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Concerning the effect of substituent groups 

upon the electronic spectrum of benzene, a 

number of theoretical and experimental studies 

have already been carried out.1-17) This effect

may be discussed from two different viewpoints:

one of them is the wavelength shift and the 

intensity change of the bands pertinent to the 

benzene molecule, and the other is the ap-

pearance of an additional new band caused by 
the charge-transfer interaction between the
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substituent groups and the benzene ring. The 
latter band is called an intramolecular charge-
transfer or electron-transfer band. Since 1954,
the latter phenomenon has been studied by one 
of the present authors and Tanaka, by Longuet-
Higgins and Murrell and by others;11-15) 
the intramolecular charge-transfer band has 
been observed with such substituted benzenes as
nitrobenzene, benzoic acid, and p-nitroaniline.

Concerning aniline, Nagakura and Tanaka10) 
first pointed out the possibility of an intra-
molecular charge-transfer band for the 235 mμ

band. Murrell12) studied this problem theo-

retically in detail and assigned the 235 mμ

band to an intramolecular charge-transfer band 

whose transition is accompanied by an electron 

transfer from the amino group to the benzene 

ring. In addition, several authors have made 

quantum mechanical considerations of this 

problem by various kinds of approximate 
methods. 

Their results are not always consistent with

each other in the interpretation of the 235 mμ

band of aniline. For instance, some authors 

interpret this band as the shifted band of the

200 mμ band of benzone. In order to deter-

mine which of the two interpretations is cor-

rect and, moreover, in order to obtain accurate

knowledge about the π-electron structure of

aniline, the experimental data of vacuum 

ultraviolet absorption spectra corresponding 

to higher-energy transitions are undoubtedly 

important. In spite of this, only a few ex-

periments of absorption spectra in the vacuum 
ultraviolet have hitherto been carried out with

aniline and its derivatives, although Klevens 

and Platt have measured absorption spectra 

for aniline, N-methylaniline and N, N-dime-

thylaniline in heptane solutions in the 1700～

2300 A region.18) 
Under these circumstances, we undertook to 

extend absorption measurements down to 1500 
A for aniline and some members of its N-
derivatives in the vapor phase, using a record-
ing vacuum ultraviolet spectrophotometer. In 
doing so, we succeeded in finding some new 
absorption bands in the vacuum ultraviolet 
region and in confirming the appearance of 
the intramolecular charge-transfer band. Fur-
thermore, we could obtain more reliable knowl-
edge than before about the π-electron struc-

Lures of aniline and its derivatives by com-

bining the present experimental results with 

theoretical considerations.

Experimental 

Absorption measurements for aniline and its N-
derivatives were carried out in the vapor phase at 
room temperature. A recording vacuum ultraviolet 
spectrophotometer constructed in our laboratory was 
used for the measurements in the region from 1500 
to 2200 A, the apparatus using a Bausch and Lomb 
concave grating with a radius of 995.4 mm. The 
details of this apparatus have been published else-
where.19) Gas cells with paths 10 and 30 mm. long 
and with lithium fluoride windows were used. 

The compounds studied were aniline, N-methyl-
aniline, N-ethylaniline, N, N-dimethylaniline, N, N-
diethylaniline, and N-n-butylaniline. The com-
mercial materials of these compounds were frac-
tionally distilled in a vacuum glass line, and the 
vapor of the purified samples was transferred 
through it into the gas cell for absorption measure-
ments. The vapor pressure was measured with
an accuracy of ±0.02 mmHg by using a mercury

manometer with a travelling microscope attached. 
Spectra were carefully measured for different 
vapor pressures under the same optical conditions. 
Absorption measurements in the quartz region over 
1900 A were also carried out with a Cary spectro-
photometer Model 14 M, a gas cell 10 cm. long 
being used. A comparison between the absorption
spectra taken with the two apparatus in the overlap 
region of wavelength gave us an opportunity to 
check the accuracy of the intensity measurements 
made by means of our vacuum ultraviolet spectro-
photometer. 

The vapor phase spectum of benzene was also 
taken in the region over 1500 A ;it gives reference 
data for interpreting the electronic spectra of the 
anilines reported here. The N-n-butylaniline spec-
trum was measured only in the region over 2000 A, 
because its vapor pressure at room temperature 
is too low to measure a vacuum ultraviolet spec-
trum with the gas cells employed in the vacuum 
apparatus. 

Experimental Results 

Our measurement for benzene indicated that 
the wavelengths of the three absorption peaks 
in the vapor phase are: 1776A (6.98 eV.) for
the 1A1g→1E1u transition, 2008 A (6.17 ev.)

for the 1A1g→1B1u transition, and 2534 A

(4.89 eV.) for the 1A1g→1B2u transition,20)

with oscillator strengths of 1.035, 0.126, and 

0.01 respectively. 

The absorption spectra of the anilines observ-

ed in the present work are shown in Fig. 1. 

The spectra show five characteristic bands near

18) H. B. Klevens and J. R. Platt, J. Am. Chem. Soc., 
71, 1714 (1949); Technical Report of the Laboratory of 
Molecular Structure and Spectra, Department of Physics, 
University of Chicago (1954-1955).

19) H. Tsubomura, K. Kimura, K. Kaya, J. Tanaka and 
S. Nagakura, This Bulletin, 37, 417 (1964).
20) The A1g→B1u and A1g→B2u absorptions are ac-

companied with vibrational structures. The above-men-

tioned peak wavelength values for these absorptions were 

taken from the position of the strongest maximum for 

each absorption. Klevens and Platt18) determined the

A18→E1u, A1g→B1u and A1g→B2u transaiov energies to

be 6.74, 6.14. and 4.89eV. respectively by measuring the 
benzene spectrum in a hectare solution.
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Fig. 1. Ultraviolet absorption spectra of aniline, N-methylaniline, N-ethylaniline, N, N-
dimethylaniline, N, N-diethylaniline, and N-n-butylaniline. The A and B bands of aniline 
have vibrational structures which are neglected in this figure.

2850, 2350, 1950, 1800, and 1600 A ; they are 
designated as A, B, C, D and E respectively. 
Among these bands, the C and D bands are 
superposed to a considerable extent. The re-
solution of these two bands is made under 
the assumption that the curves of these bands 
are approximately of the Gaussian type and 
that the C bands and the D bands have the 
same half-widths. 

The experimental oscillator strengths, f, were 
computed from the integral areas under the 
curves by the following equation :

(1)

where s is the molar extinction coefficient and

ν is the frequency in cm-1. Table I summa-

rizes the experimental results concerning the 

peak wavelengths, the molar extinction coef-
ficients, the transition energies, and the oscil-

lator strengths for the anilines. 

It may be seen from Fig. I and Table I that 

the spectral feature changes in the following 

order :21)

(2)

The A and B bands show red shifts and increas-
ing f values in the above order, from aniline 
to N, N-diethylaniline. On the other hand, 
the C and D bands, roughly speaking, shift 
to a small extent to longer wavelengths with 
appreciably decreasing f values and the differ-
ences in the absorption intensity between the 
C and D bands decrease going from aniline to 
N, N-diethylaniline. It should also be noticed 
that the E bands are commonly broad for all 
the compounds under consideration. This may 
conceivably show that the E bands are com-
posed of two closely overlapping bands. The 
above interpretation is supported by the present

theoretical consideration, details of which will 

be described below. 

Theoretical 

The present method of calculating the π-

electron structures of the anilines is essential-

ly based on that presented by Longuet-Higgins 

and Murrell,12 in particular, on that of the 

calculation of aniline by Murrell,12) in which 

the interaction between the two fragments of 

the benzene ring and the amino group is taken 

into account by configurational interaction 

among the ground, charge-transfer and locally 

excited configurations. 

Although no detailed structural data of the 

anilines, even of the aniline molecule itself, 

have yet been reported, we assumed in the 

present theoretical treatment that the molecules 
are coplanar and belong to the symmetry group 

C2v. In actual calculations, we took seven 

electron configurations; that is to say, besides 

the ground configuration, two charge-transfer 

configurations and four locally-excited con-

figurations. The wave functions and energies 

for the locally excited configurations corres-

ponding to the A1g→B2u, A1g→B1u, A1g→

E1u excitations of benzene are as follows:

(3)

where the φi's are the molecular orbitals of

benzene expressed in terms of the six carbon

2pπ atomic orbitals.22)The energy values given

21) Ph-NH(n-Bu) is located at next to Ph-NH(Et) so far 
as its spectral data in the quartz region is concerned.

22) The six molecular orbitals of benzene are:
φ1=6-1/2(x1+x2+x3+x4+x5+x6)

φ2=12-1/2(2x1+x2-x3-2x4-x5+x6)

φ3=2-1(x2+x3-x5-x6)

φ4=2-1(x2-x3+x5-x6)

φ5=12-1/2(-zx1+x2+x3-2x4+5+x6)

φ6=6-1/2(x1-x2+x3-x4+x5-x6).
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TABLE I. EXPERIMENTAL AND THEORETICAL RESULTS FOR ANILINE AND ITS N-DERIVATIVES 

(Energies are given in eV.)
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here are taken from the electronic absorption 

spectrum data of benzene measured by the 

present authors. Taking an elelctron from the
nonbonding π-orbital of the amino group (θ),

and putting it into the lowest vacant orbitals

of benzene (φ4 and φ5), we could obtain the

two charge-transfer configurations, which might

be represented by23);

(4)

the corresponding energies being

(5)

Here I is the ionization potential of the 
substituent, A the electron affinity of benzene, 
Q1 and Q2 the electrostatic energies given by ;

(6)

The two-center integrals (CC/NN) were cal-
cculated by the use of a quadratic equation 
with the atomic distance rCN :

(7)

which was derived in the way suggested by 
Pariser and Parr.24)** Concerning atomic dis-
tances, it was assumed that the C-C distances 
are the same in benzene (i. e., rCC=1.397A25)),
and that the distance of the C-N bond is 
equal to that in 2, 5-dichloroaniline deter-
mined recently by an X-ray crystal analysis 
technique (i. e., rCN=1.40726)). From this geo-
metry, Q1 and Q2 were calculated to be 5.44 
and 5.00 eV. 

Off-diagonal matrix elements of the total 
electron Hamiltonian were evaluated by the 
method of Longuet-Higgins and Murell12) and 
also by that of Pople27) as follows :

(8)

where β is the resonance integral between two

atomic orbitals belonging to the nitrogen and

adjacent carbon atoms, and β'is that belong-

ing to the nitrogen and ortho-position carbon

atoms-The ratio o fβ' to β was assumed to

be equal to that of the corresponding overlap

integrals, β'=β(S'/S)=0.116β, where S and S'

are the overlap integrals corresponding to β

and β'. The inclusion of β' is one of the

characteristics of the present calculation. This 

seems to be necessary in order to improve the 

coincidence between the observed and theoret-

ical transition energies. This point will be 

discussed later in some detail.

In the present calculations,β and β' were

assumed to be parameters common to all the 
compounds under consideration, and the (I-A) 
values were regarded as pertinent to the indi-
vidual molecules. We determined these para-
meters in such a way that the calculated transi-
tion energies fit as well as possible to the ex-
perimental values of the anilines reported here
by a trial-and-error method. The secular equa-
tions were solved by the aid of a Facom 202 
electronic computer for various sets of para-
meters; the β value ramlges from-1.4 to -2.6

eV., with an interval of 0.2 eV., and the (I-A)
values, from 9.5 to 12.5 eV, with an interval 
of 0.1 eV. From the systematic comparison, it
was found that the best values for β and β'

are -1.94 and -0.25 eV. respectively.
The transition energies ⊿W evaluated by the

use of the above β and β' valucs are plotted

against the (I-A) values in Fig. 2, from which 
it may be found that the best (I-A) values 
in eV units are: 11.34 for aniline, 11.04 for 
N-methylaniline, 10.94 for N-ethylaniline, 10.84 
for N, N-dimethylaniline, and 10.64 for N, N-
diethylaniline. Table II gives the energy levels 
and wave functions calculated with the best
values for β, β' and (I-A). Furthermore,

the relation between the electron configurations 

used in the present calculation and the energy 

levels finally obtained is shown in Fig. 3, N, N-

dimethylaniline being taken as an example. 

The oscillator strengths were calculated by 

the use of the following equation :

(9)

Where νih and Dih are, respectively, the transi-

tion energy (in cm-1) and the transition mo-
ment(in cm.) for the i→h transition- In

calculating theoretical oscillator strengths, we 

took the three following integrals into account:

** In the derivation of Fq . 7. data for the valence state 
ionization potentials and electron affinities for carbon 
and nitrogen were taken from the table recently given by 
G. Filcher and H. A. Skinner (J. Inorg. Noel. Chem., 24, 

937 (1962)). 
23) One is symmetric and the other is antisymmetric with 

regard to the symmetry plane vertical to the molecular 
plane; they are denoted with the letters "a" and "b" 

respectively, 
24) R. Pariser and R. G. Parr., J. Chem. Phys., 21, 767 

 1953). 
25) K. Kimura and M. Kuhn, ibid., 32, 1776 (1960). 
26) T. Sakurai. M. Sundaralingam and G. A. Jeferey, 

A rra Cryst., 16, 354 (1963). 
27) J. A. Pople, Proc. Phys. Soc., A68, 81 (1955).
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(10)

which have usually been disregarded in such. 
calculations. Here, j is a unit vector along 
the molecular axis, and l is the destance be-
tween the center of the benzene ring and that 
of the C-N bond. The final results on the 
transition energies and oscillator strengths are 
included in Table I where they are comparedd 
with the experimental results.

TABLE II. CALCULATED ENERGY LEVELS AND WAVE FUNCTIONS OF 

ANILINE AND ITS N-DERIVATIVES
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Fig. 2. The calculated best curves of the transi-
tion energy ⊿W plotted against (I-A) values.

The circles show the experimental transition 
energies obtained from the absorption spectra.

Fig. 3. Energy levels of N, N-dimethylaniline. 
The energy levels before and after the con. 
figuration interactions are shown, and the 

correlations are denoted with the broken lines.

TABLE III. COMPARISON OF THE PRESENT RESULTS OF ANILINE WITH THOSE BY OTHER 
AUTHORS (Transition energies, E-E0, are given in eV.)
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Discussion 

As may be seen in Table I, we obtained an 
excellent agreement in the transition energies 
and oscillator strength values between the 
theoretical and the experimental results. It is
interesting that the changes in the absorption 
spectra of the compounds can be well inter-
preted in terms of the change in the (I-A) 
values or the energies of the charge-transfer
configurations on the assumption that β and

β' are constant for the series of compounds

under consideration. The resuls on aniline 
obtained by other authors are compared with 
the present results in Table III. The results 
by Fischer-Hjalmars and by Murrell are similar 
to ours, although their results are somewhat 
different from ours in that the calculated 
transition energies for . the three higher fre-
quency transitions are considerably smaller 
than the observed values. 

The most important point of our experi-
mental results is that the five absorption 
bands were found in the wavelength region
of 160mμ to 300 mμ. On the basis of the

absorption intensity and the shape of absorp-

tion curve, these bands can safely be assigned

to the π → π* transition bands. This means

that some additional bands appear in the 

absorption spectra of the anilines, in addition

to the shifted bands of the 180, 200 and 260

mμ bands of benzene- According to our inter-

pretation, the additional bands are intramolec-
ular charge-transfer bands caused by the in-
teraction between the electron donor (NHS, 
NHMe, etc.) and the electron acceptor (the 
benzene ring). The additional bands of this 
kind could not observed with phenol and tolu-
ene, as will be mentioned in a following paper.
In other words, the absorption bands of these 
two compounds can be interpreted as the shift-
ed bands of benzene. In this point the absorp-
tion spectra of the anilines exhibit a striking
contrast to those of phenol and toluene. At 
any rate, it may be said that theoretical treat-
ment1-3,8) in which the substituent effect is 
considered to be only a weak perturbation to 
the energy levels of benzene itself, can not be
applied to the anilines. 

The transitions to the lowest excited states 
(W1) which give rise to the A bands corre-
spond mainly to the transition to the BLS. state 
of benzene. The contributions from the charge-
transfer configuration in the W1 state are 22% 
for aniline, 36% for N, N-diethylaniline, and 
so on. There is no doubt that the B bands
appearing around 240 mμ, which are called

intramolecular charge-transfer bands, are to 

be assigned to the transitions to the W2 states

to which the charge-transfer configurations are

mainly contributed; for instance, their contri-
butions are, respectively, 50% and 62% for 
aniline and N, N-diethylaniline. 

According to the present experimental results,.

going from aniline to N, N-diethylaniline, the 
C and D bands show very small red shifts 
and the oscillator strengths of the C bands 
decrease appreciably. These phenomena can 
be well explaind by the present theoretical 
study. The decrease in the intensity of the 
C band may be due to the decreasing contri-
butions of the E1u locally excited configura-
tion, going from aniline to N, N-diethylaniline. 

The shortest wavelength band for each com-

pound is most likely to be attributed to two 
transitions, W0→W5 and W0→W6, whose:

transition energies are almost equal to each 
other. This seems to be a reason for the 
broadness of the band. As is shown in Table: 
II, the calculated results show that, going from 
aniline to N, N-diethylaniline, the fifth and the 
sixth bands both shift toward the longer wave-
lengths and, at the same time, their f values, 
increase, with increasing contributions from 
the E1u locally excited configuration of ben-
zene. These features derived by the theoret-
ical calculations agree well with those of the-
observed E bands. 

As can be seen in Table II, the contribu-
tions of the charge-transfer configurations to-
the ground states are 5% for aniline, 60% for 
N, N-diethylaniline, and so on, while the cal-
culated stabilization energies due to conjuga-
tion are 7.37 kcal./mol. for aniline, 8.29 kcal./ 
mol. for N, N-diethylaniline, and so on. The: 
conjugation energy of aniline coincides well 
with the extra resonance energy estimatedd 
empirically (6 kcal./mol.)28). This seems to. 
establish that the present theoretical results 
on the conjugation effect in the ground states
are reasonable. 

As may be easily seen from Fig. 2, the pres-
ent calculations indicate that the (I-A) values-
decrease in the order of aniline > N-methylani-
line > N-ethylaniline > dimethylaniline > N, N-
diethylaniline. The changes in the (I-A) 
values should be attributed to those in the 
ionization potentials of the substituents. In 
Fig. 4, the (I-A) values of aniline, N-methyl-
aniline and N, N-dimethylaniline are compared 
with the ionization potentials of ammonia and 
amines. It may be said that the differences 
in the (I-A) values obtained for the anilines. 
reflect a general tendency in th effect of methyl 
and ethyl substituents upon the ionization 
potential of ammonia. 

Taking the value of I as equal to the ioniza-
tion potential of ammonia, 10.25 eV., we can

28) L. Panting, "The Nature of the Chemical Bond," 
Cornell University Press. Ithaca (1960), p. 208.
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Fig. 4. The upper diagram shows the (I-A) 
values for aniline, N-methylaniline, and N, N-
dimethylaniline. The lower one shows the 
ionization potentials of ammonia and amines ; 
NH3 NH2(CH3), NH(CH3)2, and M(CH3)3. 
(a) K. Watanabe, J. Chem. Phys., 22, 1564 
(1954) ; 26, 542 (1957). (b) E. C. Y. Inn, 
Phys. Rev., 91, 1154, 1194 (1953). (c) J. D. 
Morrison and A. J. C. Nicholson, J. Chem. 
Phys., 20, 1021 (1952). (d) I. Ohmura, K. 
Higasi and H. Baba, This Bulletin, 29, 504 
(1956). (e) T. M. Sugden, A. D. Walsh and 
W. C. Price, Nature, 148, 372 (1941). (f) W. 
C. Price, Chem. Revs., 41, 257 (1947). 
E : Electron impact P : Photo-ionization 
U : Ultraviolet

estimate the electron affinity of benzene to 
be A = -1.00 eV. from the (I-A) value of 
11.25 eV. obtained for aniline. We have a few 
theoretical data on the electron affinity of ben-
zene available for comparison with the present 
data; one is the -1.63eV. given by Hedges 
and Matsen,29) and the other, the -0.54 eV. 
given by Pople and Hush.30) From the com-
parison of these values, it may be said that 
the present electron affinity value of benzene 
seems to be reasonable. Similar attempts to 
estimate the electron affinity of benzene from 
the (I-A) values obtained for the aniline 
derivatives have been unsuccessful because of 
the large fluctuations among the experimental 
ionization potential data for amines (see Fig. 
4.)
The present values of β(CN) = -1.94 eV.

may be compared with the other data used in 

the theoretical calculations of aniline by several

other authors. Murrell12) has used β(CN)=

-1 .60eV., and Fischer-Hjalmars4) has used

β(CN) = -1.452 eV. in her calculation using

the Pariser-Parr-Pople method, while Bloor

and Peradejordi's value16) was β(CN) = -2.74

eV. 

In the present calculations, it should be

emphasized that taking β' (the resonance in-

tegral for the N...C(ortho) atom pair) into 
account leads to considerably better results 
than when it is disregarded. As can be seen
from Eq.8,β' (=0.116β) makes the off-diag-

onal term, HG.CTa, smaller by about 12%, 
while it makes all the other terms in Eq. 8 

greater by about 12%. This effect brings about 
a lower transition energy value for the longest
wavelength band; consequently, a good agree-
ment between the theoretical and experimental 
results was obtained. 

Furhermore, we checked the effect of the 
other electron configurations with higher en-
ergies upon the transition energies,31) although 
we could well reproduce the observed spectra 
of the anilines by the above-mentioned calcula-
tion, taking the seven electron configurations 
into account. The results show that the effect 
is not important.
Extra peaks appearing at about 230 mμ for

N-methylaniline, N-ethylaniline, and N-butyl-

aniline, and at about 250 mμ for N, N-diethyl-

aniline may be attributed to the n→ σ* transi-

tions, since the ultraviolet absorption measure-

ments with saturated amines have indicated 

that a relatively weak absorption band due to

an n→ σ* transition appears around 200 mμ;

for instance, for trimethylamine it appears at

212mμ.19)

Summary 

The vacuum ultraviolet absorption spectra 
of anilne, N-methylaniline, N-ethylaniline, 
N, N-dimethylaniline, N, N-diethylaniline and 
N-n-butylaniline have been measured in the 
vapor phase by a recording vacuum ultraviolet 
spectrophotometer, with which the absorption 
measurements have been extended down to

29) R. M. Hedges and F. A. Manse., J. Chem. Phys., 28, 
950 (1958). 
30) J. A. Pople and N. S. Hush, Traits. Faraday Soc., 51, 

600 (1955).

31) We checked how the other electron configurations 
with higher energies affect the calculated results. In order 
to check this point, we tried to calculate by including 
several additional higher energy configurations of the 
following types:
(φ2-1 φ6), (φ3-1φ6), (θ-1φ6), (θ-1w),(φ2-1w) and (φ3-1w)

which correpond to transitions to the highest vacant orbital
of benzene (φ6) and to the 3pπ atomic orbatal of nitrogen

(w). Assuming roughly that all the diagonal elements of 
the new configurations are 9.0 eV., and that the resonance
integral between the nitrogen 3pπ orbitaland the adjacent

carbon 2pπ orbital is -2.0eV., we obtaind transition en-

ergies by solving 5th- and 8th-order secular equations built 
up with the thirteen configurations. The resulting transi-
tion energies (in eV.) for seven original configurations were
found to be 4.97 (4.72) for the W0→W1 transition. 5.53

(5.42) for the W0→W2, 6.65 (6.42) for the W0→W3, 7.04

(6.86) for tho W0→W4 p 7.81 (8-04) for the W0→W5, and

8.18 (8.05) for the W0→W6; the values in parentheses

indicate the corresponding energies listed in Table I.
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1500 A. Some new bands have been found in 
the vacuum ultraviolet region, and in total
five π → π* transtion bands with molar extinc-

tion coefficients larger than 1500 have been 

observed commonly for the anilines. In order 

to clarify the nature of these bands, a theo-

retical treatment has been made by consider-

ing the configuration interaction among the 

ground, locally excited and charge-transfer 
configurations. An excellent agreement has

been obtained between the experimental and 

the calculated results. It has been concluded 

that the anilines studied here exhibit intra-

molecular charge-transfer bands characteristic 

of the electron transfer interaction between 

the substituents and the benzene ring.
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