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When the effect of hydrogen bonding on
the electronic absorption spectra of orga-
nic compounds came to be noticed, atten-
tion was drawn to the anomalies of the
effects of the solvents on the spectra. It
was then pointed out that the hydrogen
bonding effect could serve as a new method
for the study of the nature of hydrogen
bonding itself?. Indeed some thermo-
chemical quantities, such as free energy,
entropy and enthalpy changes in hydrogen
bonds, have been determined for a num-
ber of compounds, e.g. phenol'-%, cre-
sols®™, naphthols™, pyridine N-oxide® etc.
In all these studies the influence of hydro-
gen bonding on an electronic absorption
was made clear by the use of a three-
component system: an inert solvent, a
solute of a chromophore, and a substance
which forms hydrogen bond with the solute
molecule. It may be added that this
method of three-component system which
was originally used in the study of the
ultraviolet absorption of phenol’® has
recently been utilized by Brealey and
Kasha in demonstrating the role of hydro-
gen bonding in the #—r* blue shift pheno-
menon®. Further, it has been applied to
the study of the fluorescence of some
organic compounds!®.

The present article will suggest that
there is another promising application
of the studies concerning the hydrogen
bonding effect, that is: a new clue to the
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nature of the absorption bands of a given
molecule is to be provided from the
spectral changes at the time of formation
of a hydrogen bond. For this purpose,
however, some additional information is
required on the relation between the type
of an electronic transition and the change
in its corresponding spectrum accompanied
by the hydrogen bonding.

With this point in mind, the hydrogen
bonding effect on the absorption spectrum
of p-hydroxyazobenzene has been newly
investigated. This substance is provided
with features fitted for the present pur-
pose. It has a proton-donating hydroxyl
group, and has several absorption bands
of different types. Moreover, there is no
ambiguity regarding its structure in solu-
tion. It is known that p-hydroxyazoben-
zene exists only in the azo-form in any
common solvent, and further for this
molecule one need not consider the for-
mation of an intramolecular hydrogen bond
such as occurs in o-hydroxyazobenzene!?.

Azobenzene and its derivatives, includ-
ing p-hydroxyazobenzene, have three ab-
sorption bands in the visible and the near
ultraviolet regions!?!®. The band situated
in the visible region has been assigned by
McConnell'® to an n#—=x* transition, while
the other two bands appearing in the ultra-
violet region are considered to be due to
x—r* transitions!®. In the following, it
will be shown that the changes in z#—z*
and r—=* absorptions caused by the hydro-
gen bond between p-hydroxyazobenzene
and ether or pyridine are of entirely dif-
ferent nature.

Experimental

Materials.—p-Hydroxyazobenzene (Kanto Chemi-
cal Co., Inc., guaranteed) was purified chromato-
graphically through an alumina column by
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developing with benzene: m.p. 154°C (literature
152°C corrected!®), 155—156°C correctedi®).

Iso-octane (2,2,4-trimethylpentane; Enjay Co.,
Inc., U.S. A.) was purified using the purification
method for hexane!™: b.p. 99°C, n3=1.3910.

Ethyl ether (Kanto, guaranteed) was treated
with mercury to eliminate peroxides and distilled:
b. p. 34.5°C.

Pyridine was added to a solution of oxalic acid
in acetone, and from the resulting precipitate of
oxalate it was obtained in pure form!®: b.p.
115—116°C, #%=1.5087.

Method and Results. — Absorption spectra
were obtained with a Beckman Quartz Spectro-
photometer Model DU. A set of spectra were
measured for the following solutions:

Solution 1, p-hydroxyazobenzene in iso-octane;

Solution 2, p-hydroxyazobenzene in ise-octane
containing a small quantity of a proton-
accepting substance;

Solution 3, p-hydroxyazobenzene in iso-octane
containing a proton-accepting substance, the
amount of which is about five times that in
solution 2.

Ether and pyridine were used as the proton-
accepting substance. The reference liquids
adopted in measuring absorbances were iso-octane
for solution” 1, and ise-octane-ether or -pyridine
mixtures for solutions 2 and 3 in which the con-
centrations of the latter substance were the same
as in solutions 2 and 3, respectively. The con-
centrations of p-hydroxyazobenzene were about
5x10-5mole/l in all cases. At such a low con-
centration one may expect that no association
occurs among the p-hydroxyazobenzene mole-
cules!®,

‘Measurements were made at room temperatures:
20°C for ether series, and 15°C for pyridine
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Fig. 1. The absorption spectrum of p-
hydroxyazobenzene in iso-octane solu-
tion, and changes therein due to the
addition of ether. The concentrations
of ether: curve 1, zero; curve 2, 0.0152
mole/l; curve 3, 0.0797 mole/l. Curve
4 represents the absorption spectrum
of the hydrogen bonded p-hydroxyazo-
benzene.
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Fig. 2. The absorption spectrum of p-
hydroxyazobenzene in iso-octane solu-
tion, and changes therein due to the
addition of pyridine. The concentration
of pyridine: curve 1, zero; curve 2,
0.00271 mole/l; curve 3, 0.0135mole/l.
Curve 4 represents the absorption spec-
trum of the hydrogen bonded p-hydroxy-
azobenzene.

series. The observed spectra are given as curves
1, 2 and 3 in Figs. 1 and 2.

The transitions are referred to as I, II
and III in the order of increasing wave
number. A remarkable spectral change
occurs in the presence of a very small
amount of ether or pyridine. Let it be
assumed that the change is solely due to
the formation of a hydrogen bond between
p-hydroxyazobenzene and ether or pyri-
dine.

8H5

S —x—n—(H—ou + o<§=H=
— <}-—N=N~<-;>—-OH---0<E:2:

Orn(on+ >
= {H-—N=N-{_y—0H~ N .

Then the curves 2 and 3 will be interpreted
as the superposition of two kinds of ab-
sorption ; one is due to the free p-hydroxy-
azobenzene, and the other due to the
hydrogen bonded p-hydroxyazobenzene.
This view is substantiated by the existence
of several isosbestic points in Figs. 1 and 2.

The equilibrium constant K for equi-
libriums (1) and (2) can be obtained ac-
cording to the usual manner*®. Let the
total concentrations of the proton-accepting
substance in solutions 2 and 3 be C and
C', respectively. Then it follows that

1)
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where ¢; is the molar extinction coefficient
of free p-hydroxyazobenzene (see curve 1),
and ¢ and ¢' are apparent coefficients of
p-hydroxyazobenzene in solutions 2 and 3,
respectively (see curves 2 and 3). All
these coefficients refer to a given wave
number. Using the above K value, the
molar extinction coefficient ¢; of the hydro-
gen-bonded p-hydroxyazobenzene is calcu-
lated as
oy & —er
e =¢' + xC (4)
The values of K obtained from the
spectral data are 25 and 450, respectively,
for equilibriums (1) and (2). By the rela-
tion 4F=—RT In K, these K values lead
to the free energy changes of —1.9 kcal./
mole and —3.5kcal./mole, respectively.
The calculated molar extinction coefficients
of the hydrogen-bonded complexes are
indicated as curves 4 in Figs. 1 and 2.
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Fig. 3. The location and intensity of the
absorption maxima of p-hydroxyazo-
benzene and its related substances.

Fig. 3 shows graphically the location
and the intensity of the absorption maxima
of both the free and the hydrogen-bonded
p-hydroxyazobenzene, and also the wave
number shifts arising from the hydrogen
bond formation. The data for the parent
compound, azobenzene'*??, are given for
the sake of comparison.

Discussion

Solvent effects in electronic spectra
depend upon a number of factors, among
which the dispersion and the polarity of
solvents have been regarded as two im-
portant factors. . The measure of the
former is the refractive indices for the
visible light and that of the latter is the
dipole moments or sometimes the dielectric

20) A. Burawoy, J. Chem. Soc., 1937, 1865.

constants of the solvents. It is generally
accepted that when the solvent has no di-
pole moment, the effect is largely determin-
ed by its refractive index, irrespective of
whether the solute is polar or non-polar.
On the other hand, when both the solvent
and the solute are polar the solvent effect is
determined by the magnitude of the dipole
moment as well as the refractive index
of the solvent?!?®,

In the present experiments the solute,
p-hydroxyazobenzene, is polar and the
solvent, iso-octane, is non-polar. In the
case of solutions 2 or 3 there is an addi-
tional polar substance, ether or pyridine.
Since the concentration of the last sub-
stance amounts to only 1% or less in mole
ratio of the main solvent, iso-octane, one
may expect that both the refractive index
and the dielectric constant of the solvent
remain almost unchanged with the addi-
tion of the polar substance. Therefore it
may be reasonable to ascribe the spectral
changes, which are observed when passing
from iso-octane to ise-octane-ether or -pyri-
dine mixture, to specific interaction of
hydrogen bonding.

The spectral changes due to the hydro-
gen bonding are not independent of the
type of the transition concerned. As is
seen from Fig. 3, #—r* transition I slightly
shifts to the shorter wavelengths in the
sequence (a) to (¢), while r—z* tfansitions.
II and III shift to the longer wavelengths
in the same order. For the interpretation
of the above phenomena it will be useful
to refer to the fact pointed out by several
authors? that introduction of an electron-
repelling substituent such as OR or NR,
into a chromophore often results in a red-
shift of a n—r™* transition and a blue-shift
of an #—x* transition.

Let us consider #—=* transition I. This.
transition corresponds to the jump of an
electron from the non-bonding orbital of
nitrogen atoms of the azo group to the
lowest vacant =-orbital. The effect of
substitution with an electron-repelling
group upon an z—x* transition was dis-
cussed by the present writer??, and the
following conclusions were drawn : (i) The.
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rate of the electron migration, hence the
stabilization energy due to the electron
migration, is smaller in the excited state
than in the ground state of a substituted
molecule. (ii) As a result, the z—z*
transition energy increases in comparison
with that of the parent molecule. (iii)
Such an effect will become larger with
decreasing ionization potential of the non-
bonding electron belonging to the sub-
stituent.

From (ii) the increase of the nz—z* ab-
sorption frequency from (a) to (b) may
be understood. If the hydrogen bonds
expressed in equilibriums (1) and (2) are
formed, the ionization potential of the
non-bonding electron of the hydroxyl group
will decrease. Then from (iii) it follows
that the absorption frequency is increased
by the formation of the hydrogen bonds
(see (b) and (c) of Fig. 3).

According to (i) the electronegativity of
the oxygen atom of the hydroxyl group is
expected to be lowered as a result of the

/

n—z* transition. Therefore the 0-H~-0\

or O—H---N< hydrogen bonding energy

will be smaller in the excited state than
in the ground state. This fact will also
contribute to the increase of the n—=z*
absorption frequencyt.

The situation is entirely different for
the =—=* transitions. In the excited state
for a z=—x* transition of a substituted
molecule the rate of electron migration is
in general larger than in the ground
state??, This illustrates the reduction
of the absorption frequency in the order
(a) to (c) as contrasted with the case of
the #n—z* transition. This behavior of
the =—z* absorption bands of the p-hydro-
xyazobenzene is quite similar to that of
x—x* bands of other molecules reported
in the literature!-7.

Lastly let consideration be given to the

26) K. F. Herzfeld, Chem. Revs., 41, 233 (1947).

t As is seen from Figs. 1 and 2, m—»=* absorption
‘band I is superposed on the tail of #—x* band II which
is of high intensity and is displaced to the red by the
hydrogen bonds. This fact may be responsible to some
extent for the observed blue-shift of the n—*=* band.
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difference between the effects of 0—H---0<

and 0—H---N< hydrogen bonds. The pre-
sent experiments have revealed that both
the equilibrium constant and the fre-

quency shift for the O-—-H---N< bond are

larger than those for the 0—H---0< bond

(see (c;) and (c;) of Fig. 3). It is then
suggested that the proton-accepting power
of the nitrogen atom is stronger than that
of the oxygen atom. This is in accord
with Tsuboi’s conclusion derived from
infrared spectroscopy'®.

Summary

The electronic absorption spectra of p-
hydroxyazobenzene in iso-octane and also
in the mixtures of #so-octane-ether and
iso-octane-pyridine were measured. The
spectral change observed when addition
was made of a small amount of ether or
pyridine to a solution of p-hydroxyazo-
benzene in pure iso-octane was satis-
factorily interpreted as due to the forma-
tion of a hydrogen bond between the solute
molecule and ether or pyridine. The
equilibrium constants for the hydrogen
bonds and the absorption curves of the
hydrogen-bonded complexes were deter-
mined from the spectral data.

It is made clear that the effects of hydro-
gen bonding on the absorption bands are
dependent upon the type of the electronic
transitions from which the bands originate.
The r—r* bands situated in the ultra-
violet region are markedly displaced to
the red, while the #—z* band in the visible
region slightly to the blue. A theoretical
explanation for the above phenomena is
offered.
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