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In order to confirm and to extend the scope of the equation 3E ., ,,=aF + bR + ¢, presented
by us in the foregoing paper, the polarographic half-wave reduction (E}3) and oxidation (E{)s)
potentials in nonaqueous media and the electronic spectra of 4-substituted azobenzenes have been
analyzed. Although the equation was originally derived for n—n* type HOMO-LUMO
transitions with the same character in a series of substances, in this paper we have theoretically
verified that the equation is also applicable to the n—z* bands of conjugated systems. The singlet
n-n* and n—n* bands of 4-substituted azobenzenes and the triplet n-n* bands of 4,4"-
disubstituted benzophenones were employed to examine the above equation. The results were
reasonable, and are discussed from the viewpoint of molecular orbital theory.
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Although the substituent effect on electronic spectra has been extensively studied on the
basis of the molecular orbital (MO) theory, the basic principles of the application of the
Hammett-type substituent constants for describing the substituent effect on electronic spectra
have not so far been well established.*” The reason seems to be mainly that the electronic
transition between two different electronic states, each of which may be controlled by dif-
ferent substituent constants, produces an absorption or an emission band. In a foregoing
paper? we have discussed this problem in detail, and derived the following general equation:

130V w=aF+bR+c H

where 13EYY,  means the singlet or triplet absorption band resulting mainly from the
HOMO —-LUMO transition, and F and R are the field and resonance substituent constants
derived by Swain and Lupton,® respectively.

Equation 1 was obtained as an extension of Eq. 2 derived by us,® where the
polarographic half-wave oxidation and reduction potentials obtained in nonaqueous medium

are expressed by ES*¢ and E*°S, respectively.
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An experimental examination of Egs. 1 and 2 was described in a foregoing paper. The results
for the strong n—7* absorption bands of substituted stilbenes and azoxybenzenes were quite
reasonable.? In this paper the application of Eq. 1 to n—n* bands, as well as n-n* bands, is
discussed from both experimental and theoretical viewpoints.

Experimental

Polarographic and Spectral Measurements——The techniques used for these measurements were almost the same
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as in the preceding paper.? The direct current (DC) polarograms were recorded with a Yanagimoto polarograph
(model P-1000), a saturated calomel electrode (SCE) being used as the reference electrode. The capillary constants
employed for the dropping mercury electrode are: m=1.355mgs ™!, r=>5.82s, and h=70cm in distilled water at open
circuit. Alternatively the oxidation wave was recorded by using a rotating platinum electrode (600 rpm). The details
are given in ref. 2. The apparatus for cyclic voltammetric (CV) measurement was constructed in our laboratory, as
already reported.” All the experiments were carried out at 25.0+0.1°C in N,N-dimethylformamide (DMF) or
CH,CN containing 0.1 moldm 3 tetrapropylammonium perchlorate (TPAP). The purification methods for DMF,
CH,CN, and TPAP were the same as reported previously.*

The absorption spectra were recorded with a Hitachi spectrophotometer (model 323) at room temperature. The
solvents, n-heptane and CH;CN, were of spectrograde purity and were dried sufficiently over CaH,, then carefully
rectified.

Samples——The substances used here are 4-substituted azobenzenes having the trans-in-plane form as in [I],
where the coordinate axes employed for the MO calculation are also given. These compounds seem to be suitable for
the present study, since azobenzenes exhibit a well-separated n—n* band and n—n* type HOMO—-LUMO transition

e 3

X

band in the near UV region as described later. Azobenzenes with the substituents X=H, OH, OCH,, NH,, and
N(CH,), were purchased from Wako Pure Chemical Industries Ltd. or Tokyo Kasei Co., Ltd. They were repeatedly
recrystallized from ethanol (1)-water (1) mixture. On the other hand, 4-Cl and 4-CN substituted azobenzenes were
synthesized according to the literature.'® The former was recrystallized from ethanol (2)-water (1) mixture after
removal of impurities by alumina column chromatography (mp 89.0 °C). The purification of the latter was done by
repeated sublimation and preparative thin-layer chromatography (TLC), then the product was recrystallized from
ethanol (mp 121.5°C). The structure and purity of all the samples were checked by means of TLC, infrared (IR),
ultraviolet (UV), and elemental analyses. A good agreement was obtained between experimental and calculated
values in the elemental analyses.

Calculation of Electronic Spectra and Electronic States Although the electronic states of azobenzene
derivatives have already been discussed on the basis of several kinds of MO approximation,'?) the calculation of the
electronic spectra and electronic states was newly carried out here by CNDO/S semiempirical method!?*® in order to
interpret the spectra and their correlations with the E{’s and E{¢§ values. The parameters necessary for the calculation
and the molecular dimensions pertinent to the substituents are the same as those previously reported for the CNDO/S
calculation of substituted stilbenes.?? The molecular dimensions of the azobenzene skeleton are taken from an X-ray
crystal analysis,!* but it was assumed that the bond lengths and bond angles of H atoms attached to the benzene ring
are 1.08 A and 120° (sp? hybridization), respectively.” Two-center repulsion integrals were evaluated by using
Nishimoto—Mataga’s equation.!® Only the one-electron transition was taken into account for the calculation of
electronic spectra. All the calculations were done with a FACOM M-200 computer at Nagoya University
Computation Center.

Results and Discussion

n—n* and n—n* Transitions and Nonaqueous Oxidation—Reduction Potentials of Substituted
Azobenzenes

Tables I and II list the experimental data on n—n* and n—n* transitions of 4-substituted
azobenzenes in n-heptane and CH;CN, respectively, along with the CNDOQO/S calculated
values. The n—n* and n—n* absorption spectra of the azobenzenes are also shown in Fig. 1. It
is clear from these data that the n—n* band of azobenzene is blue-shifted by introducing
electron-donating substituents, but the n—n* band is red-shifted. However, in the case of the
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TasLe . CNDO/S-CI Calculated Values of the n-n* Transition Energies, Oscillator
Strengths, Symmetries under C,, and Main Singly Excited Configurations
of 4-Substituted Azobenzenes, with the Experimental Data

CNDO/S-CI
Substituent :""Sa)_l opsa N

(10%em ™) ( 0‘;“:;1,,) foatea  Sym Main configuration (%)®
H (Azobenzene) 22.55 428 19.79 0.000 A" 67.5 (30/35), 18.9 (30/39)
4-CH, 20.19 0.000 A’ 67.8 (33/38), 18.8 (33/42)
4-Cl 22.61 607 21.30 0.000 A" 68.3 (33/38), 18.9 (33/42)
4-OCH, 22.95 7419
4-OH 23.05 7299 20.00 0.000 A" 67.1 (33/38), 18.8 (33/42)
4-NH, 23.26 13909 20.02 0.000 A 67.9 (33/38), 19.1 (33/42)
4-CN 22.08 532
4,4'-(C)), 21.30 0.000 A" 67.5 (36/41), 19.7 (36/45)

a) These are the values at the maximum intensity in n-heptane.

b) For example, (30/35) means a singly excited configuration from non-bonding orbital ¥, localized mainly in the
N =N bond, to the 35th unoccupied n*-orbital 5.

¢) These n—m* absorption bands overlap with the longer wavelength tail of the next 7—n* strong bands, particularly in
the case of 4-NH, substituent (see Fig. 1), so that the &2 values are larger than those of the other substances.

TabLe II. CNDO/S-CI Calculated Values of the n—n* Transition Energies, Oscillator
Strengths, Symmetries under C,, and Main Singly Excited Configurations
of 4-Substituted Azobenzenes, with the Experimental Data

CNDO/S-CI
- a
Substituent jobs go0sa N

(10"em ™) a 0§°2'r;f_ 1) Sontea  Sym Main configuration (%)
H (Azobenzene) 31.65 21400 33.96 0.964 A’ 97.0 (34/35)
4-CH, 33.35 0988 A’ 97.1 (37/38), 1.0 (34/41)
4-Cl 31.06 17900. 33.77 0.988 A’ 96.9 (37/38)
4-OCH, 29.07 23900
4-0H 29.07 25300 33.43 0995 A’ 97.1 (37/38), 1.1 (34/41)
4-NH, 26.18 27800 32.76 1.003 A’ 96.6 (37/38), 1.1 (34/41)
4-N(CH,), 2450 28000
4-CN 31.15 24000
4,4’-(Cl), © 33.61 1.011 A’ 96.8 (40/41), 1.1 (37/44)

a) Data at the absorption maximum in CH;CN.
b) For example, the notation (34/35) means a singly excited configuration from the 34th filled n-orbital (/,) to the 35th
unoccupied n*-orbital (3s).

CN derivative (electron-accepting substituent) both the n—n* and n—-n* bands are red-shifted.
These phenomena are well known and can be reasonably explained by using molecular orbital
theory.!11216) Here we wish to apply the substituent constants F and R to describe the
behavior of the above n-n* and n—n* transition energies. The values of the E{j§ and E 19 for
the first wave of azobenzenes are listed in Table III. These are useful to interpretation of the
substituent effects on the orbital energies and electronic spectra. CV measurement at the pen-
and-ink recording speeds indicated that the first reduction wave of the azobenzenes used is
due to a reversible redox couple between neutral species and their anion radicals except for
amino and dimethylamino substituents, for which reversibilities are not good. However, it
was verified that each of these amino compounds shows a reversible electrode reaction at
scanning rates higher than the above rate. On the other hand, the NH,- and N(CH,;),-
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Fig. 1. UV Absorption Spectra of Azobenzenes

The left-hand spectra show n—n* bands in CH,CN (intensities refer to the left ordinate
scale). The right-hand spectra correspond to the n—z* bands in n-heptane, the ¢ values of
which are indicated at the right ordinate scale. Spectral numbers 1, 2, 3, and 4 represent
azobenzene and 4-CN, 4-OCH,, and 4-NH, substituted azobenzenes, respectively.

TaBLE III. Half-wave Reduction and Oxidation Potentials

of 4-Substituted Azobenzenes?

Eis V)7 Eg8 (V)

Substituent

)
CH,CN® DMF? CH,CN
H (Azobenzene) —1.317 —-1.318 1.825
4-Cl —1.252 —1.252 1.845
4-OCH,4 —1.432 —1.455 1.605
4-OH 9 ~1.357 1.483
4-NH, —1.511 —1.589 0.950
4-N(CH,;), —1.524 —1.533 0.884
4-CN -1.030 —1.024 1.989
a) The reversibility of the polarographic waves corresponding to the reduction and oxidation
potentials listed in this table is discussed in detail in the text.
b) Data vs. SCE.
¢) Measured in the solvents designated.
d) A well-resolved polarogram was not obtained in this solvent.

substituents alone among the azobenzenes show a reversible oxidation wave resulting from
formation of the corresponding cation radicals; the other substituents gave an irreversible
oxidation wave. Assuming that the potential due to the irreversible oxidation wave is mainly
controlled at the step of cation radical formation caused by a one-electron oxidation,? these
half-wave oxidation potentials were employed here.

Description of the Substituent Effect on the n—=* Band by Means of the Substituent Constants
F and R

As was stated in the introduction, Eq. 1 has been proposed by us and experimentally
verified as regards the HOMO—-LUMO n-n* transitions of substituted stilbenes and
azoxybenzenes. However, Table I indicates that the observed n—n* transition of substituted
azobenzenes consists mainly of two configurations i.e. n—n¥ and n-n¥, where each of the
orbital natures’’® of n, n#¥, and n¥ in the azobenzene skeleton part is almost unchanged
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throughout all the substituents on the basis of the CNDO/S calculation, the n-n} con-
figuration contributing dominantly to the observed n-n* transition. In addition, the
contribution ratio of the n-n¥ configuration to the n-n§ one is constant throughout all the
samples. Thus, we may say that the character of the observed n-n* transition is the same
among the samples used here. The n—n* transition energy is now written as Eq. 3, where Eq is
the configuration interaction energy and arises predominantly according to Eq. 4 in the
present case.

1E1‘:\)Yﬂ*=1En—nI+ECl (3)
ECI': <1Xn—n:| H|1Xn-—ﬂ:§>
=g —<anf| G nn¥) 4+ 2<(nn | Gnin) (ON

It should be noted that the term ¢.x,s turns out to be zero under the SCFMO employed in
the present calculations. Since the character of the MO’s n, n¥, and n§ is almost the same
for all the samples employed here, as mentioned above, the value of [2{nn{|G|n3n)—
{(nm¥| G |nn¥)] seems to be almost constant, that is, the energy terms E; in Eq. 3 may be put
as a constant. As a result, the contribution of n—n¥ and n—n¥ configurations to the excited
state wave function ¥, _,. corresponding to the observable n—n* transition is almost the
same among all the substituents (Table I).'®) We can write Eq. 5 for the 'E}Y . transition
under such conditions, since the change of orbital energies ¢, and ¢, with substituents,
or the change of physical quantities, such as half-wave potentials corresponding to the or-

bital energies, with substituents should be describable by using substituent constants.
EY .=aF+bR+c 5)

That the term Eg in Eq. 3 is also involved in the constant term “c” of the right-hand side of
Eq. 5 should be noted here. The results of a linear plot of E 199 against the substituent constant
g, is depicted in Fig. 2,'® where ¢~ value is employed for the CN group as discussed
elsewhere.?) Figure 3 also shows the substituent dependence of CNDO/S ¢, orbital energy

in terms of substituent constants F and R.2® The linearity seen in Figs. 2 and 3 seems to be
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Fig. 3. The Expression of the CNDO/S
Calculated Highest Lone Pair Orbital Energies
(e,) of 4-Substituted Azobenzenes with the
Substituent Constants F and R

The regression equation is ¢, = —0.431F—
0.0972R —11.314 with r=0.985.

Fig. 2. Linear Relation between the o,(¢ ") and
the EfS Values in CH;CN for 4-Substituted
Azobenzenes

The regression equation is E3=0.2860,(c7) —
1.317 with r=0.993.
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Fig. 4. Comparison between Observed (Sol- Fig. 5. The Correlation of Observed and
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Transition Energies of 4-Substituted Azoben- Disubstituted Benzophenones
zenes The latter being obtained from the equation
The latter values are from the regression equation *EQ %= —0.0786F—0.0893R+2.974 with r=0.982.
with the substituent constants F and R. See the text
for details.

quite good, so that Eq. 5 can be safely applied to predict the n—n* band observed here for
azobenzenes. This kinds of plot is depicted in Fig. 4, where we can see a good linear relation
between observed and estimated 'E[Y,. values, the relation being written as !EYY_,=
—0.0570F—0.128R+-2.796 with n (sample number)=6, s (standard deviation)=0.010, r
(correlation coefficient) =0.994.

As expected theoretically, we can now say that the substituent effect on the ' E v . band
of azobenzenes is well described by means of Swain and Lupton’s F and R substituent
constants. The fact that electron-donating substituents such as OCH;, N(CH,),, efc. bring
about a blue shift of the n-n* band is already well understood on the basis of MO
theories.!*'® In addition, we see that the regression equation (vide supra) for the linear
relation in Fig. 4 is heavily dependent on the term R. Because the substituent effect on the ¥
orbital of azobenzene is of course larger than that on the n-orbital, the above result seems to
be reasonable. ‘

Next, we examined the substituent effect on the triplet n—n* band, 3EUY , of 4,4’
disubstituted benzophenones on the basis of Swain and Lupton’s substituent constants. The
original spectral data were taken from the paper by Loutfy and Loutfy.??) The triplet state
3E}Y .« of benzophenones is due to the excitation of non-bonding electrons, localized in the
carbonyl oxygen atom, to the n* orbital, so that the nature of the excited state is expected to
be similar to the 'ELY .. of azobenzenes except for the spin multiplicity, and therefore the
application of Eq. 5 to the *E}Y . band should be theoretically acceptable. The results are
depicted in Fig. 5, in which we can find a good correlation between observed and estimated
*E,Y .+ band energies. The contribution of the R term is also larger than that of the F term,
although the excited state is in the triplet state and the benzophenones are not planar
molecules.??

Descritpion of the Substituent Effect on the n—n* Band of Azobenzenes by Means of the
Substituent Constants F and R
Keeping in mind the fact that the characteristics of the n—n* band of azobenzenes
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The regression equation is E$=0.4765" +1.792 Constants for 4-Substituted Azobenzenes
with r=0.949. The regression equation is 'EUY,, =0.507F+
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0.894R +3.885 with r=0.963.

appearing in the longest-wavelength region are very similar to those of substituted stilbenes,
as is apparent from their molecular structures and Fig. 1, the substituent constants F and R
may be legitimately applied to explain the substituent effect on the n—n* band of azobenzenes.
The relation of E{}§ values to the substituent constant ¢* is shown in Fig. 6, where the data in
Table III are adopted. The linearity seems to be quite good. The CNDO/S calculation results
pertinent to the spectral data of n—n* band of azobenzenes are also included in Table II, from
which it is easily understood that the dominant configuration contributing to the longest
wavelength n—rn* band is the HOMO—-LUMO transition. Together with the experimental
data shown in Figs. 2 and 6, this indicates that the n—n* bands of azobenzenes should be well
described by the F and R substituent constants. The result is illustrated in Fig. 7.2 The
correlation seems to be quite good. In addition, a plot of (E{js — ET3) vs. ' L., was prepar-
ed using the data in Tables II and III for the azobenzenes; the result is as follows:2”
(EY—E[$9)=0.820'ELY. ,—0.0709 with n=7, r=0.956, s =0.0992. The linearity seems to be
satisfactory. Based on all the above results and discussions, we may finally say that the n—n*
band as well as the longest-wavelength n—n* band of conjugated systems such as azobenzenes
can be well expressed by means of Swain and Lupton’s F and R substituent constants.
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