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The electronic absorption spectra of nitroso-
benzene and its derivatives are interesting 
subjects from both experimental and theoretical 
points of view. Nitrosobenzene is colorless in 
its crystal form but turns green when it is 
melted or dissolved in some solvents. This 
phenomenon has been studied spectroscopically 
and thermochemically by several investigators.1) 
It has been found from these studies that the
monomer shows a weak n→ π*transition band

at about 750 mμ;this band, which is respon-

Bible for the green color, disappears in the

colorless dimer,

The n→ π*transition band of nitrosobenzene

has been studied in detail in connection with 

the above-mentioned color change. Concerning 

the ultraviolet absorption spectrum of nitroso-

benzene, however, only a few experimental 

and theoretical studies have hitherto been 

carried out.2) This might be because nitroso-

benzene and some of its derivatives are rather 

unstable and because, moreover, their ultraviolet 

absorption spectra are too complicated to be 

understood by analogy with that of benzene. 

Under these circumstances, we have under-

taken to study in more detail the absorption 

spectra of nitrosobenzene and its derivatives 

from both experimental and theoretical points 

of view, in order to bring about a better 

understanding of their electronic structures 

and clarify the characteristics of the nitroso 

group as a chromophoric or electron-accepting 

group. 

Experimental 

Materials.-Njtrosobenzene and the following p-
substituted nitrosobenzenes are studied in the 

present work : nitrosobenzene, p-nitrosotoluene, 
p-nitrosochlorobenzene, p-nitrosobromobenzene, p-

nitrosoanisole, p-nitrosophenetole, p-nitrosophenol, 
p-nitrosoaniline, p-nitroso-N, N-dimethylaniline, p-
nitroso-N, N- diethylaniline, p-nitroso -N- ethyl -N-
benzylaniline and p-nitrosodiphenylamine. 

Nitrosobenzene, p-nitrosotoluene, p-nitrosochloro-
benzene, p-nitrosobromobenzene, p-nitrosoanisole 
and p-nitrosophenetole were derived from the 
corresponding nitro compounds via. hydroxylamino 
compounds by the method of Bamberger et al.3) 
The products were separated by steam distillation 
and were purified by repeated recrystallizations from 
an ethanol-water mixture. 

Commercial G.R. gradep-nitrosophenol, p-nitroso-
N, N-dimethylaniline and p-nitrosodiphenylamine 
were purified by recrystallization with a ligroin-
benzene mixture. p-Nitrosoaniline was prepared 
from p-nitrosophenol, ammonium acetate and 
ammonium chloride following the directions of 
Fischer and Hepp.4) p-Nitroso-N, N-diethylaniline 
and p-nitroso-N-ethyl-N-benzylaniline were prepared 
from the corresponding anilines by a usual nitro-
sation with sodium nitrite and hydrochloric acid.5) 
The products were recrystallized from ligroin. The 
melting points of the compounds used in the present 
study are listed in Table I. 

n-Heptane used as a solvent was shaken with 
concentrated sulfuric acid and washed with aqueous 
sodium hydroxide and thereafter with water re-
peatedly. After being kept standing over calcium 
chloride for a day or so, it was fractionally 
distilled over sodium metal. 

Commercial ethanol, chloroform, dioxane, ethyl 
ether and acetonitrile of a G.P. grade were purified 
by distillation. 

Measurement.-A Cary recording spectrophoto-
meter model 14-M was used for measuring the 
visible and near ultraviolet absorption spectra of 
the solutions with concentrations of the respective 
nitroso compounds of 10-5-10-3 mol./l. The 
measurements were made at room temperature by 
using silica cells with light paths 1 cm. and 0.1 cm. 
long. 

The vacuum ultraviolet absorption spectrum of 
nitrosobenzene in a n-heptane solution was measured 
by using handmade vacuum ultraviolet spectrophoto-
meters)
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TABLE I. THE MAXIMUM WAVELENGTHS AND MOLAR EXTINCTION COEFFICIENTS 

OF THE NITROSO COMPOUNDS

* represents absorption shoulders. 

Experimental Results

A weak absorption band (ε=40-70) was

observed in the 680-760 mμ wavelength region

for all the compounds given in Table I. It

has been assigned to the n→ π* transition

band.7) 

The ultraviolet absorption spectra of nitroso-

benzene in the gaseous state and in n-heptane 

and ethanol solutions are given in Fig. 1. 

The peak wavelengths and molar extinction 

coefficients observed with the n-heptane solution 

are tabulated in Table I. Nitrosobenzene ex-

hibits in the ultraviolet region five absorption
maxima, at 301.4 mμ(ε=5200),2805 mμ(E_

10330),218mμ(ε=6480),194mμ (ε=11890),

and 174 mμ (ε=45000), and two shoulders

at 272 mμ and 222 mμ. The absorption spectra

ofp-nitrosotoluene, p-nitrosochlorobenzene and 

p-nitrosobromobenzene shown in Fig. 2 are 
similar to that of nitrosobenzene. 

On the other hand, p-nitrosophenol, p-nitroso-

anisole, p-nitrosophenetole, p-nitrosoaniline 

and its N-substituted derivatives have more 

intense absorption bands at a longer wavelength 

region than nitrosobenzene does. The spectra 

of some of these compounds are shown in 

Figs. 2 and 3. 

As is revealed by Fig. 1, the 300 mp band 

of nitrosobenzene is sensitive to solvents.8)

Fig. 1. The ultraviolet absorption spectra of 
nitrosobenzene in gaseous state, n-heptane 

solution and ethanol solution. 
-in gaseous state 

-in n-heptane solution 

-in ethanol solution 

The band shows a small red shift and a great 

increase in intensity with the polarity of the

solvent; i. e., the 294 mμ band of nitroso一

benzene in the gaseous state shifts to 301.4 m,u

7) K. Nakamoto and R. E. Rundle, J. Am. Chem. Soc., 
78, 1113 (1956).

8) T. Uemura and N. Hirasawa, Bull. Tokyo Inst. Tech., 
1943, 70.
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Fig. 2. The ultraviolet absorption spectra of 
some p-substituted nitrosobenzenes in n-
heptane solution. 

(1) ............... p-nitrosotoluene 
(2) ............... p-nitrosochlorobenzene 

(3) ............... p-nitrosobromobenzene 
(4) ............... p-nitrosoanisole 
(5) ............... p-nitrosophenetole

in the n-heptane solution and to 304 mp in

the ethanol solution, while the absorption 

intensity increases from 5200 in the n-heptane 

solution to 7200 in the ethanol solution. 

In order to clarify the nature of this solvent 

effect, we measured the spectrum of nitroso-

benzene in ethanol - n-heptane mixed solvents.

The results are shown in Fig.4. The 300 mμ

and 280 mμ bands respectively increase and

decrease in intensity with the concentration 
of ethanol. This suggests that the following 
equilibrium might exist between the free 
nitrosobenzene molecule and the hydrogen-
bonded one:

and that the formation of the hydrogen-bonded 

molecule might be the reason for the change 

in the above-mentioned absorption spectrum 

of nitrosobenzene. In order to check this 

point, we have measured the absorption spec-
trum of nitrosobenzene in various kinds of 

solvents with different dielectric constants. 

The observed maximum wavelengths and molar 

extinction coefficients are given in Table II. 

From the results given in Table II, it is 

clear that dioxane, chloroform and acetonitrile, 

in spite of their lack of a proton-donating

ability, have an effect on the 300 mu and 280

mμbands of nitrosobenzene similar to that of

Fig. 3. The ultraviolet absorption spectra of nitrosoaniline and 
its N-substituted derivatives in n-heptane solution. 

(1) ............... p-nitrosoaniline 
(2) ............... p-nitrosodiphenylamine
(3) ............... p-nitroso-N, N-dimethylaniline 
(4) ............... p-nitroso-N, N-diethylaniline 
(5) ............... p-nitroso-N-ethyl-N-benzylaniline 
(6) ............... N-nitrosodiphenylamine
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TAHLE II, THE SOLVENT EFFECT oN THE 280-300 mμBAND oF NITROSOBENZENE

Fig. 4. The dependence of the 300-280 mp 
bands of nitrosobenzene upon the ethanol 

content in the ethanol -n-heptane mixed 
solvents.

ethanol. Therefore, we can safely disregard 

the possibility that the above-mentioned solvent 

effect upon the absorption band of nitroso-

benzene might be caused by hydrogen bonding. 

At least, it may be said that hydrogen bond-

ing is not an important factor in the solvent 

effect. Furthermore, this solvent effect can not 

be due to the dimer formation because the

n→ π* transition band at 760 mμ does not

change in intensity when ethanol is added to

the n-heptane solution. Therefore, it may be

said that the change in the 300 mμand 280 mμ

bands of nitrosobenzene may be regarded as a 

general solvent effect caused by the polarity 
of the solvents.*

In this connection, it is noteworthy that the 

electron-donating group at the para position 

has the same effect upon the intensity of the

300mμ band of nitrosobenzene. For instance,

the corresponding band of p-nitrosotoluene,

which appears at 310.8 mμ, has the molar

extinction coefficient of 8800. This value is

apparently larger than that of nitrosobenzene

(ε=5200).This means that the methyl sub-

stitution brings about the red shift and inten-

sity increment of the 300 mμ band of nitroso-

benzene, as the polar solvents do. The above-

mentioned solvent and substituent effects may 

be explained in terms of the stabilization of 

the charge-transfer structure which is caused 

by an electron transfer from the benzene ring 

to the nitroso group. This point will be 

discussed in detail below. 

Theoretical 

The electronic structure of nitrosobenzene

has been studied by taking eight π-electrons

into account. First, the molecule was divided 

into two components ; the benzene ring and 

the nitroso group. The molecular orbitals of 

these components were determined. Then the 

interaction between the two components was 

considered by means of the configurational 

interaction among such electron configurations 

as the ground, locally excited and charge-

transfer configurations.9) The eight electron 

configurations taken up in the present study 

are given in Table III. A similar calculation 

was made by Tanaka,10) but he disregarded 

the locally excited configuration within the 

nitroso group. 

First of all, let us evaluate the energy of 

each configuration, taking the energy of the 

ground configuration as the standard ; HG=0. 
The energies of the four locally excited con-

figurations of benzene, HEu1, HE1u, HB1u, and 

HB2u, were taken from the observed transition 

energies of the corresponding absorption bands 

of benzene.11) Their values are shown in Table

* In this case the polarity of the solvents has a wide 

meaning. Besides the average polarity represented by the 
dielectric constant or refractive index, the local polarity 
may take part in the solvent effect.

9) H. G. Longuet-Higgins and J. N. Murrell, Proc. Phys. 
Soc., A68, 601 (1955) ; J. N. Murrell, ibid., A68, 969 (1955). 

10) J. Tanaka, J. Chem. Soc. Japan, Pure Chem. Sec. 
(Nippon Kagaku Zassi), 78, 1647 (1956); 79, 1114 (1957). 

11) K. Kimura and S. Nagakura, Mol. Phys., to be 
published.
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TABLE III. THE ENERGIES AND WAVE FUNCTIONS OF THE EIGHT ELECTRON CONFIGURATIONS

* G ; ground configuration , LE* ; locally (in benzene) excited configurations, LE ; locally 
(in the nitroso group) excited configuration, CT ; charge-transfer configurations. 

** The precise form is as follows :

The molecular orbitals of benzene;φ1,φ2,φ3,φ4, andφ5 are given as foUows:

The molecular orbitals of the nitroso group,φs,φw are as follows10);

where XN and X0 are the 2pπ atomic orbitals of nitrogen and oxygen of the nitroso group

respectively.

III. Furthermore, we assumed the energy of 

the locally excited configuration of the nitroso 

group, HLE, as 8.00 eV. on the basis of the
energy of the π→ π* transition band of chloro_

nitrosocyclohexane. This compound exhibits

a π→ π* transition band at about 160 mμ

together with an n→ π*band at 650 mμ.12)

The energies of two charge-transfer con-

figurations, HCT and HCT', which are caused 

by an electron transfer from the benzene ring 

to the nitroso group, are evaluated by the 

following equations :

where IB and AN are the ionization potential 

of benzene and the electron affinity of the

nitroso group respectively, and where ΔCT and

ΔCT are the electrostatic interaction energies

between the positive and negative charges 

caused by the electron transfer. The value of 

IB is set at 9.24 eV., a value which was de-

termined by Watanabe13) from a photoioni-

zation experiment. The electron affinity of 

the nitroso group was assumed to be 0.55 eV.

The values of ΔCT and ΔCT'were calculated as

4.59and 4.17eV. respectively. The two-center

TABLE IV. THE OFF-DIAGONAL MATRIX 

ELEMENTS*

12) M. Tanaka and S. Nagakura, unpublished result. 
13) K. Watanabe, J. Chem. Phys., 26, 542 (1957) .
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TABLE V. ENERGY LEVELS AND WAVE FUNCTIONS OF NITROSOBENZENE

TABLE VI. CALCULATED AND OBSERVED TRANSITION ENERGIES AND OSCILLATOR STRENGTHS 

FOR THE ABSORPTION SPECTRUM OF NITROSOBENZENE

a) The values observed with the n-heptane solution. * Vibrational structure

Fig. 5. The geometrical structure of nitroso-
benzene.

Coulomb integrals of the (CC | NN) and 
(CC |OO) tunes necessary for the evaluation
of ΔCT and ΔCT-were calculated by the aid of

the quadratic equation of an atomic distance 

derived by Pariser and Parr's method.14) For 

the actual calculations, the geometrical struc-

ture of nitrosobenzene was reasonably assumed 

to be as shown in Fig. 5, by making use of 

the X-ray crystal analysis data of the p-bromo-

nitrosobenzene dimer.15) Thus, the energies

of the two charge-transfer configurations, HCT 

and HCT' were determined to be 4.10 eV. and 

4.52 eV. respectively. 

The off-diagonal matrix elements of the 

Hamiltonian of the total electrons were 

calculated following the procedure developed 

by Pople16) and by Longuet-Higgins and 

Murrell17). The results are shown in Table

IV, where β's are the core resonance integrals;

they were estimated on the assumption of the 
proportionality of the core resonance integrals 
to the overlap integrals. 
The integrals (sw 135) in Table IV can be 
reduced to two center Coulomb integrals con-
cerning appropriate atomic orbitals, which can 
be evaluated by the Pariser-Parr method 
mentioned above. 

The energy levels and the wave functions 
finally evaluated by the aid of a FACOM 202 
electronic computer are shown in Table V. 

The oscillator strength, f, was calculated by 
means of the usual equation : 18)

where Q and v are the transition moment (in

14) R. Pariser and R. G. Parr, ibid., 21, 466, 767 (1953) ; 
23, 711 (1955).

15) C. Darwin and D. C. Hodgkin, Nature, 166,827 (1950). 
16) J. A. Pople, Proc. Phys. Soc., A68, 81 (1955). 
17) H. C. Longuet-Higgins and J. N. Murrell, ibid., A68, 

601 (1955). 
18) R. S. Mulliken, J. Chem. Phys., 7, 34, (1939); J. R. 

Platt and H. B. Klevens, Rev. Modern Phys., 16, 183 (1944).
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TABLE VII. DEPENDENCE OF TRANSITION ENERGIES AND OSCILLATOR STRENGTHS UPON 

THE ENERGIES OF THE CHARGE-TRANSFER CONFIGURATIONS

units of A) and the evaluated transition 
energy (in units of cm-1) respectively. The 
evaluated oscillator strength values are, in 
Table VI, compared with the observed ones 
obtained by the following equation :

where a is the molar extinction coefficient.

Theoretical Results and Discussion 

When the calculated transition energy and 

the oscillator strength are compared with the

observed values, the 174 mμband, which was

newly found by the present authors, can safely

be assigned to the superposed W0→W5 and

W0→W6 transitions, and the 194 mμband, to

the W0→W4 transition. Judging from the wave

functions of the W4, W5 and  Ws levels, the

former may be regarded as the shifted band

of the A1g→E1u transition band of benzene,

and the latter, as that of the A1g→B1U tran-

sition band of benzene.

The 218 mμ band corresponding to the

W0→W3 transition may be said to have the

nature of the A1g→B2u transition band of

benzene, but the contribution from one of the

charge-transfer configurations(φ3-1φw)amounts

to 25%.

The 280.5mμ band can be ascribed to the

W0→W2 transition. The contributions of the

charge-transfer configurations to the Wz level

amount to 62%(CT)and 17%(CT')respec-

tively. Therefore, the 280.5 mμ band may

safely be regarded as the charge-transfer ab-

sorption band, although there are small con-

tributions of such other components as local

excitations in the nitroso and benzene groups.

The 301.4 mμ band corresponding to the

W0→W1 transition may be thought to have

a character mixing locally excitation within

the benzene ring (B2n) and the charge-transfer

excitation, since the contributions of the charge-

transfer and B2, locally excited configurations 
are 49% (CT'), 18% (CT) and 20% (B2u) 
respectively.
As was previously stated, the 280 mμ and

300mμbands are sensitive to the polarity of the

solvent. In polar solvents, the absorption bands 

have a tendency to become similar to those 

of the p-nitrosotoluene and other simple p-sub-

stituted nitrosobenzene derivatives, as is shown 

in Fig. 4. 

In order to explain the polar solvent effect, 

we calculated the energy levels and wave 

functions, changing the energy values of the 

two charge-transfer configurations, HCT and 

HcT'. The results are tabulated in Table VII. 

It can be seen that the decrease in the ener-

gies of the two charge-transfer configurations 
brings about a decrease in the transition ener-

gies for the Wo→W1 and W0→W2 and W0→W3

transitions and causes an increase in the oscil-

lator strength for the W0→W1 transition. On

the other hand, in the W0→W2 transition

which corresponds to the 280 mμ band of

nitrosobenzene, the oscillator strength very 

slightly decreases in the order of cases 1, 2, 

3, and 4. 

The above-mentioned theoretical results seem 

to explain the effects of solvents and of p-sub-

stituted electron-donating groups. That is to 

say, the wavelength shifts and intensity changes

of the 300 mμand 280 mμ bands may be thought

to be caused by the fact that the energies of the 
charge-transfer configurations change with the 

polarity of solvents or when an electron-
donating group is substituted for the hydrogen 
atom at the para position. 
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