a three-electrode system.19.25.26)
The CV curves were recorded at various sweep rates. The
working electrode was a platinum rod, 1 mm in diameter
and sealed in a soft glass tube with a diameter of ca.
6.5 mm.2? Just before use, we polished the plane head of the
platinum electrode with a polishing powder, ‘“Royal
Diamond Compound,” commercially available.  The
nonaqueous electrolysis cell used here was the same as that
previously reported.18.19.26.28 A saturated calomel electrode
(SCE) was employed as a reference electrode.

Purification of Solvents. The solvents for the reduction
and oxidation CV measurements were N,N-dimethyl-
formamide (DMF) and acetonitrile (AN) respectively, in
which 0.1 mol dm—3 of tetrapropylammonium perchlorate
(TPAP) had been dissolved as a supporting electrolyte. The
purification of DMF (Dotite Spectrosol) was carefully done
by the method recommended by Juillard;2® i. e. the
impurities were removed by treatment with P20s, KOH, and
picric acid, its distillation always being carried out in
reduced pressure under a nitrogen atmosphere. Just after
the purification, we used the DMF for our experiments. AN
of Dotite Spectrosol was first treated overnight with CaHz
and then distilled, all the operations being done in a stream
of N2.19.20 According to the method of Hammerich and
Parker,?? the AN was then passed through a column of a
neutral alumina (Woelm W 200, active-grade Super I; water
addition, 0%; ICN Biomedicals) into the vessel under an Nz
atmosphere.

Experimental Procedure. The sample solutions were pre-
pared as follows. The necessary amounts of the samples and
TPAP were weighed into a 20-ml volumetric flask; then the
flask as well as a nonaqueous electrolysis cell were dried
overnight in a vacuum desiccator. In a dry box completely
filled with N2 gas, the samples in the flask were dissolved
with DMF or AN, and then transferred into the electrolysis
cell, containing about 10 g of the above neutral alumina, a
good suspension of which is required, before recording the
CV curves. All the measurements were carried out at
2510.1 °C at a concentration of 0.5—1X10-3 mol dm=3. The
dissolved oxygen was removed by bubbling N2 gas through
the sample solution, and then the inactive gas was passed
over the solution surface during the measurement. The
trace of moisture in the N2 gas was removed by immersing
the Nga-gas guide tube into a liquid-nitrogen bath. The
method of purifying TPAP was the same as previously
reported.18.19.26,29 The neutral alumina was always kept in
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a nitrogen atmosphere.

Samples. The hydrocarbons employed in the present
study are listed in Table 1. All of them were commercially
available from Aldrich and Wako Chemical Co. The
samples were recrystallized several times from ether,
methanol, ethanol, benzene, benzene plus ethanol, benzene
plus methanol, and toluene for Samples No. (1), (2),
(5,6,10,13), (7,12), (3), (11), and (9) respectively.3® High-
vacuum sublimation was also used to purify Samples 3, 4, 8,
and 9. All the melting points agreed well with those in the
literature, and the elemental analyses of all the samples were
in good agreement with the calculated values.

MO Calculation

In order to interpret the relations between E; and
E'%, and also between E$%, and E$4, values, MO
calculations were carried out by using the methods of
Pariser-Parr-Pople (PPP), CNDO/2, and the ab initio
STO-3G basis set for closed shell systems, such as
neutral molecules and their dianions and dica-
tions.31:32 In the case of monoanion and monocation
radicals in their doublet ground states, we have
applied a restricted Longuet-Higgins-Pople type
open-shell SCFMO (LP-SCFMO) calculation for -
electron systems.?:39 The molecular geometries of
BAH were determined using the Nishimoto-Forster
equation,3® r..=1.517—0.180P., where r.. and P are
the bond distance and the n-bond order on the nearest
neighbor carbon atoms. PPP calculations of neutral
species started from the regular hexagon of r..=1.396
A. After repeating the calculation, final . values in
the self-consistent as regards P were obtained. In this
case, the bond angles were altered within 120+2° so as
to keep the molecular symmetry.3® In the PPP- and
LP-SCFMO calculations, Nishimoto-Mataga’s equa-
tion3” was employed for the evaluation of the two-
center-repulsion-integrals, and the core resonance
integral, B2, was fixed as —2.37 €V for the sake of
convenience.3® The total energies were calculated
using the CNDO/2 and ab initio STO-3G methods.
The PPP calculation was carried out with an NEC
PC-9801 microcomputer, but the other calculations
were performed with the FACOM M-382 and HITAC
M-680H computers in the Nagoya University Com-
putation Center and the Okazaki Institute for
Molecular Science respectively.

Results and Discussion

Theoretical Correlation of the First and Second
Half-Wave Potentials Pertinent to Reversible Reduc-
tion or Oxidation Processes. In the foregoing paper
we discussed the physical meaning of Etg,, (Efg,+
Et4,), and (E¢$,—ET4 ) from the points of view of the
thermodynamical energy cycle and the MO calcula-
tion, and also by referring to the derivation of Eq. 1.
Equations 3—5 were thus obtained:1?

FET3,(R=[R7) = AG® — &5, — yo — AELy (3)
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F(Ef5. + Efj3.,)
= 286° — (ot entym) — (AEg +AEL,)  (4)
F(Efj, — Eff3.)

(3so‘51u+)’ss) + (AEsolv AEs_olv) (5)
where the electronic structures of neutral species,
monoanion, and dianion are considered separately, &,
and ¢7, being the LUMO and SOMO (singly occupied
MO) energies for neutral and anion radical species
respectively. The Coulomb-repulsion integral caused
by the two electrons in the SOMO of a monoanion is
written as y5. The solvation energy terms, AET,,,
(AE?OW_AE:OIV)’ and (AE:01V+AE?0|V)’ are given bY
( ?olv_E:olv)» (Ejolv+Esolv~2E:olv)’ and (E—_s.olv_Esolv> re-
spectively.3®  Equation 4 is very important for
evaluating the solvation energy of a dianion (see
below), and Eq. 5 is in intimate correlation with the
disproportionation equilibrium of a monoanion, as
Hush and Blackledge pointed out qualitatively.2? In
this paper we have newly established the mutual
relation of the first and the second half-wave
oxidation potentials, E$%, and E$%,, by applying a
Born-Haber-type thermodynamical cycle. The E$j,
value for a reversible redox couple is expressed by Eq.
2, where the energy level is put in vacuo. The energy
(IE*) necessary to produce a dication from a
monocation can now be represented by the orbital
approximation as IEt=—el —¢.,; here, €f, is the
SOMO energy of the monocation radical, while —¢,y
is the extra energy needed in order to eject an electron
from the cation species by overcoming the Coulomb-
stabilization energy, &, between the electron and the
cationic core field. This —¢,, term may be put equal
to the two-center-repulsion integral, y%, using SOMO,
as the CNDO/2 semiempirical theory adopted this
model also. Thus, [E+t=—¢ +yt; also, the IE+ should
correspond to the LUMO energy, ¢4}, of the singlet
dication from the point of view of the orbital
approximation. The solvation energy term, AEYY,, is
now glven by AE solv— solv Eolv’ solv being the
solvation energy of the dication. E$¥, is thus written
as Eq. 6 with reference to the derivation of Eq. 2:

FE{FR(R**/R*) = AG® — (ef,—yi) + AEL, (6)
The combination of Egs. 6 and 2 leads to:
F(ER, + Ej)

= 2A6G° — (£h0+£so yes) + (AEsoh +AEsolv (7)
and:

F(EI/Z 2"‘E”xzd1)

AE,,) (8)

The same consideration as is given in Eqgs. 3—5
indicates that the solvation energy terms in Eqgs. 7 and

sso_l_yss) + (AEsolv

= (811«;
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8 are given by (A solv+AE solv ( +s-ctlv Esolv) and
(AE solv solv) (E solv+Esolv 2Esolv) The thSical
meaning of Eqs. 7 and 8 is the same as that of Eqs. 4
and 5 except that the former is for the cation species.
Equation 7 is especially important for estimating the
solvation energy of the dication.

Correlation between Orbital Energy Approxima-
tion and Overall Calculations. Here it should be
pointed out that (y}—e,,—¢t,) in Eq. 7 is equivalent to
the (Ef*—E,), where Ef* and E, are the total energies
of the dication and the neutral molecules respectively.
This is because, under Koopmans’ theorem,39
IE=—¢,,, and IE+=yt—¢?, are the quantities pertinent
to the total energy difference, expressed by (Et—E,)
and (Eft—E?Y) respectively 19 Similarly, (ef,—yk)
should correspond to &%}, which is the LUMO energy
derived from the overall calculation of the dication.
The correlation of the (y“;s &o—¢t) to (Eft—E,), and
also that of (¢t,—y%,) to &%, were checked by the actual
MO calculation of the present BAH’s. The total
energy values were obtained by the use of the CNDO/2
and ab initio STO-3G methods, while the other
quantities were evaluated by means of the PPP-SCF
and L.P-SCF methods (vide supra). All the calculation
results are listed in Table 1. The application of the
least-squares method led to the following results:

efF = 0.852(ef,—yt) — 0.104 (9)

with r (correlation coefficient) = 0.998 for n=I11
(Compounds 1—11).
(E{*—E,) = a(yi—eno—£30) — ¢ (10)
with a=1.749, ¢=16.961, r=0.988 (n=11, Compounds
1—11) for the CNDO/2 total energies, and with
a=1.366, ¢=17.526, and r=0.986 (n=10, Compounds
1—11 except 5) for the STO-3G calculation. As was

discussed in the foregoing paper,1® we have similarly
obtained Eqgs. 11 and 12:

e, = 0.852(e3, + ym) — 1.655 (11)
with r=0.998 for 11 compounds 1—11 and:
(Ef —E\) = a(eyu+e5,+y5) + ¢ (12)

with a=1.546, ¢=6.538, and r=0.977 (n=11, Com-
pounds 1—11) for the CNDO/2 calculation, and with
a=1.454, ¢=13.617, and r=0.985 (n=10, Compounds
1—11 except 5) for the STO-3G calculation. The
mutual correlation shown in Eqgs. 9—12 is surprising-
ly good despite the adoption of different calculation
methods, indicating that the orbital approximation
employed here is quite good for the present systems. It
may also be noted that the relations of Eqs. 9—12
are especially good for such polyacenes as Substances
1—4, the correlation coefficient for these cases being
more than 0.99976.
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Examination of the First and Second Reduction
Potentials of Benzenoid Alternant Hydrocarbons by
Means of MO Calculations. When we use the
experimental method employed here, reversible or
quasireversible reduction voltammograms for all the
BAH’s, except for naphthalene and phenanthrene,
have been recorded not only for the first wave, but also
for the second reduction wave under the voltage sweep
rates of 50 mV s~1—250 Vs-1, in depending on the
substance. However, only the first reduction wave was
observed as a reversible voltammogram on na-
phthalene and phenanthrene. An example of cyclic
voltammograms is illustrated in Fig. 1 for perylene.
The reversible half-wave reduction potentials were
determined using the equation Ef$=(E.,+E,)/2,
where E., and E,, are the cathodic and anodic peak
potentials of a CV curve. All of these experimental
data are listed in Table 2.27 It should be noted that the
Ei8, and Efs$, values listed in Table 2 are consistent
with those reported by Jensen and Parkert® for
Compounds 2, 6, 7, 9, and 12, though their data were
obtained at 11 °C and with 0.2 mol dm—3 tetrameth-
ylammonium bromide as the supporting electrolyte.4
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Let us now discuss the application of Egs. 1, 3, 4,
and 5 °to the present experimental results. As has
already been reported by other authors,8:13-15.10 the

IO5,;A

A 1 1 1 I 1

-1.5 -2.0 -25
E / V vs.SCE

Fig. 1. Cyclic voltammogram of perylene in reduc-
tion process at a Pt electrode. Solvent is DMF con-
taining 0.1 moldm~=3 TPAP and ca. 10 g of neutral
alumina, the sample concentration being 9.3X10—4
mol dm—3. The voltammogran was recorded at v=
50mV st and 25°C.

Table 2. First and Second Reduction and Oxidation Potentials, Ionization Potentials,
and Electron Affinities of Benzenoid Hydrocarbons

Reduction potential®

Oxidation potential®

No. Compound (V vs. SCE) (V vs. SCE)
E3;), E3, E EY, (ELW+ENL) (2 IefeV)  Ej[eVY  (Ie+E,)[2
1 Naphthalene = —2.557 — —e) — — 8.15 0.152 4.151
2 Anthracene —1.985 —2.740 1.321 1.76 —0.332 7.47 0.552 4.011
3 Naphthacene  —1.595 —2.245 0.980 1.47 —0.308 7.04 — —
4 Pentacene —1.325 —1.910 —0 — — 6.74 — —
5 Phenanthrene —2.480 — —° — — 7.86 0.308 4.084
6 Benz[a]- —2.028 —2.687 1.388 1.90 —0.320 7.47 0.696 4.083
anthracene
7 Chrysene —2.295 —2.870 1.587 2.02 —0.354 7.60 0.419 4.010
8 Dibenz[a,h]- —2.068 —2.628 1.425 1.80 —0.322 7.38 — —
anthracene
9 Perylene® —1.686 —2.281 1.040 1.59 —0.323 7.00 — —
(—1.692) (—2.246) (—0.326)
10 Pyrene —2.089 —2.792 1.283 — —0.403 7.41 0.579 3.995
11 Benzo[a]- —1.865 —2.510 1.160 1.61 —0.353 7.12 — —
pyrene
12 Coronene —2.078 —2.695 1.350 —8) —0.364 7.36 — —
(—0.342+ (4.056+
0.030)Y 0.061)b
13 9,10-Dimethyl- —2.002 —2.708 1.098 1.538 —0.452 — — —

anthracene

a) These values were obtained from reversible or quasireversible CV curves using a Pt electrode in DMF con-
taining 0.1 mol dm—3 TPAP. b) These values were obtained by CV measurements with a Pt electrode in AN
containing 0.1 mol dm-3 TPAP. Although the first oxidation waves are reversible or quasireversible, the second
ones are irreversible for all the samples employed except for Compound 13, which gave a quasireversible one.
See text for the method of evaluating Es;l,. c) Ionization potentials.’® d) Electron affinities.#» e) The first
oxidation wave was irreversible at <200 Vs-!. f) Insoluble in AN. g) Three or four oxidation waves were
observed. h) Reduction potentials were also measured in AN containing 0.1 mol dm-3 TPAP. These are given

in parentheses. i) Average values are given in parentheses.
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data in Tables 1 and 2 indicate a good linear relation
to satisfy Eq. 1, written as E¢§,=-0.895¢,—4.681, with
r=0.985 and n=12 (Compounds 1—12). The absolute
value (0.895) of the slope is near to the theoretical
value of unity. The first reduction potential, EF§,, is
then well expressed by Eq. 1.42:4% We next test Eq. 3
again using the data in Tables 1 and 2. The E%4, vs.
(6517%) plot is Ef$,=—0.549 (e5,+y%)—1.327, with
r=0.897 and n=9 (Compounds 2—4, 6—11). Since €7,
is in a good correlation with (&5,+y%), as may be
understood from Eq. 11, we attempted to establish the
plot of Et4 , against €7,; it is illustrated in Fig. 2 along
with the correlation equation.4¥ The above linearity
seems to be relatively good, but the absolute values of
the slope and the correlation coefficients are both
smaller than those of the ET4 ; vs. ¢, plot. As would be
expected, one of these factors may be attributed to the
lower accuracy of the orbital-energy calculations of
the mono- and dianion species in comparison with
those of the neutral one. However, another important
reason is the different contribution from the molec-
ular electronic states and the solvation-energy terms
between the redox systems of R+e2R~ (Eq. 1) and
R-+e2R= (Eq. 3). It is well known that the =n-
electron distribution on each carbon atom in neutral
alternant hydrocarbon is the same,*® so that their -
dipole moment is zero, thus leading to a small solute-
solvent interaction. However, generally speaking, the
electron density of the anion radical of BAH is not
uniformly distributed in the molecules,*® because -
electrons in the LUMO are distributed mainly over the
atomic orbitals determined by its orbital symmetry.49
This tendency turns out to be much larger for the
dianion than for the monoanion, so the possibility of
a specific solute (ion)-solvent interaction seems to be
larger for the former than the latter.#? This must play
an important role for that the correlation coefficient of

T4 Efsh=-0648&,-239!
w 20 for solid line
() n=9
w
" i
>
>
N '25"
N o8
§u:‘>‘ | EjS5,=-0588€,,-227!
for broken line
-30+ n=3
r=0999
1 I 1 L 1 1 1
-05 0 05 10

Eho / eV
Fig. 2. Linear relation of EY}, values to &5, for

BAH’s. Each sample number is the same as given
in Table 1. See text for detail.
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the E8, vs. (63, +y75,) or €5, plot is less than that of the

w4, vs. &, plot. In addition, the BAH’s studied here
extend from small-ring-size molecules (small cavity
radius in solution) to large ones (large cavity radius).
Therefore, a Born-type equation*® indicates that the
contribution from the solvation-energy term is not
constant in the strict sense; this tendency is more
important in the E%§, step than in the E7%, step (see
below). This fact is discussed in the Appendix from
the point of view of multivariate analysis. As aresult,
we can expect a positive correlation of E§, to AET,,
(Eq. 3). In other words, the values of both Ef§, and
AEY,, move to a small negative value with an increase
in the ring size (vide infra). This may cause the
decrease in the slope value of the E§, vs. (e5,17%,) or
&%, plot.

Let us now turn to a discussion of Eq. 4. Using the
linear relations of Eqgs. 11 and 12, the plots of
(E57%1+E¥/%2> to (ET_Et)’ (slu+sio)r and (8Iu+8:o+y;s) led
to good linear relations as follows: (E¥4,+ETS,)=
—a(E5—E,)—b with a=0.417 (0.459), b=2.287 (—1.212),
and r=0.990 (0.987) for the CNDO/2 and ab initio
STO-3G calculations (the latter is given in paren-
theses); (E%8.,TESS2)=—0.808(¢,te5,)—6.781 with r=
0.962; (Et,+Er)=—0.734(e,Fe5+y5)—5.113 with
r=0.942. The compounds employed are Nos. 2—4 and
6—11. An example is illustrated in Fig. 3. We think
that the theoretical Eq. 4 is quite well satisfied from
the experimental point of view. The relatively large
difference in the slope values between the orbital-
energy approximation and the total energy calcula-
tions may be attributed to the different models
adopted here; i. e., the ““a”’ value of Eq. 12 shows large
deviation from 1.

Let us next consider the physical meaning of the
(E¥$,—E%S,) given by Eq. 5, where we can easily
understand that the p,, values make the largest

'
w
T

4 EDSRENS)=-0459(ET-Ep+1.212

n=9
r=0.987

Effs) +Efan/ V (vs. SCE)
A

]
(6)}
T

EF-Et/ eV

Fig. 3. Linear relation of (EY3.,+EF3.,) values to
(EF—E,) calculated by ab initio STO-3G method for
BAH’s. Each sample number is the same as given
in Table 1. See text for detail.
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contribution to (E%%,—ET$,), as Hush and Black-
ledge20 first pointed out, for if all the energy
discussions are made for neutral molecules, (¢75,—¢,)=0.
Now it should be noted that the AG° term does not
appear in Eq. 5, and the solvation energy term
(AES,,—AE+,,: negative value) cancels out the con-
tribution from the orbital energy term (y,+e5,—¢&,:
positive value), so that, as may be seen in Fig 4, the
value of (E% ,—E4 5) becomes small and varies within
a smaller range than in the structure change of
(Ywte%—¢€w), in which y7; makes the largest contribu-
tion (see Table 1).49:59 This fact seems to be the main
reason why the slope of the (Ef§;—E%%5,) vs.
(Yst€w—€w) plot becomes small.

Examination of the First and Second Oxidation
Potentials of Benzenoid Alternant Hydrocarbons by
Means of MO Calculations. Under the experimental
conditions described above, the voltammetric study of
the oxidation processes in AN using a platinum
electrode shows that, although a reversible or
quasireversible oxidation CV curve is recorded in the
first oxidation process by selecting a suitable voltage-
scan rate of 0.1—60V s—!, we could not succeed in
obtaining a reversible or a quasireversible CV curve
for the second oxidation process. An example is given
in Fig. 5 for perylene. These experimental results
show that the dications of BAH are more unstable
than the dianions. However, note that if the strongly
reactive 9- and 10-positions of anthracene are
protected by CHs substitution, a reversible CV curve is
safely recorded for both the first and second oxidation
steps (see Table 2). The standard potential of the first
oxidation step was evaluated by the use of E¢},=
(E'p1tE%,1)/2, where the superfix (') of E,,; and E,;
indicates the first oxidation system. In the case of the
second oxidation step, E¢%, was estimated by means of

| (EFS-ELYR)= og
0184(E5,+ % E)-0341
>
n=9 10
~ o7} r=0911 .
LLT -
]
-
5506l
1

€0tVss~Eu’/ eV

Fig. 4. Linear relation of (Et3.,—ET} ;) values to (e5+
y5—¢w) for BAH’s. Each sample number is the same
as given in Table 1. When &, is adopted instead of
(6oFy5), the correlation is: (Ef§.,—ET3.9)=0.235(g5—
£14)—0.147 with r=0.925.
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the Ef},=FE,,—(E,,1—Ef%1) equation, which in-
dicates that the Eg¥, value occupies a posmon less
positive than E,, by the same amount as (E%,,—E$$,)
relative to the quasireversible first oxidation CV curve
(see Fig. 5). For this treatment to get E9%,, we have
employed the CV data at the sweep rate of v, where the
(E'p2—E’%p1) value becomes almost independent of an
increasing v. At this scan rate, it appears reasonable to
assume that an electron-transfer step at the electrode
may play an important role in determining E,,59
but the effect from succeeding chemical reactions may
be diminished. All these experimental results are
included in Table 2. As was reported by earlier
workers,14:15.19 the correlation of the E¢j, vs. g, plot
is quite good, as E¢%,=—0.770¢,,—5.493, with r=0.963
and n=9 (Compounds 2, 3, 6—12). Only coronene
deviates from the straight line, so when we delete it
from the plotting the values of 0.989, —0.849, and
—6.083 were obtained for the 7, the slope, and the
constant term respectively. If we use the vertical
ionization potential (Ip) reported by Clar et al.5? in
lieu of the —¢,,, the equation of E$};=0.8531—4.961 is
obtained, with r=0.938 and n=9. The slope is
compatible with that of the E$}; vs. &, plot.5® To
examine Eq. 6, the mutual relation of Eg¥, and
(et,—y*) was studied. The result is E$¥,——0.528
(et,—y*)—5.636, with r=0.875 and n=6 (Compounds
3,6—9, 11), but if %} is employed in place of (et,—y%),
we obtain the results illustrated in Fig. 6. Here,
anthracene is excluded from the plotting because of its

luA

’I
Ecp.l
1 1 " 1 I
1.0 1.5 20
E /7 V vs.SCE

Fig. 5. Cyclic voltammograms of perylene in oxida-
tion process at a Pt electrode. Solvent is AN con-
taining 0.1 moldm=3 TPAP and ca. 10 g of neutral
alumina, the sample concentration being 1.0X10-3
moldm=3, The voltammograms were recorded at
v=0.2 Vs~ for A and 22.4V s for Bat 25°C. Ep4,
E’;.1, and E’%p.2 indicate the peak potentials of the
first anodic, cathodic, and the second anodic waves,
respctively (see text).
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large deviation from the linear relation. This
deviation should be ascribed to the large reactivity of
the 9- and 10-positions of the anthracene dications, so
the E%, value is not so accurate as the other values.59
Just as in the aforementioned EP$, vs. (e,ty%)
correlation, the relation of Eg%, to (¢f,—y%,) indicates
that, in comparison with the case of the ES¥, vs. &,
plot, the correlation coefficient is not so good and the
slope value is small. The same discussion as has been
made for interpreting Eq. 3 can also be applied to the
present case. In addition, the problem that the
reversibility of the second oxidation wave is not
sufficient is not neglected here.

Our next discussion will be focused on Eq. 7. The
relations of (ES};+ESK:) to (enotete—yk) or (eotehd)
or (E—E}*) are as follows: (E{%,+E{,)=—0.714
(enotet,—y%)—13.229 with =0.957, n=6; (EgK, +Es, )=
—0.794(ey,TetH)—13.477, with v=0.979 and n=6; (E9¥,
+E%,)=—0.360(E,—E}+)—5.246, with r=0.999 and
n=6 for the CNDO/2 calculation; (E};,+E{,)=

N
@

02

| Es,=-0669€}-6.292

n=6
r=0928

ESX, / V vs. SCE
&

-120 -5

€l / eV

-13.0 -125

Fig. 6. Linear relation of E{j, values to & for
BAH’s. Each sample number is the same as given
in Table 1. See text for detail.
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Fig. 7. Linear relation of (E$j +E3} ;) values to
(E—E}*) calculated by ab initio STO-3G method
for BAH’s. [Each sample number is the same as
given in Table 1. See text for detail.
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—0.492(E,—E}*)—3.697, with r=0.998 and n=6 for the
STO-3G calculation. Compounds 3, 6—9, 11 were
employed for the correlation study. Again, anthracene
was omitted from the plotting for the aforementioned
reason. An example is shown in Fig. 7. The
theoretical Eq. 7 seems to be well satisfied. However,
quite a large difference between the total-energy-
calculation models and the orbital-energy approxima-
tion is found for the slope values of the linear-
regression equations. This is the same phenomenon
as was observed and discussed in the correlations of
(E¥31TET2) against (£,te,tyy) or (ex,te,) or
(ET—E,) values (vide supra).

Next, let us consider the physical meaning of
(Eg3$,—E$%,) given by Eq. 8, whose form is closely
similar to Eq. 5 pertinent to (E$,—FE%$), so that the
same discussion as was made for Eq. 5 would be
possible. It is well-known that the so-called “pairing
property’’45:59 of the MO’s obtained by the PPP
method holds between occupied and unoccupied
MO’s of neutral BAH molecules and also between the
SOMO or unoccupied MO’s of the anion radicals and
the SOMO or occupied MO'’s of the cation radicals.
Our present calculations verified this, so the values of
yt. and (&,—¢%,) are equal to p, and (e,—¢,)
respectively. As a result, (e,,—¢t,+y%) and (e5,—&,T7%)
are the same value. Also, the present calculations
suggest that the values of (e5,—¢,) and (g,—¢%]) are
equal to each other, because the pairing property
found between the anion and cation radicals of BAH
again holds between the MO’s of the dianion and
dication species as well as between the &%, and &%}
This can also be inferred from the relations of Eqs. 9
and 11. Keeping in mind the above fact, we can expect
that, judging from the comparison of Egs. 5 and 8, the
values of (E$}$,—FE$%,) should be the same as those of
(Ex$.—ET) if (1) the solvation effect on reversible
redox potentials is not so different between DMF and

[o]
> | 9
~ 05- o 6
R 3
o
uJ e
ol *7
%04
u 8
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a5 50 55
+
€no~Eso* 55/ €V

Fig. 8. Linear relation of (E{j,—E$4.,) values to
(eno—ek+y%) for BAH’s with the slope=0.243, the
constant term=—0.826, and r=0.918. Each sample
number is the same as given in Table 1. See text
for detail.
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AN® and (ii) the solvation energies coming from
mono- and dianions are the same as those of the
mono- and dications (vide infra). In the present
experiments, EP$;, ET§,, and E$%, are for the
reversible or quasireversible CV curves, but Eg}, is not
and it is, therefore, less positive than the value in a
reversible curve. The one exception is perylene, whose
(E$382—E$%,) value is quite close to the value of
(Ee8.,—E%4,), as Table 2 shows, so we suppose that the
E$}, value of perylene in Table 2 may be near that of a
reversible monocation and dication redox system.
The correlation of Eq. 8 is: (ES},—Egs;)=0.243 (e, —
et +y%)—0.826, with ¥=0.918 and n=>5; also, (E{},—
121)—0 304(ey,—€%$)—0.543, with r=0.922 and n=5.
The compounds employed for the correlation are 3,
6—8, 11. Perylene deviates greatly from the above
equations, so we have excluded it from the linear
plotting, as is shown in Fig. 8. The reason is clear
from the discussion above. In turn, for the same
reason as was discussed in detail in connection with
Eq. 5, the value of (E$},—E¢},;) comes out small and
varies in a smaller range than in the case of
(eno—€%,+7%,), where yt, makes the largest contribution
(see Table 1).49:50  Therefore, the slope of the
(E9%82—E3%1) vs.(eno—€t,+y%,) plotting turns out to be
small, as was seen in the discussion of Eq. 5.

Mutual Relation between Standard Reduction and
Oxidation Potentials. In a series of alternant
hydrocarbons, it is well-known*%:57 and has been
experimentally verified that the sum of Ir and E4 is
almost constant. The data shown in Table 2 support
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this relation, and Mulliken’s electro-negativity ((Ir+
Ea)/2)%® is constant in BAH and is 4.06 eV for the data
in Table 2. This kind of property can be well
described using just the PPP-SCFMO employed here;
i. e., the pairing property of MO is well satisfied. In
terms of the MO language employing Koopmans’
theorem,3? (Ip+E4)/2 corresponds to —(&,,1¢,)/2 for
neutral molecules. The present calculations led to
—5.92 eV for (ey,te€,)/2 and for the pairing orbitals
between anion and cation radicals (e. g., (¢},+€5,)/2)
and also for those between dianion and dication
species (e. g., (eh¥+e5,)/2). When we use Egs. 1 and 2,
the value of (Eg}$,+ETS.,)/2 is written by Eq. 13:
red

(Effsa + Efj5)/2

= AG° — (€1u+€ho)/2 + (AEsolv [x‘E;:ulv)/2 (13)

where the eV unit is used for the energies. Taking into
consideration the fact that Egs. 1 and 2 are well
fulfilled experimentally, the AE*, term can be
expected to cancel out the AE,, term, so the term
(Eg%,HETS, 1) turns out to be constant.5® The values
are listed in Table 2; the average potential is
—0.3421+0.030 V. Now, we can estimate the AG®° from
Eq. 13 by putting AEY,,=AE7,, (vide infra). Using the
value of 5.92eV for —(g,+¢,,)/2, we obtain AG°=
—6.26 V.69 However, when we use (Irt+E4)/2 in place

f —(e,ten)/2, AG°=—4.40eV where we employ
4.05610.061 eV for the average value of the former (see
Table 2). This AG® value is reasonable in view of the
literature values.11.61.62 Hereafter, therefore, we will
use AG°=—6.26eV for PPP orbital treatment, but

Table 3. Calculated Values of Second Oxidation Potential and Solvation Energies
of Benzenoid Alternant Hydrocarbons
Eg5(cal) EL.» (eV) E}L© (eV) EZ,9 (eV) Eif® (eV)
No. Compound
V vs. SCE [A] [B] (C] (D] [E] [F] (G] [H]
1 Naphthalene — —-1.35 —1.69 — — — — — —
2 Anthracene 2.076 —1.26 —1.86 —1.24 —1.75 —7.71 —5.58 —7.99 —-5.86
3 Naphthacene 1.630 —1.24 — —1.17 —1.66 —7.23 —5.22 —-7.25 -5.24
4 Pentacene — —1.24 — — — —6.89 —4.98 — —
5 Phenanthrene — —1.33 —1.61 — — — — — —
6 Benz[a]anthracene 2.047 —1.31 —1.67 —-1.27 —1.68 —7.43 —5.36 —7.49 -—-5.42
7 Chrysene 2.162 —1.23 —1.68 —-1.25 —1.62 —-7.19 —-5.20 —7.37 —-5.39
8 Dibenz[a,k]anthracene 1.985 —1.31 — —1.27 —1.56 —7.01 —5.05 —7.11 —5.15
9 Perylene 1.635 —1.25 — —1.22 —1.56 —6.98 —5.14 —6.95 —5.10
10 Pyrene 1.986 —1.16 —1.73 —1.28 —-1.73 —7.20 —-5.23 — —
11 Benzo[a]pyrene 1.805 —1.13 — —1.15 —1.56 —6.75 —4.84 —-6.99 -—-5.07
12 Coronene 1.967 —1.37 — —1.41 -—1.61 — — — —
a) Second oxidation potential calculated by means of this equation: E{ji,=E{s+ Effn, —Efjs,.. See text for the

details. b) Solvation energy of monoanion species.
—FE{ — ¢

culations were made using Eq. 2; E},,~(E}.,—

d) Solvation energy of dianion species. Calculatations were made using Eq. 4; E5,,~(E&,,—
(s,o+y,.+em)—l2 52 for [E], but —F(E+Eq,
cation species. Calculations were made using Eq. 7; ELf, ~(ELf,— Esorv) =

Exr/.:‘-z)

for [G], but F(E+ EgxL) + (et + eno) +12.52 for [H].

Calculations were made using Eq. 1;

—6.26 for [A], but —FE:#,+E,—4.40 for [B].
Eqore) = FEZ + eno+ 6.26 for [C], but FESS, —Ip+4.40 for [D].

E = (Efy—Egory) =
c) Solvation energy of monocation species. Cal-

Eyo1v) = "F(Elr/.sd-1+
e) Solvation energy of di-

— (630t €1u) — 12.52 for [F].
Y+ eno) +12.52

F(EG+EL) + (el —
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—4.40 eV in the consideration of the experimental Ip
and Ex values.

Now we would like to discuss the mutual relation
between E¥, and E¥$,. Taking the summation of
Egs. 3 and 6, and by dividing it by two, we obtain Eq.
14 (in eV units):

(Effsa+ EST)/2
= AG° — (e5+60)/2 + (75— 7:)/2
+ (AE:o-'l’v—AEs:olv)/z (14’)

The MO-pairing property of the anion and cation
PPP-SCFMO for BAH shows that yt—y3=0, and
(et tes)/2=(epote,)/2=—5.92 €V. Provided that AE®Y,
—AE%,,=0 just like AEY =~AE,, in Eq. 13, Eq. 14
comes out to be equal to Eq. 13, -i. e, (E®%,
+ER.1)=(ES$2tEYS,). Note that Ef4,, Ef%,, and ES%,
were experimentally determined from the reversible or
quasireversible CV curves; therefore, we can calculate
E9%, by employing this equation: E{%,=Eg,+ES,
—E'%5. The calculated values are given in Table 3,
while the correlation of the observed ES}, values with
the calculated values is illustrated in Fig. 9. We can
see there that the observed and calculated E¢%, values,
except for perylene and anthracene, fall as a good
linear-least-squares correlation line. The observed
values are positive-shifted by =0.2V from the
calculated values. This is reasonable, since the
experimental values were determined from irreversible
CV curves. Therefore, the effect of the succeeding
chemical reaction on them could not be neglected, but
the effect is in the same order in the above five
substances.  Anthracene deviated largely to the
positive side from the regression line, showing that
the effect of the following chemical reaction on it is
very large; this tendency of anthracene was always
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Fig. 9. Linear relation of the experimental ESjs.,
values to the calculated E$%, ones given in
Table 3 for BAH’s. Each sample number is the
same as given in Table 1. Regression equation is
ES.2(exp)=1.049ES%s 5(cal)—0.260 with r=0.995, n=
5 (full circles). See text for detail.
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found in the present correlation study of the oxidation
processes. In turn, Fig. 9 indicates that perylene is in a
position close to, but a little positive-shifted from, the
theoretical line, Its Eg}§, value should be near to that
of the reversible equilibrium; this conclusion is the
same as that derived from the foregoing discussion of
the (ES},—E$j,) value.

Evaluation of Solvation Energies of Ion Species.
Now, let us discuss the solvation energies of anions or
cations of BAH by applying Egs. 1, 2, 4, and 7. From
the former two equations, we can estimate the
(E:olv—Esolv)zE:olv and (Etolv_Esolv)zE-:olv values, and
the latter two give the estimated values of (ET,,
_Esolv)zEjolv and (E-*stlv_Esolv)zEt:Iv’ although the CV
reversibility pertinent to the E$¥, value is not very
good. Of course, AG® should be —6.26 eV for the PPP-
orbital approximation,s® but —4.40 eV for Ip and Ea.
The calculated results are listed in Table 3, from
which one can conjecture that, in the case of E,, and
Et,,, the values evaluated from the PPP calculations
and the Ir or E4 value are both of almost the same
order of magnitude, though the absolute values
calculated from the experimental Ip and Ea values are
a little larger than in the orbital approximation, and
that their structure dependence is small, as is to be
expected from the regression equations of the E<§, vs.
&y (or Ea) and E9%, vs. &, (or Ip) relationships. On the
other hand, the absolute values of E%,, and Et},, as
estimated using €3, and &% in lieu of (¢, +y7) and
(e5,—yt) (see Egs. 4 and 7), are about 2 eV smaller than
those obtained employing (e3,+y%) and (ef,—y%)
directly. This is understandable when we take into
consideration the correlation of Egs. 9 and 11.
However, the solvation energies themselves of the
dianion or dication calculated using &3, or &% are
more accurate than those obtained from (¢3,+y3,) or
(et,—y%), because the latter values are for the orbital
approximation to the former values, derived from the
overall MO calculation, just like the ¢, or &,, in Egs. 1
and 2. Now, in comparing the solvation energies of
the dianion and dication with those of the monoanion
and monocation under the same calculation models,
we can see in Table 3 that |E%,,|=4.2(£0.2)|E7,,| for
Columns F and A and |E%},|=4.3(30.2)|E%,,| for
Columns H and C. In addition, the change in |E3,,|
with the ring size seems to be in a reasonable direction;
e. g., |[E7,| decreases gradually with the structure
change of 2—3—4, as would be inferred from the
discussion of Eq. 3 (vide supra). These results can be
understood on the basis of the Born-type equation
pertaining to solvation energies, whose generalized
form may be written as:63

=15 Ra2s
Eure = —5(1-7) 5 (15)

where ¢, Qa and Qs, and Ras indicate a solvent’s
dielectric constant, the atomic charges on the A and B
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atoms, and the atomic distance between A and B

respectively. When A=B, Rap stands for atomic

radius. If we put X} (Qa-Qs)/Ras=(Ze)?/r (r is the
A,B

cavity radius), according to original Born’s equa-
tion,® then the solvation energies on the dianion or
dication come out about four times as large as those of
the monoanion or monocation. Also, with an increase
in the 7, i. e., with an increase in the molecular size,
the solvation energies may decrease. Of course, this
tendency is made prominant in doubly charged
species than in singly charged ones, as can actually be
found in Table 3. In the case of neutral molecules of
BAH, the n-formal charge at each carbon atom is zero
in the PPP calculations; their molecular dipole
moments are also zero in a good approximation. Our
CNDO/2 calculations gave similar results. These
circumstances suggest that the solute-solvent interac-
tions and the solvation energies of neutral BAH’s turn
out to be the same order for any BAH and very small4?
in comparison with those of the ionic species. Thus,
we believe that the solvation energies here evaluated
are quite close to those of the ion species themselves,
although the values are obtained as the difference
between the ion species and the neutral species.
Finally, we can say that the standard reduction and
oxidation potentials of BAH attributable to the
formation of mono- and dianions and mono- and
dications, and their mutual relations, can both be
well-understood by applying the theories of the PPP-
type semiempirical molecular orbitals and the Born-
type solvation energies. The present quantitative
discussion, pertinent to dianions and dications
throughout the monoanions and monocations and to
their mutual correlations, seems to be the first to treat
BAH.

Appendix

Let us consider Eq. A-1, written as a linear combination of
two variables, x; and x2:

y=ao+ aix1+ azx2 (A-1)

The condition necessary to satisfy simultaneously both
equations, y=agj+aix; and y=ag +azxs, is that the correlation
coefficient, r12, between x; and x2 be perfectly zero. However,
when the linear relation y=bo+bix: is experimentally or
theoretically assumed, then it can easily be verified that the
x2 should fulfill either one of the conditions, that x2 be
constant or be in a linear relation to the y values, i. e.,
y=b¢+baxs. Multiple regression analysis®? shows, that if the
above 712 is not zero, the az value in Eq. A-1 is equal to the
regression coefficient relevant to the single regression
equation of y to the ‘“residual,” which is obtained by
removing the x; effect from xs. The same situation also
holds for the physical meaning of the a; value in Eq. A-1, so
that the a; and a2 values in Eq. A-1 are theoretically
somewhat complex, especially in the case of a large r12 value.
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